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Abstract

In high-energy hadron collisions, the production at parton level of heavy-flavour quarks
(charm and bottom) is described by perturbative Quantum Chromo-dynamics (pQCD)
calculations, given the hard scale set by the quark masses. However, in hadron-hadron
collisions, the predictions of the heavy-flavour hadrons eventually produced entail the
knowledge of the parton distribution functions, as well as an accurate description of the
hadronisation process. The latter is taken into account via the fragmentation functions
measured at e+e− colliders or in ep collisions, but several observations in LHC Run 1
and Run 2 data challenged this picture.
In this dissertation, I studied the charm hadronisation in proton-proton collision at

√
s

= 13 TeV with the ALICE experiment at the LHC, making use of a large statistic data
sample collected during LHC Run 2.
The production of heavy-flavour in this collision system will be discussed, also describing
various hadronisation models implemented in commonly used event generators, which
try to reproduce experimental data, taking into account the unexpected results at LHC
regarding the enhanced production of charmed baryons. The role of multiple parton
interaction (MPI) will also be presented and how it affects the total charm production
as a function of multiplicity.
The ALICE apparatus will be described before moving to the experimental results, which
are related to the measurement of relative production rates of the charm hadrons Σ0,++

c
and Λ+

c , which allow us to study the hadronisation mechanisms of charm quarks and
to give constraints to different hadronisation models. Furthermore, the analysis of D
mesons (D0, D+ and D∗+) as a function of charged-particle multiplicity and spherocity
will be shown, investigating the role of multi-parton interactions.
This research is relevant per se and in the wider context of the mission of the ALICE
experiment at the LHC. ALICE is devoted to the study of Quark-Gluon Plasma, which
is a state of matter predicted by the QCD theory where quarks and gluons are decon-
fined. This is done by reproducing energy densities and temperatures similar to the one
existing few microseconds after the Big Bang, on a smaller scale via relativistic heavy-ion
collisions. Charm and beauty quarks are a powerful probe of that state since they are
produced by the hard scattering at the first stages of the collisions and they can inter-
act with the medium during its whole lifetime. Therefore, studying heavy-ion collision
events requires a precise baseline of the expected heavy-flavour hadron production, which
is provided by proton–proton collisions.
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Introduction

The ALICE experiment at the LHC is devoted to study the Quark Gluon Plasma (QGP),
which is a decon�ned state of matter created at very high temperature and energy den-
sities via ultra-relativistic heavy-ion collisions. The entire experiment has been designed
to detect the extreme amount of particle multiplicity developed in these collision systems
and to withstand the impressive amount of data that the analysis of these processes re-
quire.
For the sake of studying the QGP, it is also important to have a reference in proton-
proton and proton-nucleus collisions in order to be able to discern di�erent production
mechanisms that might exist between the di�erent collision systems, for example, when
particles interact with the newly generated plasma medium.
Analysing pp collisions also provides insight on the Quantum Chromo-dynamics (QCD)
properties of the hadronic matter and gives the opportunity to test theoretical estimates
of perturbative QCD (pQCD) calculations.
This dissertation is based on analyses performed in pp collisions at

p
s = 13 TeV with

data collected during Run 2, which is the datataking period lasting from April 2015 to
December 2018.
In the �rst chapter, the physics studied in ALICE and the QGP are introduced, de-
scribing the main properties of the strong nuclear interaction and of the extreme state
of hadronic matter. The main focus of this section is to highlight the importance of
pp collision studies as a tool to understand QCD and as an important prerequisite to
analyse QGP observables.
In the second chapter, the open heavy-�avour production in pp collisions will be il-
lustrated in its basic mechanisms, and a detailed report about di�erent hadronisation
models related to Monte Carlo generators will be provided. These generators will be
used later for comparison with the obtained results.
The ALICE experiment subdetectors used for this dissertation together with the online
and o�ine software framework that was used to perform simulations and analyses of the
experimental data will be described in Chapter 3.
The last two chapters are dedicated to the analysis performed on� 0;+ ;++

c , � +
c , and D0 in

the full multiplicity range and on the D mesons (D+ , D0 and D� + ) as a function of multi-
plicity and spherocity. These observables are important to shed light on the contribution
of Multiple Parton Interaction (MPI), which is predicted to be large in pp collisions at
LHC energies, and also to study the jet-likelihood of events in di�erent multiplicity con-
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ditions.
The analysis of� 0;+ ;++

c was published at the end of 2021 in Physics Review Letters,
while the D mesons analysis as a function of multiplicity and spherocity was released as
preliminary result during 2022 by the ALICE experiment and is planned to be published.
Additional activities performed during the doctoral programme, both at Bologna and at
CERN, will be described in the appendices of this thesis.



Chapter 1

pp-collision measurements as a
baseline for QGP studies

Among the four fundamental interactions in nature, the standard model (SM) [1] is
capable of describing three of them using the language of Quantum Field Theory (QFT)
[2]. The interactions are associated to di�erent gauge bosons carriers of the interaction
charge: the electromagnetic force is carried out by photons which act between particles
with electric charge, the weak interaction is carried out by W� and Z0 bosons and a�ects
all the particles of the SM (quarks and leptons), while the strong interaction is applied
only to quarks, and its carriers are gluons. Using local gauge symmetries in di�erent
transformation groups, the SM can classify all known elementary particles (Fig. 1.1) and
describe electromagnetic, weak, and strong interactions. The �rst two are uni�ed by the
electroweak interaction, which employs the symmetry group SU(2)� U(1), respectively
to describe the weak and electromagnetic interactions, while the strong force is described
by the symmetry group SU(3).
It is recognised that SM is not the de�nitive theory of physics because it cannot describe
several physics phenomena, such as matter and antimatter asymmetry, and, overall,
it does not include a description of gravitational interaction. Nevertheless, it is an
extremely valuable tool for discussing hadron-hadron interactions in collider physics.
In particular, the strong interaction between hadrons elementary particles (quarks and
gluons) is described by the QFT of Quantum Chromo-Dynamics (QCD), whose predicted
phase diagram via lattice computation suggests a decon�ned state of matter, at extreme
conditions of temperature and energy density (achievable in ultra-relativistic heavy-ion
collisions), where quarks and gluons are not bound to each other and move freely in the
medium: the Quark Gluon Plasma (QGP).
Given the physics goals of the ALICE experiment, this chapter provides an introduction
to the QCD and the phase diagram of nuclear matter, focusing mostly on the reasons
why it is important to study pp collisions in order to understand heavy-ion collisions
data.

1



2 CHAPTER 1. PP-COLLISION STUDIES FOR QGP

Figure 1.1: Particles described by the Standard Model and interactions connections
between symmetries and particles.

1.1 Quantum Chromo-Dynamics (QCD)

Quantum Chromo-Dynamics is the SU(3) component of the Standard Model of particle
physics that describes the strong interaction. This symmetry is chosen because the
interaction needs three colour charges in order to be described, which are carried by
quarks with six di�erent �avours (as illustrated in Fig. 1.1) and by antiquarks with their
anti�avours. In addition, eight massless gauge vector bosons, called gluons, containing
a colour and anti-colour charge, carry the interaction with quarks and, di�erently from
Quantum Electrodynamics (QED), they can self-interact with other gluons since they
carry colour charge.
The Lagrangian density of QCD is expressed by:

L =
X

f

�qf
i (i
 � D �

ij � mf � ij )qf
j �

1
4

G��
a Ga

�� ; (1.1)

in which the �rst term expresses the free propagation of the quark �eldsqf
i with colour

f and chargei and their interactions with the gluon-gauge �elds, while the second one
instead describes the free propagation of the 8 gluon �eldsG�

a , which are contained inside
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the computation of the covariant derivativeD �
ij :

D �
ij = @� � ij � igs

0

@
� a

ij

2

1

A G�
a ; (1.2)

in which the strong coupling constant appears asgs and the Gell-Mann matrices� a
ij [2]

are included.
Avoiding to provide too many theoretical details, since it is not the target of this disser-
tation, it can be said that the gluon tensorGa

�� of the Lagrangian in Eq. 1.1 contains
a non-Abelian term that describes self-interactions among gluon �elds, leading to the
anti-screening phenomenon in colour interaction.

(a) (b)

Figure 1.2: Feynman loop diagrams of strong interaction showing screening (a) and anti-
screening (b) processes.

As in QED for electromagnetic interaction, the carrier can create loops of virtual
particles-antiparticles in the QCD vacuum, as seen in Fig. 1.2a, e�ectively reducing
the strong interaction strength of the initial colour charges (screening). However, the
possibility of having loops with self-interacting gluons (Fig. 1.2b) increases the strength
of strong interaction due to the fact that they carry colour charges that increase the
e�ective charge of the process:anti-screening.
The latter is the dominant phenomenon in QCD and, as a result, the QCD coupling
constant

� s =
g2

s

4�
=

� s(M 2)

1 + � s(M 2) 33� 2n f

12� ln Q2

M 2

; (1.3)

calculated using the number of �avoursnf and the renormalisation mass scaleM , in-
creases when the squared transfer momentumQ2 decreases, which means that� s becomes
small with short distances (higherQ2), and vice versa. Many experimental results con-
�rm the running trend of the coupling constant� s as a function of momentum, as shown
in Fig. 1.3.
This behaviour de�nes two QCD speci�c phenomena that occur, respectively, for low
and large values ofQ2: con�nement, in which the coupling constant diverges, making
quarks strongly bound and inseparable, andasymptotic freedom[3], where elementary
hadron particles can be considered free to move and weakly interacting due to a very
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small � s. It is worth noting that the behaviour of the running coupling constant also
depends on the number of �avours in Eq. 1.3: a largenf value could potentially cause
the sign inversion of the second term in the denominator, preventing both con�nement
and asymptotic freedom from happening. For this to occur, the experimentally measured
number of �avours should benf > 33=2, which, however, is not the case.

Figure 1.3: � s results as a function of the energy scaleQ. The calculations were per-
formed using multiple degrees of QCD perturbation theory [4].

A perturbative approach (pQCD) can be used for the calculation of� s with values of
Q2 higher than 1 GeV2=c2, but this approach cannot be applied with lower momentum
due to the higher value of the coupling constant. In the latter case, the QCD Lagrangian
can be evaluated on a discrete space-time grid (lattice QCD calculations).
Figure 1.3 shows di�erent levels of perturbation theory applied to the calculation of
the running coupling constant, going from next-to-leading (NLO) to next-to-next-to-
NLO (N3LO). The estimates (shown as points in the plot) are determined from various
experimental measurements of peculiar processes. These values are compared with a
parametrisation of � s at the renormalisation mass scale of the weakly interacting Z0

boson, shown as a 3-lines curve, and with the latest precise global average� s = 0:1179�
0:0009[4].



1.2. PHASE DIAGRAM OF QCD 5

1.2 Phase diagram of QCD

The behaviour of the running coupling constant� s leads to di�erent properties of strongly
interacting matter as a function of the physics conditions in which it is considered.
If we took into account extreme conditions of energy densities and temperature, we would
experience a state of matter that behaves di�erently from the ordinary one (embedded in
atomic nuclei), and these conditions were present few microseconds after the Big Bang.
The predicted state of matter is the Quark-Gluon Plasma, which can be described as
a mixture of quarks and gluons completely decon�ned. Experimentally, the conditions
under which we could create QGP are achievable in the laboratory, thanks to heavy-ion
collisions at extremely high energies.

Figure 1.4: QCD phase diagram showing the application ranges of various experiments
[5].

The behaviour of QCD under di�erent physical conditions can be shown via a phase
diagram, as it is done in Fig. 1.4 where the phase is expressed by the temperature as
a function of the baryochemical potential� B , which is the energy needed to increase by
one the total baryon number (/ total number of baryons per unit of volume -net baryon
density).
Nuclear matter in standard conditions in the present Universe is located in the phase
diagram around 1 GeV with a temperature close to zero (1 eV� 11600 K)[6]. Di�erent
conditions could be met in order to have a phase transition, e.g. leaving the temperature
close to zero and increasing the baryochemical potential from standard conditions will
eventually lead to a QGP, conditions which could be reached eventually inside neutron
stars. These speci�c stellar objects are supposed to have a temperature below 1 MeV, so
their state of matter basically lies along the x-axis of Fig. 1.4. This phase is predicted
to begin to have Cooper colour pairs (pairs of quantum-state bound coloured quarks),
which result in colour superconductivity. The window phase of colour superconductivity
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is quite large and is not experimentally achievable in a laboratory, so the target of
experimental physics relies on lower values of� B .
Considering the limit of the vacuum state at� B = 0 and increasing the temperature
to a critical value ranging from Tc � 145� 165 MeV (which corresponds to an energy
density � = 0:18 � 0:5 GeV/fm 3), the conditions at the early stages of the Universe
are theoretically reached (QGP after the Big Bang) and a transition should occur as a
fast cross-over between hadronic matter and QGP. This behaviour should hold at low-� B

until a certain point in which the region is replaced by a �rst-order phase transition. The
relativistic heavy-ion experiments at accelerators try to probe these two phase regions.
In particular, LHC is able to study the former (� B � 0) thanks to the high centre of
mass energies achieved, while multiple other facilities can only inspect the QCD phase
space at lower temperatures and higher baryochemical potential values (as shown for
example in Fig. 1.4 for RHIC experiments [5]).
The description of QCD thermodynamics and the estimate of the cross-over region and
the critical point can be performed thanks to lattice QCD (lQCD) calculations, which
can quite well describe the phase transition, as shown in Fig. 1.5a, where the energy
density is expressed in the form of temperature as a function of the baryochemical density
(both divided by the baryon mass). In the plot a clear distinction between cross-over
region and �rst-order phase transition seems to happen [7]: when QCD decon�nement is
involved, it is expected that new degrees of freedom are added to the system at a phase
transition temperature, leading to unbound quarks and gluons now able to contribute to
thermodynamic observables like the energy density.

(a) (b)

Figure 1.5: Simulation with lattice QCD of the energy density as a function of bary-
ochemical density (a) [7] and lattice calculation of the energy density as a function of
temperature (b) for di�erent number of �avours. The (2+1)-�avour curve implements 2
light �avours plus a four-times heavier strange quark mass [8]

As shown in Fig. 1.5b, this last quantity re�ects the relevant number of degrees of
freedom, providing a signi�cant contribution in the high-temperature limit, and this
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drastic change in the behaviour of the energy density, when the temperature approaches
the critical value Tc, indicates a QCD phase transition to a decon�ning plasma state
of matter. Assuming an in�nite temperature, the observable is expected to reach ap-
proximately its free gas value, which is provided by the Stefan-Boltzmann law and it
is illustrated on the right side of the plot [8]. However, the signi�cant discrepancies
obtained in the calculations suggest that QCD matter behaves more like a �uid at that
temperature.

1.3 Quark Gluon Plasma in heavy-ion collisions

The analysis of QGP in experimental facilities such as the LHC is related to a baryochem-
ical potential value close to 0 and temperatures well aboveTc, which are achievable via
ultra-relativistic heavy-ion collisions.

Figure 1.6: Space-time evolution of heavy-ion collisions without and with QGP.

Experimental activities in such a �eld began in particle accelerators in the 1980s, �rst
with �xed target experiments at the Alternating Gradient Synchroron (AGS) at Brookhaven
National Laboratory (BNL) using gold ions at

p
sNN = 5 GeV and at the Super Proton

Synchrotron (SPS) at CERN using lead nuclei at
p

sNN = 17 GeV, and then with collider
experiments until today, in which the colliding nuclei are not stopped at the collision
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point and, due to the high energies, a net-baryon density close to zero is reached (Bjorken
or transparency regime [9]).
The current top energies achieved by the colliders are 200 GeV with Au ions with the
Relativistic Heavy Ion Collider (RHIC) at BNL and 5.5 TeV with Pb ions with LHC at
CERN.
Fig. 1.6 illustrates the various phases of beam collisions with and without QGP using
relativistic hydrodinamic models. On the left side of the illustration, the case without
QGP formation in heavy-ion collisions is represented, so after the beams collision the
hadron formation would follow directly the initial stage of the collision, originating in
the end the particles that would be detected experimentally. On the other hand, on
the right side of Fig. 1.6, the QGP evolution in heavy-ion collisions is shown, which is
composed of various steps:

� Pre-Equilibrium ! Two highly Lorentz-contracted nuclei collide, creating the
maximum energy density, but the originating system is not in equilibrium. This
phase is supposed to last less than� 1 fm=c and thanks to the multiple scatter-
ing occurring among nuclei partons, the energy density values are well above the
limit to generate QGP. In particular, using measurements obtained at RHIC and
LHC, and the Bjorken formula, one can obtain the initial energy densities achieved
at central rapidity 1 when two nuclei collide, which are respectively� RHIC = 5.4
GeV/fm 3 and � CERN = 15 GeV/fm 3. Assuming a time� 0 after the collision, the
Bjorken formula states that the energy density at central rapidityy with a � B � 0
can be estimated as

� BJ =
1

A � � 0

dhET (� 0)i
dy

�
�
�
�
�
y=0

; (1.4)

where ET is the transverse energy andA is the transverse area of the collision
region between nuclei [9, 10];

� Quark Gluon Plasma ! At approximately 1 fm=c the system of generated
particles reaches local thermal equilibrium while the partonic matter expands and
starts to cool down. This phase can last up to 10 fm=c (in the LHC);

� Hadronisation ! With the system cooling down there will be local regions in
which the temperature will decrease below the critical valueTc and the system will
move through the cross-over region between QGP and hadronic matter. At this
point, the medium will start to become an interacting gas of hadrons;

� Freeze-out ! This phase is split in two: the �rst process to take place is the
chemical freeze-out in which the inelastic interactions between hadrons stop (be-
low a certain temperature) and the relative abundances of the hadronic species

1Variable de�ned along the z-axis as

y =
1
2

ln
E + pz

E � pz
:
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are �xed; afterwards, the thermal (or kinetic) freeze-out will cause all the elastic
interactions to stop, leading to the de�nition of the momentum distribution of the
particles, which will now reach the various detectors of the experiment.

Overall, the lifetime of the QGP is highly dependent on the hydrodynamic scenarios in
which the plasma is developing, including initial conditions and the type of expansion of
the system. The faster the expansion of the system in the transverse plane, for example,
the shorter the plasma lifetime will be. On the other hand, a higher initial energy density
will lead to a longer lifetime: the plasma lives approximately 5-10 fm=c respectively in
RHIC and LHC ultra-relativistic heavy-ion collisions, approximately 3 � 10� 23 s, but
theoretical estimates suggest that the order of magnitude of the energy released by the
Big Bang was able to make the QGP live for microseconds, a di�erence of 17 orders
of magnitude compared to what scientists are able to achieve right now in the largest
laboratories with the most powerful colliders in the world [11].

1.4 pp-collision measurements as a baseline for QGP
studies

Considering the extremely short lifetime of QGP in heavy-ion colliders, the only way
to study the existence of the plasma is via indirect probes. To assess the e�ect of the
plasma medium on produced particles, it is necessary to provide a baseline for those
measurements using more elementary collision systems. In LHC, in particular, studying
Pb�Pb collisions requires both pp and p�Pb data beforehand as a reference.
Furthermore, results obtained from the former systems are extremely useful for studying
the properties of QCD and to test predictions provided by perturbative QCD calcula-
tions.

The simplest observable that provides important information about the properties
of the medium in heavy-ion collisions is particle multiplicity. From the Bjorken formula
discussed earlier, one can calculate the energy density via the charged-particle multiplic-
ity measured per unit of rapidity in the experiment by replacing the transverse energy
with the average transverse mass multiplied by the number of particles:

ET (� 0) � N (� 0) � mT = N
q

(m2 + p2
T ); (1.5)

� BJ =
hmT i
A � � 0

dN (� 0)
dy

�
�
�
�
�
y=0

; (1.6)

considering a QGP thermalisation time� 0 � 1 fm/ c. Hence, from the Bjorken model
there is a strict correlation between energy density and the number of charged particles,
which is usually expressed in experimental results as:

Charged particle pseudorapidity density =
2hdNch=d� i

hNpart i
; (1.7)
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(a) (b)

Figure 1.7: Charged-particle pseudorapidity density per participant-nucleon pair as a
function of the number of participant nucleons in the ALICE experiment (a) and com-
parison with various measurements as a function of

p
sNN (b) [12].

where the factor 2/hNpart i is introduced to compare di�erent collision systems, and the
pseudorapidity� can be used as a rapidity approximation when the transverse momentum
is much higher than the mass value (as it happens in ultra-relativistic collisions)2.
Measurements by the ALICE experiment in pp, p�Pb and Pb�Pb as a function ofhNpart i
are illustrated in Fig. 1.7a. It is clear that the charged-particle pseudorapidity density
increases as a function of the number of participant collision particles, but the rising
slope changes substantially whenhNpart i � 50, showing a much softer increase for higher
values. A similar trend is visible for Pb�Pb collisions at both

p
sNN = 5.02 and 2.76 TeV

[12].
On the other hand, Fig. 1.7b shows the multiplicity density of charged particles as
a function of the centre of mass per pair of nuclei using measurements performed by
di�erent collaborations and in di�erent collision systems. Increasing

p
sNN causes a

steeper rising trend for nuclei-nuclei collisions than the results obtained in p�nuclei,
but it is interesting to notice that the p�A and d�A results lie on the curve of pp
measurements, indicating that other mechanisms other than multiple interactions are
involved in the production.
Furthermore, a simple calculation using the Bjorken formula (Eq. 1.6) with the charged-

2This quantity is experimentally easier to measure than rapidity and it is de�ned as

� = � ln tan
�

�
2

�
;

where � is the angle between the momentum of the particles and thez axis.
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particle density values obtained in heavy-ion collisions, leads to energy densities larger
than the estimated one needed for the creation of a decon�ned state [9, 12].
In addition to the energy density, the collision geometry can also be studied by comparing
pp collisions with the Pb�Pb and p�Pb measurements.
An initial geometrical description can be provided by the Glauber model calculations
[13], which help to estimate important geometrical parameters that are precluded from
direct observation due to the femtoscopic length scales of the events. These are, for
example, the impact parameterb, the number of participating nucleonsNpart , and the
number of binary nucleon-nucleon collisionsNcoll .
However, the Glauber model describes the collision in a regime called theoptical limit ,
i.e. the collision between two nuclei must be described as an incoherent superposition
of binary nucleon-nucleon interactions (with point-like indistinguishable protons and
neutrons) and, over a certain energy, the nucleons will carry enough momentum to be
unde�ected as the nuclei pass through each other [13].
The theoretical model is capable of showing that the cross section of hard processes
depends onhNcoll i and this hypothesis can actually be tested by analysing a physical
quantity called the nuclear modi�cation factor (RAA ) which is:

RAA =
1

hNcoll i
d2NAA =(dpT dy)
d2Npp=(dpT dy)

; (1.8)

where the double-di�erential yields ratio between the Pb�Pb and pp data is corrected
for the average number of binary nucleon-nucleon collisions.

A deviation from unity of the RAA value implies modi�cations of thepT distribution
of the produced particles due to interactions with the medium, that is the presence of
QGP (hence, a reference of pp collision measurements is fundamental), or due to other
nuclear processes called cold-nuclear matter e�ects (CNM) that are not related to the
creation of a decon�ned state. These initial and �nal-state e�ects, originating from the
bounding of nucleons inside the nuclei, can be studied by analysing the nuclear modi�-
cation factor in p�A collisions RpA , which is calculated in a manner similar to Eq. 1.8
by considering the di�erential cross section of p�Pb, and they include phenomena such
as nuclear shadowing, gluon saturation, and nuclear absorption [16].
Furthermore, the energy loss of high-pT partons in heavy-ion collisions via inelastic inter-
actions (gluon radiation orgluonsstrahlung) with the QGP causes a shift in the energy
distribution, which leads to a softening of the �nal-state hadronpT distribution. In
general, the production of high-energy partons is related to hard-scattering processes
in which two partons from the initial-state hadrons interact with a large momentum
exchange producing high-energy back-to-back partons. These will generate a series of
hadrons from the parton shower caused by high-energy parton fragmentation, the so-
called jets. The energy loss in the QGP medium by the jets is calledjet-quenchingand it
was �rst observed at RHIC in 2003 [17], by the STAR Collaboration comparing data in
d�Au and Au�Au collisions. This phenomenon can also be estimated using theRAA , by
comparing the heavy-ion collision results with measurements obtained in small systems
(i.e. pp and p�Pb collisions).
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(a) (b)

Figure 1.8: Average non-strange D mesons (D0, D+ and D� + ) and D+
s nuclear modi�-

cation factor as a function ofpT compared to models (a) andRAA comparison of the
average D mesons ALICE measurements withD0 results obtained by the CMS experi-
ment (b) [14, 15].

Some examples of nuclear modi�cation factor measurements performed by the ALICE
experiment are shown in Fig. 1.8a, comparing theRAA values measured for D mesons [14]
as a function ofpT with TAMU [18] and the Parton-Hadron-String Dynamics (PHSD)[19]
models in Pb�Pb collisions at

p
sNN = 5.02 TeV with a centrality 3 class of 0-10%. The

same results are compared with CMSD0 measurements [15] in Fig. 1.8b. The models
provide a good description of the general qualitative trend of the results and the mea-
surements obtained by the two experiments are consistent within the uncertainties.
Another key signature of QGP formation is the enhancement of strangeness in heavy-
ion collisions compared to smaller collision systems, as predicted by Rafelski and Muller
[20]. The �rst observations of this phenomenon in Pb�Pb collisions were obtained at
CERN by the WA97 and NA57 [21, 22] experiments, whose enhancements were directly
proportional to the quantity of strange quarks contained in the analysed hadrons.
When the temperature is below the critical valueTc, strange production is disfavoured
due to the e�ective mass of the quark being larger than the temperature of the system
(� 0.5 GeV/c2). However, when the critical temperature is reached by the system, the
chiral symmetry restoration in QGP causes the e�ective mass of the quark to decrease
up to a factor 10, increasing the abundance of strangeness production in heavy-ion colli-
sions. In fact, pairs ofs�s are expected to be abundantly produced through gluon fusion

3Percentile of hadronic cross section in heavy-ion collisions. The centrality classes can be estimated
by measuring the particles multiplicity and exploiting the Glauber model [13].
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in the QGP, given the high density of gluons in the system, leading to an increase in the
relative production of hadrons with strangeness.
A possible explanation for this behaviour can be linked to the suppression of strangeness
in small systems via canonical suppression [23]. The grand-canonical formulation can-
not be implemented in pp and p�A, for example, due to the small number of particles
produced in the collisions. Considering the quantum number conservation, this means
that in small systems the strangeness must be exactly conserved, whereas in a grand-
canonical ensemble the quantum numbers are conserved on average. As a consequence,
the production of a hadron with strangeness in the QGP �reball does not require the
nearby creation of another hadron with the same antistrangeness content, but this can
be generated anywhere in the medium. Hence the suppression of the strange hadron pro-
duction in canonical ensembles, which require, instead, the production of compensating
strange/anti-strange hadrons in the same space-time position.

Figure 1.9: Relative yields to� + � � of hadrons with strange quark content as a function of
charged-particle multiplicity at mid-rapidity by the ALICE experiment in many collision
systems.

Preliminary and published results by the ALICE experiment of thepT -integrated
ratio between several hadrons with strange content and the sum of� + and � � in various
collision systems are shown in Fig. 1.9 as a function of charged-particle multiplicity at
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mid-rapidity. The measurements de�ne a smooth increase from low multiplicity pp to
Pb�Pb collisions for all the strange hadrons, de�ning a steeper increasing trend for the
particles containing a higher strangeness content. These results con�rm those obtained
at RHIC in Cu�Cu and Au�Au collisions by the STAR Collaboration [24] and the pre-
vious ALICE results in Pb�Pb at

p
sNN = 2.76 TeV [25].

In 2016 the ALICE Collaboration �rst reported the surprising result [26] (also shown in
Fig. 1.9) that strangeness production measurements in high multiplicity pp and p�Pb
collisions are compatible to Pb�Pb collisions results at the lowest multiplicity. It seems
therefore that the strangeness enhancement increases as a function of multiplicity inde-
pendently of the collision system. Hence, currently this phenomenon is actively under
study, but at the moment it is not yet understood if a similar underlying mechanism to
heavy-ion collisions (e.g. formation of QGP) contributes to the increased production of
strange quarks after a certain multiplicity threshold in small systems.



Chapter 2

Open heavy-�avour production in
pp collisions

In this chapter, the heavy-�avour (charm and beauty) production and hadronisation
mechanisms in pp collisions will be described in detail, given the original results presented
in this dissertation. A discussion will be opened on the ways small systems are useful to
test di�erent perturbative QCD calculations, and on di�erent hadronisation models.

2.1 Charm and beauty production

Heavy quarks are produced in hard scattering processes at the early stages of the collision
due to their large mass being of the GeV scale (mc � 1:3 and mb � 4:2 GeV/ c2 [4]).
As a consequence of the strong interaction �avour conservation law, they are always
produced inb�b and c�c pairs, which can later hadronise in bottomonia/charmonia states
or into open heavy-�avour hadrons, which are particles with a non-zero beauty or charm
quantum number.
These scattering processes require a largeQ2. The value of the coupling constant� s is,
therefore, lower than unity, so the estimation of the elementary cross section of quark-
antiquark pairs production can be performed with perturbative calculations in which
the main channels to heavy �avours production are via annihilation of quark-antiquark
pairs q�q ! Q �Q and gluon fusiongg ! Q �Q [27]. Given its lower mass, charm is more
abundant than beauty in ultra-relativistic collisions.
The production cross section of open heavy-�avour hadrons in pp collisions� pp! HQ +X ,
employing pQCD calculations, can be obtained by applying the factorisation approach
[28] combining three di�erent terms via the formula:

� pp! HQ +X =
X

i;j = q;�q;g

f 1(x i ; � 2
f ) � f 2(x j ; � 2

f ) 
 � ij ! Q �Q(� s(� 2
R)) 
 D HQ

Q (z; � 2
f ): (2.1)

In detail, the �rst term is the product of the parton distribution functions (PDFs) f 1=2

of the colliding protons (labelled 1 and 2), which expresses the probability to locate

15
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a speci�c parton (i; j ) inside the colliding proton carrying a fraction x i;j of the to-
tal proton momentum (Bjorken-x); the second one is the production cross section of
a quark-antiquark pair via parton interactions (hard scattering); while the third one
is the fragmentation function (FF) component, which describes the probability of the
hadronisation of a heavy quarkQ in a hadron HQ keeping a fractionz of the original
quark momentum.
Both PDFs and FF depend on the energy scale of the process, so they are expressed
as a function of the factorisation scale� F , which is related to the value ofQ2. The
former are usually estimated from measurements of deep-inelastic scattering processes
(for example, by the NNPDF Collaboration [29]), while the latter are obtained from
hadronic production measurements performed ine+ e� collisions, assuming the univer-
sality of fragmentation functions in di�erent collision systems. Furthermore, these terms
are assumed at a given energy scaleQ2, so the values at a speci�c energy are calculated
employing the Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP) equations [30].
The hard scattering cross section is calculated instead as a perturbative expansion on
the strong nuclear coupling constant assumed at a renormalisation scale� R , which is
usually chosen of the same order as the momentum transfer of the hard process. Both
� R and � F can be approximated to the value

q
m2

Q + p2
T ;Q .

(a) (b)

Figure 2.1: Production cross section of promptD0 (a) [31], andD+ / D0 production ratios
(b) [32] as a function ofpT compared to pQCD calculations.

At the time of writing this dissertation, the most precise predictions of the produc-
tion cross section for open heavy-�avours with next-to-leading order accuracy (NLO)
are provided by FONLL [33] and GM-VFNS [34] groups, which both implement, in ad-
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dition, next-to-leading logarithmic corrections (NLL). These are important because the
computed cross sections contain mass-dependent logarithmic terms that will dominate
and diverge at higher interaction scales (pT � mq), so they must be resummed in the
�nal NLO results [35].
ALICE measurements in pp collisions at

p
s = 5.02 TeV are compared with these pQCD

calculations in Fig. 2.1. In particular the di�erential cross section of the prompt1 D0 me-
son is illustrated in Fig. 2.1a as a function ofpT compared to GM-VFNS calculations,
while the mesons production ratioD+ / D0 is shown in Fig. 2.1b both in the prompt
and non-prompt cases compared respectively with FONLL, and FONLL including the
PYTHIA8 decayer (which is a Monte Carlo event generator that will be discussed in Sec.
2.2).
For mesons production, the pQCD calculations describe well the measurements both in
the prompt and non-prompt production, but it is not the same for the baryons produc-
tion.

Figure 2.2: � +
c / D0 production ratio as a function ofpT compared to Monte Carlo models

parametrised using e+ e� collisions results [36].

The baryon-to-meson ratio is a valuable physical observable sensitive to hadronisa-
tion mechanisms, so it is often used to probe possible di�erences in di�erent collision
systems and to analyse particle production. For the integrated-pT case, average results
obtained from experiments at LEP ine+ e� collisions showed a� +

c / D0 ratio of 0.113�
0.013� 0.006, which is calculated with fragmentation fractions2 derived from measure-

1Prompt indicates the production of a speci�c hadron with a charm quark that is directly produced
in the hard scattering, while non-prompt production refers to the decay of a beauty hadron in a charm
hadron.

2Probability of a speci�c quark to fragment into a given hadron H.



18 CHAPTER 2. OPEN HEAVY-FLAVOUR PRODUCTION IN PP COLLISIONS

ments obtained for both species [37]. This value is largely lower than the ALICE results
obtained in pp and p�Pb collisions at

p
sNN = 5.02 TeV, which are respectively 0.51�

0.04� 0.04 and 0.42� 0.03� 0.06 [36]. Moreover, ALICE measurements as a function
of pT in pp collisions at

p
s = 5.02 TeV in Fig. 2.2 are also inconsistent with models

results that usee+ e� FF measurements as reference: the former show a decreasing trend
of the ratio with increasing pT , while e+ e� based estimates have an overall �at trend
in pT . Speci�cally, ALICE results are compared, in addition to pure GM-VFNS pQCD
calculations, with estimates from the POWHEG pQCD framework [38] and with the
commonly used event generators HERWIG7 [39] and PYTHIA8 [40] with the Monash
tune (see Sec. 2.2), but none of them manages to adequately describe neither the trend
nor the magnitude of the ALICE results.

Figure 2.3: Comparison of the fragmentation fractions of charm quarks in charm hadrons
obtained in pp collisions at

p
s = 5.02 TeV at the ALICE experiment and in other

experiments in e+ e� and ep collisions [41].

Hence, pQCD models seem to properly describe only mesons production, while baryon
production results hint at the possibility of non-universal fragmentation functions or dif-
ferent mechanisms playing a role during hadronisation which speci�cally increase the
baryons production in pp collisions compared toe+ e� .
This is clear when studying the charm fragmentation fractions, whose results in pp by the
ALICE experiment and by other collaborations in e+ e� /ep collision systems are shown
in Fig. 2.3.
In particular, in the latter collision systems, the measured fragmentation fractions were
consistent within the uncertainties, supporting the theory of the universality of the frag-
mentation fractions.
In the plot, D0 and � +

c are the ones with the largest discrepancy, and they di�er, respec-
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tively, by a factor � 0:8 and � 3:3 with a signi�cance greater than 5� , so more studies
need to be conducted on the topic.
Various theoretical models were proposed trying to reproduce ALICE measurements and
to describe the correct mechanisms behind hadronisation in hadronic collisions. They
are reported in the following sections.

2.2 Hadronisation mechanisms and models

Studying hadronisation of heavy quarks in small systems (pp and p�Pb collisions) means
mostly analysing parton fragmentation, which is supposed to be the main channel of
hadron creation after the collision. On the other hand, in heavy-ion collisions heavy-
�avour hadrons can also be created by recombination (coalescence) with other quarks or
antiquarks in the medium, making them a potentially powerful probe to study the QGP.
However, as discussed in the previous section (Fig. 2.2), latest experimental measure-
ments showed an enhanced production of� +

c baryons overD0 mesons in pp collisions at
the LHC energies compared to e+ e� and ep collisions [36] suggesting that coalescence
processes or other mechanisms could also be present in smaller collision systems.

(a) (b)

Figure 2.4: Illustration of the fragmentation of Lund strings (a) [42] and zoomed detail
of a singleyoyo process (b) in the x-t plane (based on the scheme found in [43]).

The most used event generators di�er in the way they model the hadronisation of par-
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tons using phenomenological non-perturbative calculations. They generally employ only
leading-order approximations and can provide di�erent measurements as a function of
the parameters considered while running them.
One of the most widely used hadronisation mechanisms is the Lund phenomenological
string model [44], which deserves a brief introduction, since it is the basic hadronisation
mechanism in many Monte Carlo generators.
The interaction between two partons in the Lund model occurs through coloured �elds
that are represented by strings. The interaction of aq�q pair can be described by the
Cornell potential [45]:

V(r ) = �r � �r � 1; (2.2)

which is a simple way to account mathematically for quarks con�nement, and contains
a string tension term� and a Coulombian-like constant� . When the distance between
the parton increases the second term of the Eq. 2.2 becomes negligible and the potential
can be approximated withV(r ) � �r with a typical string tension of 1 GeV/fm. This
term is similar to the Hooke's law describing the elastic mechanical force exerted by a
loaded string.
Increasing the distance between the original quark-antiquark pair causes the colour string
to stretch due to the linear relation of the energy stored in the strings, and at a certain
time the creation of a newqj �qj pair will become more favourable than further extending
the colour string. As illustrated in Fig. 2.4a the strings are then broken into two, and
the newly created pair moves on a parallel direction with respect to the original light
cone that generated it.
Both the original pair and the newly generated ones are accelerated and forced together
by the linear potential when the distance increases in a motion calledyo-yo (due to the
visual similarity of the process to the famous toy).
An example of yo-yo motion is illustrated in Fig. 2.4b, in which the process is shown in
space-time coordinates. Starting from a t = 0, each intersection of the quark-antiquark
pair is characterised by the quarks inverting their momentum, in ayo-yo way [44].
When more pairs are produced at other points of the stretched colour strings, the quarks
originating can either combine with other produced pairs to form hadrons or they can
proceed with their yo-yo modes until they fragment and only hadrons remain.
The Lund model is able to describe the hadronisation following hard parton scatterings,
and it is often employed in Monte Carlo generators, which provide complete particle
simulations by including other mechanisms such as initial and �nal-state parton showers,
hadron decays, multiple parton interactions, etc., to improve their predictions. Moreover,
event generators often o�er only leading-colour (LC) processes, reducing their accuracy,
but some generators with NLO accuracy in the hard scattering, such as POWHEG [38],
are already available.
In the next sections, a collection of generators used in the �nal results of this dissertation,
and for other activities related to the PhD (see App. A.1), will be described.
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2.2.1 PYTHIA8

As anticipated in the previous section, the Lund string model is not able to describe the
production of some heavy-�avour hadrons in pp collisions at the LHC, especially in the
baryon sector.
The basic fragmentation Lund model is fully implemented in the PYTHIA8 Monash
2013 tune which, as seen in Fig. 2.2, greatly underestimates the production of the� +

c
baryon overD0.
Other theoretical approaches are introduced to better describe the enhancement of the
baryon-to-meson ratio; the one mainly used in this dissertation is the introduction of
enhanced colour reconnection mechanisms [46]. This model was also developed taking
into account the enhanced baryon production in pp collisions in the light sector: the
baryon-to-meson ratio is tuned to the measurements of the� =K0

s ratio (obtained by the
CMS Collaboration in 2011 [47]).
PYTHIA uses a leading-colour approximation to trace the colour �ow for each event, and
each partonic �nal state contains quarks that are connected uniquely to a single other
parton in the event. On the other hand, gluons carry both a colour and an anticolour
charge, and are hence connected to two partons by two colour strings. The leading-colour
approximation is represented in Fig. 2.5a.
This description implemented in the Monash tune is quite e�ective in describing e+ e�

collisions, but the situation could change signi�cantly in pp collisions where, due to
the composite nature of hadrons, events with several distinct parton interactions can
occur simultaneously during a collision: multiple parton interactions (MPI) [48]. All the
partonic systems generated are to be considered in the description of the collision, and
there is a non-negligible possibility of overlapping between their phase spaces.

(a) (b)

Figure 2.5: Quarks scheme of a leading-colour string topology (a) and of a junction
beyond-leading-colour topology (b) [46] implemented in PYTHIA8.

Early studies on the possible colour connection between multiple systems were per-
formed [49], but the e�ect was expected to be small even in high-multiplicity events. As
in LEP results, the production as a function ofpT was expected to have a �at trend [37],
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which is not the case in recent experimental measurements [36], meaning that non-trivial
colour reconnection mechanisms could be introduced.
In the enhanced colour reconnection model in PYTHIA, the QCD framework is sim-
pli�ed by encoding the main parton-parton combination possibilities in a single colour
index from 1 to 9 (and anti-index for anti-colours). Quarks have a single colour index as
antiquarks have a single anticolour one, while gluons are characterised by one of each, al-
lowing the model to have 9 di�erent quark colours and 72 gluon states. These indices are
not the ordinary SU(3) colours of the SM, but they rather indicate the possible colour
states of the combinations of two-parton systems: a colour singlet is expressed if the
colour index of a quark equals the anticolour index of its coupled antiquark, otherwise
they are in an octet state (9 colour index values in total).

Con�ning potentials between quark-antiquark couples can now be created between
any two partons that have opposite and matching indices, making the original leading
colour string topology still possible, but increasing the possibilities of accidental recom-
bination between quarks. Moreover, speci�c indices can also combine in pairs in order
to appear in the system as the anticolour index missing in the triplets [1,4,7], [2,5,8] and
[3,6,9], e.g. two partons with colours 1 and 4 can appear as one parton with anticolour
index 7.
Recombination of quarks is allowed both among partons arising from MPIs and from
beam remnants, increasing with these mechanisms the string topologies that will hadro-
nise, as shown in Fig. 2.5b.
This model enriches the topologies available with the default leading colour string struc-
tures through the so-called junctions, which can be of di�erent types and are classi�ed
into 4 groups related to their kind of reconnection topology (Fig. 2.6), which starts as
an ordinary dipole-style reconnection with Type I and becomes more complicated with
Type IV in which connected junction-antijuction pairs allow gluons to be added between
junctions [46]. The other two kinds of junctions, Type II and Type III, implement the
formation of a junction-antijunction pair that is connected in the former, and not directly
connected in the latter.

This model predicts the enhancement, in particular, of charmed baryons, and a collec-
tion of their relative yields using this method is shown in Tab. 2.1. The standard colour
reconnection model production estimates are also shown in the table (old CR model).
The comparison between the new full production and that without the CR mechanism
(corresponding to the column labelled as �string�) shows up to a factor� 20 of increase
on heavier charmed baryons (as� 0

c). To obtain these results ten million events were
simulated in pp collisions at

p
s = 7 TeV and hadron decays were turned o� to focus on

the primary particles production.
The achievable topologies in an event are ruled by the minimisation of the potential en-
ergy of the string, and di�erent modes of the model are possible thanks to the tuning of
various parameters which are shown in Tab. 2.2. They take into account the requirement
that, in order for reconnection to be feasible between two string strands, they must be
able to resolve each other between the time of formation and hadronisation (including
time-dilation e�ects caused by their relative boosts [50]).
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(a) Type I: dipole-style reconnection

(b) Type II: junction-style reconnection

(c) Type III: baryon-style junction reconnection

(d) Type IV: zipper-style junction reconnection

Figure 2.6: Allowed reconnection junctions in the enhanced colour reconnection model
[46].

In particular in mode 0 there is no time dilation at all and the value of the constantm0
3

controls the amount of colour reconnection; in mode 2 the time dilation is performed by
using the boost factor obtained from the �nal-state mass of the dipoles, and it is required
that all the dipoles involved in a reconnection are causally connected; mode 3, instead,
is very similar to the previous one, but requires only a single connection to be causally
connected.

3This is usually of the order of the � QCD scale, with energy dimension.
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Particle New CR model Old CR model
string junction all (all)

D + 5:3 � 10� 2 0 5:3 � 10� 2 6:5 � 10� 2

� +
c 4:0 � 10� 3 7:9 � 10� 3 1:2 � 10� 2 6:6 � 10� 3

� ++
c 2:7 � 10� 4 1:3 � 10� 2 1:3 � 10� 2 5:4 � 10� 4

� +
c 2:5 � 10� 4 1:5 � 10� 2 1:5 � 10� 2 5:2 � 10� 4

� 0
c 2:5 � 10� 4 1:3 � 10� 2 1:3 � 10� 2 5:1 � 10� 4

� � ++
c 5:1 � 10� 4 1:7 � 10� 3 2:2 � 10� 3 9:5 � 10� 4

� � +
c 4:9 � 10� 4 1:9 � 10� 3 2:4 � 10� 3 9:4 � 10� 4

� � 0
c 4:8 � 10� 4 1:7 � 10� 3 2:2 � 10� 3 9:1 � 10� 4

Table 2.1: Relative primary particle production of charmed hadrons(Npar =Nevents) in
pp collisions at

p
s = 7 TeV over the full y and pT range, summed over particles and

antiparticles [46].

Parameter Monash Mode 0 Mode 2 Mode 3
StringPT:sigma 0:335 0:335 0:335 0:335
StringZ:aLund 0:68 0:36 0:36 0:36
StringZ:bLund 0:98 0:56 0:56 0:56
StringFlav:probQQtoQ 0:081 0:078 0:078 0:078
StringFlav:ProbStoUD 0:217 0:2 0:2 0:2

0:5, 0:0275, 0:0275, 0:0275,
StringFlav:probQQ1toQQ0join 0:7, 0:0275, 0:0275, 0:0275,

0:9, 0:0275, 0:0275, 0:0275,
1:0 0:0275 0:0275 0:0275

MultiPartonInteractions:pT0Ref 2:28 2:12 2:15 2:05
BeamRemnants:remnantMode 0 1 1 1
BeamRemnants:saturation � 5 5 5
ColourReconnection:mode 0 1 1 1
ColourReconnection:allowDoubleJunRem on o� o� o�
ColourReconnection:m0 � 2:9 0:3 0:3
ColourReconnection:allowJunctions � on on on
ColourReconnection:junctionCorrection � 1:43 1:20 1:15
ColourReconnection:timeDilationMode � 0 2 3
ColourReconnection:timeDilationPar � � 0:18 0:073

Table 2.2: List of all the parameters among the considered PYTHIA8 tunes [46].

2.2.2 Hadronisation via coalescence: the Catania model

The measurements obtained by the ALICE experiment in Pb�Pb collisions at
p

sNN =
5.02 TeV have shown large productions of the� +

c baryon [51], in agreement with previous
results of heavy-ion collisions obtained at RHIC by the STAR collaboration in Au�Au
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collisions at 200 GeV [52]. The� +
c / D0 ratio obtained in Pb�Pb collisions is similar to

the results obtained at RHIC, but shows a small reduction as estimated by theoreti-
cal calculations, providing hadronisation via a combined coalescence plus fragmentation
approach. This mechanism (see [53] for a review) is the basis of the Catania model,
which was initially developed to be used only in nucleus-nucleus collisions. However, a
thorough study has been performed on the production of charm hadrons in pp collisions
assuming a coalescence plus fragmentation approach in a bulk matter following hydro-
dynamic simulations, included to study the spectra and collectivity phenomena in the
system [54].
The Catania model assumes the presence of a thermalised system of gluons and light
�avour quarks (u; d; s) and anti-quarks, already in pp, with a lifetime � � 2.5 fm=c,
a radius of R = 2 fm and a temperature of the bulk matter ofT = 165 MeV for pp
collisions at

p
s = 13 TeV.

The implemented coalescence model is based on the Wigner formalism and predicts a
momentum spectrum of the hadrons formed by quark coalescence as:

dNH

dyd2PT
= gH

Z NqY

i =1

d3pi

(2� )3E i
pi � d� i f qi (x i ; pi )

� f H (x1:::xNq ; p1:::pNq ) � (2)

 

PT �
nX

i =1

pT ;i

!

;

(2.3)

where gH is the statistical factor to form a colourless hadronH from quarks and an-
tiquarks with spin 1/2, corresponding to 1/36 and 1/108, respectively, for mesons and
baryons; d� i denotes an element of space-like surface;f qi are the quark (anti-quark)
phase-space distribution functions for thei -th quark (anti-quark), while f H (x1:::xNq ; p1:::pNq )
is the Wigner function describing the spatial and momentum distribution of quarks in a
hadron, which is assumed to follow a Gaussian shape; �nally,Nq is the number of quarks
that form a hadron (2 for mesons and 3 for baryons).
The Wigner distribution4 contains a normalisation constant that is �xed to guarantee
that in the momentum limit p ! 0 all charm quarks hadronise by coalescence in a heavy
hadron, requiring that the total coalescence probabilityP tot

coal satis�es limp! 0 P tot
coal = 1.

On the other hand, the momentum spectrum of a hadron produced by charm parton
fragmentation can be de�ned as:

dNhad

d2pT dy
=

X Z
dz

dNf ragm

d2pT dy
Dhad=c(z; Q2)

z2
; (2.4)

in which Dhad=c(z; Q2) is the fragmentation function dependent on the momentum frac-
tion z of the heavy quarks transferred to the �nal heavy hadron and onQ2 = ( phad=2z)2

4It was originally introduced in non-relativistic quantum mechanics and the expectation value of
any physical operator can be obtained by averaging over a Wigner distribution. De facto, it is a
quasi-distribution (due to the Heisenberg uncertainty principle in quantum theories) that describes the
non-positive de�nite density of �nding a particle in average values of position and momentum. This
function has been applied in various areas, including heavy-ion collisions and hadron physics [55].
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which is the momentum scale for the fragmentation process. The model assumes the
commonly used Peterson fragmentation function for heavy quarks [56].

Figure 2.7: Probability of charm quark coalescence as a function ofpT of the charm quark
for pp collisions at LHC [57]. The solid black line is the total coalescence probability of
all the species.

The probability of coalescence has a decreasing trend as a function ofpT , as shown in
Fig. 2.7, which means that at low momentum charm has a higher probability of hadro-
nising through coalescence with light partons from the thermalised medium. As required
in the Wigner distribution assumed in the model, atpT = 0 all charm will hadronise
only by coalescence, while at higher momentum heavy quarks that cannot coalesce will
hadronise via fragmentation with a probability given byPf rag = 1 � Pcoal. This implies
that, at high pT , fragmentation becomes the main mechanism of hadronisation in the
Catania model and a charm quark will hadronise following speci�c fragmentation frac-
tions de�ned in [58].
The coalescence probabilities in Fig. 2.7, for di�erent charmed hadrons, show that the
� +

c and � c trends are compatible with theD0 one forpT < 1 GeV/ c, which is a feature of
the coalescence mechanism and causes an enhancement of the� +

c / D0 and � c/ D0 ratio.

2.2.3 EPOS3

The EPOS model is a sophisticated multiple scattering approach based on partons and
parton ladders, which are referred in the model as pomerons and de�ne individual scatter-
ing. The acronym stands forEnergy conserving quantum mechanical multiple scattering
approach, based onPartons (parton ladders),O�-shell remnants, andSplitting of parton
ladders, mentioning, in its entirety, the basic mechanisms on which the model is based.
The generator provides a hydrodynamical evolution in pp, p�A and heavy-ion collisions
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through parton ladders which show up as �ux tubes (also called strings in the model).
In EPOS3 the nonlinear e�ects in the parton evolution are treated by considering per
pomeron individual saturation scales and a 3+1 dimension viscous hydrodynamical evo-
lution of the system.
The initial hydrodynamic conditions are provided by the Gribov-Regge multiple scatter-
ing framework, while the parton ladders are composed of a pQCD hard process combined
with initial and �nal state linear parton emissions [59]. These conditions are applicable
to many collision systems, including pp, p�A, A�A and lepton-proton collisions.
The complex theoretical calculations will not be discussed, but the main features of the
model are introduced.
The formalism is capable of computing exclusive cross sections for subprocesses using
partial summations of cut and uncut pomerons (de�ned in [59]), as illustrated in Fig.
2.8, such as the cross section for triple scattering (exchange of three pomerons) in pp
collisions.

(a) (b)

Figure 2.8: Illustration of EPOS3 total cross section in terms of cut (uncut) pomerons
using dashed (solid) lines for pp, p�A and A�A collisions (a) and parton distribution
divided by the number of binary collisions as a function ofpT in p�Pb collisions in two
di�erent centrality intervals at

p
sNN = 5.02 TeV (b) [60].

The single pomeron exchange amplitude, which is contained in the cross section
calculation, is de�ned as the sum of di�erent contributions [59, 60] that are related to
the interaction betweenseaor valencequarks, in the combinations sea-sea, val-val, sea-
val and val-sea, respectively, on the projectile and target side, starting the parton ladder.
The saturation scale was introduced in EPOS3 to account for nonlinear e�ects, replacing
the previous description in EPOS2, and it is implemented through a valueQs representing
the virtuality scale below which non-linear e�ects (like gluon-gluon fusion) are important.
This variable is adapted to the EPOS3 formalism, implemented in the hard scattering
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cross section calculation, and it is assumed to be

Q2
s = Bsat

Npart

(1=ŝ)�
; (2.5)

taking into account the centre-of-mass energŷs of the pomeron, the number of partici-
pants Npart , and the proportionality constant Bsat that is chosen to ensure binary scaling
of the parton multiplicity and number of collisions in p-A and A-A at high pT . � is as-
sumed to be constant and equal to 0.25. The number of participants is estimated via a
theoretical approach, which de�nes it as the maximum value of the calculated prediction
of the number of target and projectile participants.
The saturation scale a�ects the value of parton multiplicity at low and highpT values,
as shown in Fig. 2.8b for p�Pb collisions, in which the primary parton distribution re-
sults, scaled by the number of binary collisions, are expressed as a function ofpT in two
di�erent centrality intervals. The peripheral and central collisions at

p
sNN = 5.02 TeV

show di�erent trends that become compatible only at highpT . In particular, the low pT

region in central collisions is signi�cantly suppressed compared to the peripheral case.

Figure 2.9: Simpli�ed scattering, with double-pomeron exhange, illustrating the colour
�ow [60]

For the generation of events in EPOS, real physical events are used, without intro-
ducing �test particles� as performed in other generators. The generation is performed
in two steps: the �rst one generates the multiple scattering con�guration accordingly
to the total cross section described earlier, via the number of cut pomerons per possi-
ble nucleon�nucleon pair and the momentum fractions of the light cone pomeron ends;
while the second step creates, for a given con�guration, the partons associated with each
pomeron. These last partons make the parton ladders of the models which are identi�ed
with �ux tubes.
A simple example of scattering is shown in Fig. 2.9 using the colour �ow of two cut
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pomerons in sea-seawith a simple gg ! gg process. The interaction concerns the
quarks and antiquarksqi of the �rst ( i = 1; 2) and second pomerons (i = 3; 4). Following
the colour �ows, one can identify the kinky strings, e.g. q1 - g1 - �q2 and q2 - g2 - �q1

for the �rst pomeron. So in Fig. 2.9 four kinky strings are found, which are essentially
one-dimensional colour �ux tubes, with a possible very small �nite transverse additional
dimension. High-pT partons will show as transversely moving string pieces, but they are
rare in the TeV energy range, and most kinks have apT of only few GeV/c.
Quark-antiquarks pairs are generated when the strings break due to elementary reactions
and the originating segments are identi�ed as hadrons and resonances. This mechanism
is also used to generate jets through the segmentation of high-pT hard partons.
However, in heavy-ion collisions and in high-multiplicity events in pp and p�Pb scat-
terings at high energy, this mechanism is not su�cient to describe particle production,
since the density of strings is so high that they cannot decay independently only by seg-
mentation. Thus, even in high-multiplicity pp collisions, the �ux tubes will constitute
thermalising bulk matter that expands collectively, calledcore. The strings segments
that are close to the surface of the bulk matter or with a largepT will leave the core and
hadronise, de�ning the region of thecorona.
The model allows strings segments to constitute bulk matter or escape according to their
pT and the local string density� . Particles from the corona will then appear as hadrons,
while the core ones will provide the initial condition of a hydrodynamical evolution and
they will later hadronise at a hadronisation temperatureTH following the freeze-out of
the medium. After this process, a hadronic cascade procedure will allow the hadrons to
continue interacting with each other [61]. The treatment of high-multiplicity events in
the core-corona description improves the agreement between data and simulations.

2.2.4 Statistical Hadronisation Model with enhanced set of charm-
baryon states

A revisited version of the Statistical Hadronisation Model (SHM [62]) was developed
to explain the results in the charm sector regarding the enhancement of heavy-�avour
baryon production [63] by including an enhanced set of charm-baryon states predicted
by the Relativistic Quark Model (RQM [64]).
The SHM replaces the complexity of the hadronisation process by using thermostatistical
weights that are ruled by the masses of the available hadron states at a hadronisation
temperatureTH . The model has been successful in describing the production of light and
strange hadrons in both heavy-ion collisions and smaller systems, by adding in the latter
case and in peripheral heavy-ion collisions a strangeness suppression factor
 S < 1.
But the model was unable to describe the� +

c / D0 ratio results obtained by the ALICE
experiment [65] in pp collisions at

p
s = 7 TeV. In fact, the value predicted by SHM

for the ratio (� 0.22 [66]) was based on charm-hadron states from PDG [4], but the
measurements showed a ratio that was more than double (� 0.54). Hence, it seems that
the use of PDG states only underpredicts the results, while a good description can be
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achieved by employing the RQM predictions.
The RQM predicts additional charm-baryon states which amount to 18� +

c , 42 � 0;+ ;++
c ,

62 � 0;+
c and 34
 c excited states up to a mass of 3.5 GeV/c2. Thermal hadron densities

ni , as described by SHM, depend strictly on the mass of the hadronsmi and their spin
degeneraciesdi = 2J + 1 estimated at TH :

ni =
di

2� 2
m2

i THK 2

� mi

TH

�

; (2.6)

which uses the second-order Bessel functionK 2 and an upper estimate of the hadronisa-
tion temperature TH = 170 MeV [67]. The thermal densities of the ground-state charm
hadrons calculated using this method are listed in Tab. 2.3.

ni (� 10� 4 fm � 3) D0 D+ D� + D+
s � +

c � 0;+
c 
 c

PDG (170 MeV) 1.161 0.5098 0.5010 0.3165 0.3310 0.0874 0.0064
RQM (170 MeV) 1.161 0.5098 0.5010 0.3165 0.6613 0.1173 0.0144

Table 2.3: Thermal densities of prompt ground-state charmed hadrons forTH = 170
MeV [63].

The additional excited states of the particles mentioned in the table are forced to
decay into one of the ground states governed by the branching ratios (BR) from the
PDG, while those without listed BRs are considered equally weighted. For example,
this means that for the excited� c state the PDG declares a decay channel of� +

c + K
without specifying the branching ratio, so in the model it is assumed that 50% of excited
� c decay to� +

c and the other half goes to the ground state of� c. This leads to a speci�c
enhancement of the ground states of charmed baryons without increasing the production
of D mesons.

2.2.5 Quark Combination Mechanism framework

The Quark (re-)Combination Mechanism (QCM) framework [68] implements as hadroni-
sation mechanism the recombination of a charm quarkc with a co-moving light antiquark
�l or two co-moving light quarksll to form a single hadron H (respectively, a meson or
a baryon), which will assume as momentumpH = pc + p�l;ll . This mechanism in�uences
the momentum spectra of charm hadrons and, in particular, the baryon-to-meson ratio.
QCM is similar to the coalescence mechanism described above, but it does not employ
the Wigner distributions.
The momentum distributions of the single charmed mesonM c�l and baryon Bcll 0 in the
model can be expressed as

f M c�l
(p) =

Z
dp1dp2f c�l (p1; p2) R M c�l

(p1; p2; p); (2.7)

f B cll 0(p) =
Z

dp1dp2dp3f cll 0(p1; p2; p3) R B cll 0(p1; p2; p3; p):; (2.8)
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where f c�l (p1; p2) is the joint momentum distribution for the charm quark and the light
antiquark (�l ), R M c�l

(p1; p2; p) is the probability density of c�l with momenta p1, p2 to
combine into a mesonM c�l with momentum p (combination function). Similar variables
are used for the charmed baryon production in Eq. 2.8.
The distributions of quarks of di�erent �avours are considered independent, neglecting
the correlations, and the combination functions are assumed to be the product of Dirac
delta functions

R M c�l
(p1; p2; p) = � M c�l

2Y

i =1

� (pi � x i p); (2.9)

R B cll 0(p1; p2; p3; p) = � B cll 0

3Y

i =1

� (pi � x i p): (2.10)

The values � M c�l
and � B cll 0 in the combination functions are momentum independent

constants that depend on other elements, such as the number of quarks.
The momentum fraction of the i -th quark (x i ) is de�ned by assuming the co-moving
approximation, which implies that recombination can take place only if the charm quark
is moving at the same velocity of the other light antiquark (or two light quarks) to form
the charm hadron. Under this assumption, the fraction can be expressed as

x i = mi =
X

j

mj ; (2.11)

considering in the quark model the constituent �xed massesmu = md = 0:33 GeV/ c2,
ms = 0:5 GeV/ c2, and mc = 1:5 GeV/ c2.
Therefore, the distribution functions of the charm hadrons can be rewritten

f M c�l
(p) = NM c�l

f (n)
M c�l

(p) ; (2.12)

f B cll 0 (p) = NB cll 0 f (n)
B cll 0

(p) ; (2.13)

by substituting all the terms de�ned above and introducing the normalised distribution
function f (n)

M c�l
(p) and f (n)

B cll 0
(p), whose integration on momentum return unity, and the

momentum integrated yieldsNM c�l ( ll 0)
which can be calculated as

NM c�l
= NcN �l

� M c�l

AM c�l

= NcN �l R c�l ! M c�l
; (2.14)

NB cll 0 = NcN lN l0
� B cll 0

AB cll 0

= NcN lN l0R cll 0! B cll 0; (2.15)

where A � 1
M c�l

=
R

dp f (n)
c (x1p) f (n)

�l (x2p) and A � 1
B cll 0

=
R

dp
Q 3

i =1 f (n)
qi

(x i p) with the nor-

malised charm and light quark distribution
R

dp f (n)
c;l (p) = 1 . The quantity R c�l ! M c�l

�
� M c�l

=AM c�l
is the momentum-integrated combination probability of a charm quark and a
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light antiquark to produce a meson, whileR cll 0! B cll 0 is similar, but related to the pro-
duction of a baryon.
Finally, the integrated momentum yield of a charm mesonM i;c �l can be expressed as

NM i;c �l
= CM i;c �l

P�lNM c ; (2.16)

by introducing the probability P�l = N �l=N�q of an antiquark �q to be of �avour �l , and the
probability CM i;c �l

of creating a particular spin statei , given that a speci�c c�l combination
can form di�erent J P states. A similar formula to Eq. 2.16 is achievable for the charm
baryon yield [68].
These formulas are applied to the one-dimensionalpT space, and thepT distributions of
the quarks at hadronisation are used as inputs to the model. In particular, the light-
quark spectra were obtained from the light-�avour hadron production in pp collisions atp

s = 7 TeV [69], while the charm quark spectrum in QCM is extracted from the data
of D� + results in pp and p�Pb collisions, respectively at

p
s = 7 and

p
sNN = 5.02 TeV

[70].
Via the inputs, the model is able to provide estimates for the production of many single
charm hadrons, including all the mesons and baryons that contribute to the results
presented in this dissertation.

2.2.6 HERWIG7

Hadron Emission Reactions With Interfering Gluons (HERWIG) is a general purpose
event generator capable of providing simulations at next-to-leading order in QCD keep-
ing its capabilities of coherent parton showers, Beyond Standard Model (BSM) events
description, cluster hadronisation model, etc. [39].
The generator can assemble NLO QCD corrections for virtually all SM processes, by
calculating the amplitudes with external libraries that are integrated in the software,
and uses a complex mechanism to develop parton showering via the coherent branching
algorithm [71]. This mechanism is based on angular ordering (used in previous versions
of the generator) [72], but introduces a series of improvements, such as the covariant
formulation of the showering algorithm (invariant under boosts along the jet axis) and
the introduction of heavy-quark fragmentation via mass-dependent splitting functions
and kinematics [73].
HERWIG7 hadronisation employs a cluster model which is executed after the parton
shower in order for quarks and gluons to combine in the observed hadrons. The basis
of the mechanism is the colour precon�nement property of the angular-ordered parton
shower.
First, the remaining gluons after the parton shower are split non-perturbatively into
quark-antiquark pairs (with any �avour). The isotropic decays create, in the event, only
colour connected parton pairs, which are colour singlets de�ned in the model with clus-
ters, which have a momentum given by the sum of their constituents momenta. These
clusters have a mass distribution that is independent of the hard scattering process and
its centre-of-mass energy, due to the principle of colour-precon�nement.
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(a) (b)

Figure 2.10: Mass spectrum of the primary clusters (a) and of the clusters after �ssion
(b). The plot shows only clusters containing light quarks. Solid, dashed, and dot-dashed
lines show the clusters produced in hadronisation ofe+ e� ! d �d events at a centre-of-
mass energy of 100 GeV, 1 TeV, and 10 TeV, respectively [73].

Due to this property and to the fact that the cluster mass distribution is peaked at low
values (Fig. 2.10a), the clusters can be considered as highly excited hadron resonances
that decay into observed hadrons according to the phase space.
However, a small portion of the generated clusters will be split into lighter ones before
they decay, due to their heavy mass. The mass limit for the cluster �ssion to occur is
de�ned by

M Clpow � Clmax
Clpow + ( m1 + m2)Clpow ; (2.17)

whereM is the mass of the cluster,Clmax and Clpow are parameters of the model (�avour
dependent), andm1;2 are the masses of the constituent partons of the cluster.
During the �ssion, a pair q�q is selected from the vacuum and the cluster is then broken
down into two new clusters, with one of the original partons in each one, with mass
distributions

M 1;2; = m1;2 + ( M � m1;2 � mq)R
1=P
1;2 ; (2.18)

which contain the massmq of the parton taken from the vacuum. M 1;2 indicate the
masses of the new clusters obtained after the �ssion (Fig. 2.10b), that are required to
be smaller than the mass of the original cluster, but greater than the sum of the mass
of their constituent partons.
If a beam remnant is contained in the original cluster, a soft distribution is used for
the masses of the daughter clusters produced in the process. A series of parameters are
employed to control (and tune) the mechanism during the simulation.
Finally, clusters are decayed into a pair of hadrons by combining their quarks with a
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pair of quark-antiquark or diquark-antidiquark extracted from the vacuum. The species
are selected from all the possible alternatives with the appropriate �avour based on the
available phase space, spin, and �avour of the hadrons.
As done in other Monte Carlo models, HERWIG uses weights for hadron production
through cluster decays, but its peculiar feature is to use a single weight for each combina-
tion of decay products to account for the suppression of same �avour hadrons production
in multiple weights approaches [74] (employed for example in HERWIG5.9).
Moreover, since many more mesons than baryons are included in the model, in order to
increase baryon production, if the mass of a cluster is large enough to decay into the
lightest baryon-antibaryon pair, then a parameter is used to select whether the cluster
will perform a mesonic or baryonic decay [73].
Additionally, three colour reconnection models are implemented (and tunable) in HER-
WIG: the default plain reconnection model, a more complicated statistical model, and
the baryonic reconnection model which allows the formation of baryonic clusters. The
reconnection happens before cluster �ssion takes place.
The plain reconnection model (PCR) is composed of a series of steps which are followed
exactly once for every quark created in random order in the event. A speci�c quark will
be part of a clusterA and it can reconnect with all other clusters existing at that time,
so its potential reconnection partner will be calledB. The newly possible generated
clustersC and D, after reconnection, are limited by conditions which make them lighter
compared to the parent clusters and they cannot be colour octets. If at least one possible
reconnection is found, then the one with the lowest cluster mass sum is selected and the
reconnection is accepted following a tunable reconnection probabilitypreco. After this
last step, the reconnection cycle continues for another quark [75].
The statistical reconnection model (SCR) aims at �nding a cluster con�guration with a
preferably small colour length obtained as

� =
N clX

i =1

m2
i ; (2.19)

considering the number of clustersNcl and the invariant massmi of the i -th cluster.
However, �nding the global minimum of � is a very di�cult task, given that the pos-
sible cluster con�gurations scale as the factorial of the parton pairs (100 parton pairs
! 100! � 10158 cluster to be tested), so the Simulated Annealing algorithm is used to
optimise the process.
The SCR model selects random pairs of clusters and proposes them for the colour re-
connection, with the same conditions for daughter clusters as PCR. A reconnection step
that reduces the colour length is always accepted, while if the value is raised, then the
reconnection is accepted with the probability

p = exp

(

�
� f � � i

T

)

; (2.20)

whereT is the temperature and� i;f are the initial and �nal colour lengths, respectively.
T is a parameter that is gradually decreased during the reconnection procedure, reducing
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the probability of accepting colour length and increasing reconnection steps. The transi-
tion of temperature is dictated by the annealing schedule which depends on the number
of clusters. In HERWIG7 this model introduced a rule that forbids a reconnection step
that would lead to a gluon produced in any stage of the parton shower evolution becom-
ing a colour singlet after hadronisation [76].
Both SCR and PCR deal only with mesonic clusters, so an extension to the colour re-
connection mechanism in the Monte Carlo generator was needed to produce baryonic
clusters via reconnection. The baryonic reconnection model (BCR) is an algorithm that
provides these results following a series of steps.
Due to the large invariant mass of baryon clusters, the baryonic reconnection does not
employ the reduction of the cluster masses, but it uses instead a geometric picture of
nearest neighbours in which the search of quarks is performed approximately in the pop-
ulation of the same phase space region based on the rapidityy. The model de�nes the
formation of two baryonic clusters out of three mesonic ones.

(a) (b)

Figure 2.11: Illustration of mesonic (a) and baryonic (b) clusters colour reconnection in
HERWIG7, using the BCR model [77].

After the creation of a list of colour-connected quarks and anti-quark clusters, follow-
ing the parton shower and the gluons splitting, the order in which the clusters appear is
shu�ed to remove a possible bias for the reconnection. A clusterA is selected now from
the shu�ed list, and the rest frame of that cluster is considered, so that the two con-
stituents (namely qA ; �qA ) are moving back-to-back, with the antiquark direction de�ning
the positive z-direction of the quark axis. A loop is then performed on all the other
clusters (B), calculating the rapidity of their constituents with respect to the quark axis
in the rest frame of the clusterA. Therefore, the constituents ofB (qB ; �qB ) will be listed
in two categories: mesonic ify(qB ) > 0 > y (�qB ) and baryonic if y(�qB ) > 0 > y (qB ). In
any other case, the cluster will not be considered for reconnection.
The category and the sumjy(qB )j + jy(�qB )j for the clusters with the two largest sums
are saved. They will be assumed asB and C clusters, and they will proceed to the
reconnection step with cluster A depending on the category they fall into: if mesonic
the normal reconnection with a probabilitypR will be performed, otherwise the baryonic
reconnection will occur and the considered clusters will be removed from the list and
will not be considered for further reconnection. Fig. 2.11 shows the rapidity-based re-
connection for both mesonic (Fig. 2.11a) and baryonic (Fig. 2.11b) cases. In particular,
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the latter sketch shows how in the model the reconnection can happen only if all quarks
(antiquarks) move in the same direction. Subsequently, the procedure is repeated for the
next cluster in the list [77].

2.3 Multiple Parton Interactions in event generators

In the description provided by the factorisation approach (see Eq. 2.1) it is implicit
that in the collision between two hadrons only two partons, each belonging to one of the
hadrons, are actually taking part in the collision (SPS: Single Parton Scattering). How-
ever, given the nature of hadrons as composite objects (valence quarks and gluons, and
quarks belonging to the sea), there is also a non-negligible probability that other partons
take part in the collision. These interactions, generally at a lower scale with respect to
the hard scattering described by the factorisation approach, are called Multiple Parton
Interactions and their role is key in describing successfully the so-called soft underlying
events. It is di�cult to treat the partons (and in turn the �nal states) produced by
the MPI with non-perturbative QCD calculations. Having said that, at �xed �nal state
invariant masses, the cross sections for MPI will tend to increase with collision energy.
This is because, generally speaking, partons with successively lower momentum fraction
x are being probed. Therefore, an increase in MPI was expected moving to LHC energies
(multi-TeV scale).
At these energies, some of the �soft� multiple parton interactions can reach a su�-
cient energy scale to produce heavy quarks, in particular charm (few GeV are enough).
Traditionally, a second �hard� scattering is described by the so-called Double Parton
Scattering (DPS), where pQCD techniques can be applied. The description of MPI (and
the possibility of heavy quark production) through them is therefore relevant for heavy-
quark production studies at the LHC.
This phenomenon should not be confused with pile-up, which is related, instead, to sev-
eral simultaneous hadron-hadron collisions recorded at the same time in the detectors.
In the following paragraphs, a description of how commonly used event generators im-
plement MPI will be provided.

2.3.1 PYTHIA8

The PYTHIA8 approach on handling MPIs is to merge the DPS mode with the Gribov-
Regge theory, which allows events with multiple cut pomerons, meaning that there are
several strings crossing from one rapidity end of the event to the other [78], extending
both of them. In particular, semi-perturbative MPIs create several minijets that con-
tribute to the pT �ow and multiple colour connections between beam remnants, leading
to higher multiplicity events.
The �rst step is to consider a 2 ! 2 perturbative QCD process (with cross section� )
in a hadron-hadron collision5, shown in Fig. 2.12a, in which the probability of having

5Hadrons are considered asbunchesof incoming partons.
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a MPI at a given pT in a non-di�ractive event is P = (1 =� nd)d�= dpT , where � nd is the
non-di�ractive cross section [40]. If the interactions occur independently, then the num-
ber of MPIs is distributed in a Poissonian manner with a suppression of the zero.
An inspired parton shower paradigm approach is used by the model, that generates con-
secutive MPIs as a downward progression inpT , resulting in a sequence ofn interactions
with

p
s=2 > pT 1 > pT 2 > � � � > pT n > 0. The evolution in pT is handled by using

the veto algorithm, as done in parton shower, and if no MPIs are created, a sequence is
rejected, and the process will restart.
The calculation leads to a probability distribution for the pT of the i -th parton equal to

dP
dpT i

=
eO(b)

heOi

1
� nd

d�
dpT i

exp

 

�
eO(b)

heOi

Z pT i � 1

pT i

1
� nd

d�
dp0

T
dp0

T

!

; (2.21)

after selecting the impact parameterb with a similar doubly di�erential expression using
i = 1. In the formula, eO(b) is the overlap between the distributions of two partons in
the transverse plane, averaged inheOi .
Even though the probability distribution in Eq. 2.21 provides an interpolation between
hard and soft processes, only those in which the hardest interactions are selected by the
MPI mechanism (non-di�ractive ones) employ full correlation. In PYTHIA, if standalone
hard processes are considered, the selection on the processes kinematics is performed
without taking into account the MPIs, but, in other cases, the selection of the impact
parameter, depending on thepT scale, is done only after the MPI machinery is invoked,
also considering Sudakov-like form factors6. A similar formulation can be extended from
2 ! 2 processes to other QCD ones in the PYTHIA MPI framework.

(a) (b)

Figure 2.12: Two independent2 ! 2 scatterings (a) [79] and2 ! 2 scattering followed
by a rescattering (b) [48].

In addition, another process can in�uence the collective e�ect of MPI, which is when
an outgoing state from one scattering is allowed to become the incoming state of another

6Survival probabilities that a state remains untouched after a change in the evolution scale.
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(rescattering), as schematically illustrated in Fig. 2.12b. This process is expected to have
a small e�ect compared to independent2 ! 2 processes, but it is implemented in the
event generator [48].
In MPI processes, the PYTHIA generator performs modi�cations to PDFs to take into
account the conservation of �avour and momentum. The standard values are used for
the �rst emissions, while the subsequent ones are treated with gradually modi�ed PDFs
to take into account the e�ects of the previous emissions. This is performed by using a
rescaling factor which considers the �avour counting, by assuming the quark distributions
can be split into a valence and a sea part.
The former quarks are limited by the reduction in quark content by the previous MPIs
and by constraints from momentum conservation, while the sea quarks must produce a
corresponding antisea parton in the beam remnant when it is extracted from a hadron, for
the �avour conservation, which can later participate in another interaction. The addition
of these quarks breaks the momentum sum rule, but a compensation is performed by
scaling down the gluons and the non-companion sea-quark PDFs.
This is the basic handling of MPIs in PYTHIA, but further e�ects are introduced in the
generator, such as the association with processes with initial and �nal-state radiation
showers, which are not discussed here (see reference [40] for a description). It is worth
mentioning that the magnitude of these e�ects can be tuned using a series of editable
parameters in the generator.
A comparison of the PYTHIA8 results with and without multiple parton interactions
for the D mesons as a function of charged-particle multiplicity and spherocity is shown
in Chapter 5, where the experimental results of this dissertation are discussed.

2.3.2 HERWIG7

In HERWIG7 the underlying events are based on the eikonal multiple parton�parton
scattering model [80], which describes them as additional semi-hard and soft partonic
interactions. This mechanism derives from the assumption that at a �xed impact pa-
rameter b individual scatterings are independent and that the distribution of partons in
hadrons factorises with respect to its dependence onb and on the momentum fraction
x. The MPIs are tuned via the various parameters of the MPIHandler of the generator,
which employs a phase-space sampling for the additional scatterings (via the MPISam-
pler).
In a generic hard, high-momentum transfer process in HERWIG the coloured particles,
in the elementary hard subprocesses, follow a perturbative evolution from the hard scale
of the collisions to an infrared cuto� region. For large centre-of-mass energies, multiple
scattering is dominant in the perturbative regime above the cuto� and creates additional
parton showers, while non-perturbative partonic scatters are included below this region,
making it possible to simulate both minimum bias events and underlying events in hard
scattering processes.
This section will mainly discuss the implementation in the generator of additional semi-
hard and soft scatters in the Monte Carlo simulation, as the theoretical calculation of the
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multiplicities of these events is not the purpose of this work [73]. Nevertheless, from the
theory, two main parameters are exploited for the description of MPI in the generator:
the minimal transverse momentumpmin

T of the additional hard scatters, and the typical
inverse proton radius squared (� 2), appearing in the spatial transverse overlap of the
incoming hadrons.
The semi-hard implementation was recovered from HERWIG++ [80] and starts from
the �rst single hard scattering evolving backward to end on a valence parton, causing
the partons to be (anti)quarks or (anti)diquarks. However, this process does not al-
low subsequent scatters, given that it saturates the valence structure of the hadron by
extracting a valence parton and forming the hadron remnant with the rest. Hence, in
the next interactions, the backward evolution is modi�ed so that they terminate on a
gluon. During the evolution the used PDFs are the standard ones, but with a valence
quark less, hence not obeying the momentum sum rule, which does not cause issues since
the algorithm is only sensitive to ratios of PDFs. When the process reaches the gluons,
its colour connections are then inserted into those of the previous remnant, creating a
structure that can be iterated an arbitrary number of times.
The soft scatters are generated after the perturbative evolution has ended, since the
parameter pmin

T is typically of the order of the parton shower cuto� scale. Instead, the
non-perturbative remnant decays produce diquarks that emit soft gluons scattering o�
each other. These gluons carry colour charge and in the MPI process of the generator
their colour connections to the diquarks are severed so that two outgoing gluons from
each soft scattering are colour connected to each other.
After the kinematics has been generated in the centre-of-mass frame, it is boosted back
to the lab frame, and the diquark momenta are reshu�ed so that they remain on their
original mass shell. Afterwards, the available energy for the next soft interaction can be
determined and the process is iterated until the requested multiplicity is reached or all
the available diquarks energy has been depleted.
These are the basic mechanism of MPIs at the parton level, but in order to provide
a full description of the event at the hadrons level, HERWIG also connects the multi-
parton scattering to the parton shower and the hadronisation models by extending the
introduced concepts [73].

2.4 Comparisons to ALICE results

The comparison of the� +
c over D0 ratio in pp collisions at

p
s = 5.02 TeV measured by

the ALICE experiment and various Monte Carlo models is shown in Fig. 2.13a including,
speci�cally, models that implement enhanced baryon production mechanisms. Compared
to the default Monash 2013 tune in PYTHIA, the enhanced colour reconnection mode
2 describes much better the magnitude and the decreasing trend of the results as a
function of pT , being consistent with the experimental values within the uncertainties
even at intermediate-pT intervals. Mode 2 in particular is the standard tune when using
this speci�c PYTHIA model, as suggested by its developers, though more comparisons
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will be shown including all of the di�erent enhanced colour reconnection modes in the
next chapters, and in the RIVET appendix at the end of this dissertation.

(a)

pp,
p

s = 7 TeV
jyj < 0:5

(b)

Figure 2.13: Preliminary ALICE results of� +
c over D0 ratio down to pT � 0 GeV/ c in

pp collisions at
p

s = 5.02 TeV compared to di�erent models, and Monte Carlo event
generators predictions (a) and comparison of the� +

c / D0 in pp collisions at
p

s = 7 TeV
obtained by ALICE [65] with several models including QCM (b). This last plot was
derived from [68].

A consistent description of the experimental results is also provided by the Catania
and SHM+RQM models. The latter calculations show how the additional baryon states
predicted by the RQM model signi�cantly improve the results if compared to the SHM
model using the PDG estimates.
On the other hand, a default run with HERWIG7, without including colour reconnec-
tion mechanisms, provides underestimated results that are aligned with the predictions
of PYTHIA with Monash.
Similar conclusions are reached when comparing the models with the� +

c / D0 ratio at
a lower centre-of-mass energy

p
s = 7 TeV. As a matter of fact, it is noticeable from

Fig. 2.13b that all the models not using colour recombination mechanisms (PYTHIA8
with Monash and HERWIG7 with the default tune) are coherently underestimating the
results. The DIPSY rope hadronisation model [81] introduces a kind of colour reconnec-
tion7, but the obtained results are still underestimating the baryon-to-meson ratio.
On the other hand, the predictions obtained by the QCM framework describe properly

7It is based on the assumption that if several parton pairs are next to each other in geometric space,
they can act together coherently to form a colour rope, but if an overlap on strings is found then they
will either colour reconnect or they will end up forming a new colour rope [82].
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the experimental results.

Figure 2.14: Prompt� c/ D0 baryon-to-meson ratio as a function ofpT in pp collisions atp
s = 13 TeV compared to di�erent models [83].

Additional information can be obtained from the results of the ratio between the
charmed strange baryon� c and the D0 meson yields shown in Fig. 2.14 [83]. ThepT

dependence of the experimental results is similar to what was measured for the� +
c / D0

ratio shown in Fig. 2.13, but the measurements are underestimated by all the models
considered, including the con�gurations with enhanced baryon production. However,
among them, the Catania model is capable of better describing the shape of the mea-
surement as a function ofpT .
This could lead to the conclusion that additional assumptions and di�erent mechanisms
must be further introduced to describe the production of charmed strange baryons.
The contribution to the charm production of MPI can be studied experimentally, for ex-
ample, via the analysis of D mesons production as a function of multiplicity. Separating
the production processes of charm in PYTHIA leads to di�erent trends in the relative
yields of the mesons as shown in Fig. 2.15a in pp collisions at

p
s = 7 TeV as a function

of multiplicity: including �rst hard processes leads to a shape that is slower than linear,
while the quickest production as a function of multiplicity is obtained through MPI pro-
cesses. The inclusive production predictions in four di�erentpT intervals are presented in
Fig. 2.15b, where the fastest relative yield trend with multiplicity is observed for higher
transverse momentum values, while the 1 <pT < 2 GeV/ c interval shows a linear trend.
ALICE results in pp collisions at

p
s = 7 TeV as a function of multiplicity (Fig. 2.15c)

have a trend that is faster than linear for all the �ve pT intervals considered, and it is
similar to PYTHIA predictions including all the production contributions, although the
event generator underestimates data. This acknowledges the important role of multiple
parton interactions in the description of pp collisions, which have the biggest contribution
to the increase of the relative yields.
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