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Abstract

In this thesis, the production of heavy-flavour hadrons containing a charm quark in
pp, p—Pb and Pb-Pb collisions will be discussed. Various hadronisation models that
are implemented in commonly used event generators, such as PYTHIAS8 (including
QCD-CR models), HERWIG7 (including baryonic clustering models) and EPOS4, are
inspected. With this background, Monte-Carlo generated data are compared with AL-
ICE experimental results. The RIVET framework is mainly used for the study, allowing
us to perform a systematic, easy-to-implement and standardised comparison between
simulated data and measurements. A selection of comparisons between simulated data
and recent measurements on meson-to-meson, baryon-to-meson and baryon-to-baryon
production ratios is presented.

The default PYTHIA8 Monash tune and HERWIG?7, both tuned on measurements
in ete™ collisions, significantly underestimate charmed baryons production in pp col-
lisions. On the other hand, both PYTHIA8 QCD-CR Mode 2 and Mode 0 describe
AF production well due to the formation of string junctions and string fragmenta-
tion mechanisms. Both tunes overestimate the production of ¥.(2455) baryons sig-
nificantly. Furthermore, they do not adequately describe ratios between pseudoscalar
and vector D-mesons. For this reason, a parameterization-based tuning is performed
on the PYTHIA8 QCD-CR Mode 2 tune, using the Apprentice framework, for the
StringFlav:mesonCvector and StringFlav:probQQ1toQQO0join flavour selection pa-
rameters. The minimization of the goodness-of-fit measure was performed with the
Truncated Newton method and a Bayesian inference technique. The resulting tuned
parameters are given in bold in Tab. 2. The predictions from PYTHIA8 CR Mode 2
with the tuned parameters are significantly improved for the D-meson ratios and X,
spectra, now describing the measurements within uncertainties. Due to the absence of
strangeness enhancement mechanisms in QCD-CR tunes, the production of =.-baryons
is still largely underestimated. The production of Z.-baryons is better described by
EPOS4 including a full core-corona procedure and hadronic rescattering mechanisms.
Similarly, ratios between prompt D-mesons including strangeness are best described by
EPOS4.

The production of charmed hadrons in heavy-ion collisions is studied with PYTHIAS us-
ing Angantyr, without assuming the creation of a Quark-Gluon Plasma (QGP). We ob-
serve an enhancement of baryon production in highly string-dense environments by im-
plementing beyond-leading color effects in the hadronization of individual sub-collisions.
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1 INTRODUCTION 1

1 Introduction

In this thesis, a study on open heavy-flavour production in high-energy proton-proton (pp),
proton-lead (p—Pb), and lead-lead (Pb—PDb) is presented. The production of heavy-flavour
hadrons can be used as an excellent probe to study the Quark Gluon Plasma (QGP), a
deconfined state of matter created at very high energy densities and temperatures achievable
with ultra-relativistic heavy-ion collisions, which is predicted by the strong interaction theory
[1]. To study the QGP production, it is important to take into account pp and p—Pb collision
measurements, so that any production mechanism difference can be discovered. Besides,
studying pp collisions provides new insight into perturbative QCD (pQCD) calculations,
while p—Pb collisions are a valid tool to inspect Cold Nuclear Matter effects. In this first
chapter, a general introduction to the physics studied in the ALICE experiment is provided.

1.1 Quantum Chromo-Dynamics

Quantum Chromo-Dynamics (QCD) is the quantum field theory that describes the strong
interaction between quarks and gluons. Similar to the electric charge in Quantum Electro-
dynamics (QED), the conserved colour charge is introduced in QCD for strong interactions.
This charge can take on three different values for quarks, which are commonly called red
(R), blue (B) and green (G). Logically, anti-quarks have corresponding anti-colour quantum
numbers. To be more specific, the quarks are assigned to a triplet of an SU(3) colour group.
The physical gluons that mediate the QCD force between the colour charges come in eight
different colour combinations, so they belong to an SU(3) octet. The remaining combination,
the SU(3) singlet, does not carry colour charge and cannot mediate the QCD force between
the colour charges [2]. QCD is a non-Abelian gauge theory based on these colour-charged par-
ticles, relying on local SU(3) group transformations. We can describe these transformations
mathematically as [22]:

e — ¥ = exp [igsaaTiJv", (1.1)

where T, are the generators of the SU(3) transformation (represented by the Gell-Mann
matrices), gs the coupling strength and «, are the corresponding complex fields. The QCD
Lagrangian must be invariant under the transformations from Eq. 1.1 (by gauge invariance).
Therefore, the QCD Lagrangian is given by [3]
(7 . a 1 a v
£QCD = ¢(27N<au - ngAuTa) - m)w - ZF;WF;L ) (1'2)

where 1) is the Dirac spinor of the quark field of a quark with mass m, * are the Dirac
matrices, Af, is the gluon field, and FY, is a fully gluonic tensor commonly expressed as

Fy, = 0,4, —0,A; — gsfchZAi. (1.3)

The complex fields o, in the transformation Eq. 1.1 are absent in Eq. 1.2 due to canceling
with the corresponding term in the covariant derivative acting on the quark and gluon fields,
resulting in a Lagrangian that remains unchanged. In Eq. 1.3 g5 is the coupling constant,
which is expressed as o, = ¢?/4m (h=c = 1), and f{, are the structure constants of SU(3).
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The first two terms in the Lagrangian Eq. 1.2 are similar to the QED Lagrangian, as they
describe vertices with two quarks and one gluon. The last term in Eq. 1.2 describes three-
and four interaction vertices between gluons, more specifically the term g fgCAZAf, produces
self-interaction among gluons. This term can also produce the anti-screening phenomenon
in colour interactions. The fact that the carrier can self-interact is not seen in QED and is a
unique feature in QCD.

In nature, neither gluons nor quarks are observed as free particles. The particles that are how-
ever detected, are colour-neutral (colour-singlet) combinations of quarks and gluons, called
hadrons. This phenomenon is called colour confinement, or simply confinement. The bound-
ing force that holds the quarks together can be approximated at large distances by a potential
increasing linearly with the distance between the partons. Due to this increase, it becomes
energetically more favorable to create new quark-antiquark pairs when the distance between
the initial pair becomes larger, see Fig. 1.

(a) (b)

Figure 1: (a) Bounded quark and anti-quark pair in a mesons. Gluon ezchange is represented
by flux tubes as field lines. (b) Separation of a quark-antiquark pair. The energy of the
gluon field increases, until the breaking of flux tubes becomes energetically favorable. Figure
is taken from [19].

The potential Vep between a quark-antiquark pair is often expressed as [4]

Voep(r) = —c——+o-r, (1.4)

where r is the distance between the quark and anti-quark, a; is the QCD coupling constant
and o is the string tension.
For a given squared momentum transfer Q? the coupling constant can be calculated with [24]

_ 9 _ as(M?) (1.5)

T 1t a (M) E 2 &

where ny is the number of flavours and M the renormalisation mass scale [4]. One can derive
from Eq. 1.5 that oy becomes small when @ increases, and thus in high-energy processes (i.e.
on short distances) partons can behave similarly to free particles, which is commonly called
asymptotic freedom. However, for lower Q? values, o increases, indicating the confinement of
partons. Several experiments validate the running behavior of the coupling constant relative
to squared momentum transfer Q?, as illustrated in Fig. 2.
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Figure 2: The running coupling constant a, as a function of Q*. Figure is taken from [5].

In the regime Q* > 1 GeV?/c?, perturbative QCD calculations (such as cross sections es-
timations) can be performed since oy is small, see Fig. 2. However, this approach can not
be applied to even lower momenta, due to the divergence of the coupling constant. In such
instances, the QCD Lagrangian can be assessed through lattice QCD calculations utilising a
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1.2 Probing the Quark Gluon Plasma

The description of collisions between two ultra-relativistic heavy nuclei is very complex. In
general, there are commonly a few phases defined in heavy-ion collisions which are described

by their respective space-time evolution.

Figure 3: Space-time evolution of heavy-ion collisions with various stages illustrated. Figure
is taken from [7].
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As illustrated in Fig. 3 we commonly define the following phases [25]:

1. Initial stage: the collisions between the two heavy-ions happen in a relatively short
time, ~ 0.3 fm/c. The initial state describes the position of the nuclei inside the
colliding nuclei that fluctuate from one collision to the other. This results in different
energy density profiles on every event which can have direct implications to final state
observables.

2. Pre-equilibrium (parton cascade): Hard partons (e.g. heavy quarks) are produced dur-
ing this phase by multiple parton interactions. This process lasts 7 ~ 0.3 — 2 fm/c.

3. QGP formation (thermalisation): if the system reaches the critical temperature it be-
comes a deconfined phase and the QGP is formed. The whole system will expand
simultaneously, so the temperature in the system starts to decrease.

4. Hadronisation: the gluons and quarks are no longer deconfined, and they start to
hadronize into hadrons. The QGP becomes a hadron gas. This phase lasts about
T ~6—10 fm/c.

5. Freeze-out: for 7 2 10 fm/c, the system will evolve into a freeze-out stage. At first, the
inelastic interactions in the system will stop, meaning that the particle abundance is
fixed. This is also known as the chemical freeze-out. Secondly, the elastic interaction
will stop, and thus the momentum spectra of the produced particles are fixed (kinetic
freeze-out).

The freeze-out of the QGP is reached at about 10 fm/c after the initial collision, and thus
directly observing the QGP is not possible. However, some of the information about the sys-
tem’s evolution is preserved in the final-state particles, which are commonly called probes.
In this thesis, we will only deal with hard probes, since heavy quarks (like the charm quark)
are produced in hard scatterings of partons with a large transverse momentum (i.e. 1/Q < 1
fm/c) before the formation of the QGP. For this reason, the hard partons (and their respec-
tive parton showers) experience the evolution of the entire system. Other examples of hard
probes are jets, particles with high transverse momenta (pr) and quarkonia. Relevant to this
thesis are the hadrons containing heavy quarks.

In heavy-ion collisions, heavy-quarks that will pass through the QGP will interact with
the medium and lose part of their energy through collisional and radiative energy loss mech-
anisms, see Sec. 2.1 for more detail. This suppression can be expressed quantitatively as the
so-called nuclear modification factor

d*Naa /dprdy _ d*Naa /dprdy
(Tan) - Aopp/dprdy  (Neon) - d°Npp/dprdy’

where (T a) is the average nuclear overlap function, defined as the average number of nucleon-
nucleon collisions (No) divided by the inelastic proton-proton cross section. The number of
binary nucleon-nucleon collisions can be estimated with the Glauber Model [8]. Furthermore,
dNaa is the particle yield in heavy-ion collisions and do,,/dpr the differential cross-section
in pp collisions which is used as a reference. A deviation from unity of R, implies differences

Rax = (1.6)
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of the pr distribution of the produced particles because of the interactions with the QGP
medium or due to other nuclear processes, which are discussed in Sec. 1.3. These last effects
can be studied by analysing the nuclear modification factor in Rypp in p—Pb collisions. An
example of R measured in Pb-Pb collisions at /syy = 5.02 TeV with ALICE is shown in
Fig. 4a for central collisions (0-10%). A significant energy loss of higher pt charm quarks is
observed by interacting with the QGP medium.
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Figure 4: (a) Nuclear modification factor Raa of prompt A} baryons in central (0-10%)
Pb-Pb collisions, compared with Raa of D-mesons. (b) Nuclear modification factor R,py,
of prompt A} baryons in p—Pb collisions compared with models. Both Raa and Ryp}, are
measured at /sy = 5.02 TeV and as a function of pr. Figures are taken from [44] and [39]
respectively.

1.3 Cold Nuclear Matter Effects

As a result of the large variation in the strong coupling constant, the properties of nuclear
matter can be vastly different. The first experimental evidence of cold nuclear effects, such as
gluon saturation and nuclear shadowing, was discussed in the early 80’s [45]. It was found that
the parton distribution functions (PDFs) of nucleons in a nuclear environment are different
from that of isolated nucleons. In Eq. 2.2 we will see that the PDFs describe the parton
density carrying a momentum fraction = (Bjorken-x) of the total momentum carried by the
nucleon to which the parton belongs. We can quantify this difference by studying the ratio
between nuclear PDFs (nPDFs) f(x,Q?%) and isolated PDFs fN(z,Q?) as a function of
Bjorken-z as:

f (=, Q%)
[, Q2)

where 7 is the index of the parton, such as the valence quarks, sea quarks, or the gluons. Fig.
5 shows the calculation of R*(x, Q%) as a function of x, under the EPPS16 parametrization
[46]. As one can see, according to this model, different cold nuclear effects appear in different
regions of Bjorken-z. At low x (< 0.1), the number of produced gluons rapidly increases. This

R, Q?) = (L.7)
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will result in more gluon self-interaction, and then the gluons can scatter off each other thus
producing destructive interference. Therefore, the incoming nucleon will suffer a lower flux
of gluons compared to a proton. This phenomenon is also called shadowing. As Bjorken-x
increases, the shadowing effect diminishes, and the region for 0.1 < x < 0.3 is called the
anti-shadowing region. Besides the shadow effects, cold nuclear effects can also broaden the
momentum distribution of partons, which is called kp-broadening or Cronin enhancement
[47]. The main source of this enhancement comes from the partonic multiple re-scatterings
in the initial state. It consists of an enhancement of hadron production in p—A compared to
pp collisions (when scaled by the number of binary nucleon-nucleon collisions (Neop)).

Zq Te
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T i \
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09} /
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I small-x shadowing

07|
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05

04l e i
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Figure 5: EPPS16 parameterisation of R2(z, Q?) as a function of Bjorken-z. Figure is taken
from [46].

Similar to the definition of nuclear modification factor Ran in Eq. 1.6, we can define a
observable R,py, in p—Pb collisions

d®Nypy,/dprdy B d®N,py, /dprdy

= , 1.8
<Tpr> : dQUpp/dedy (Neon) - dQNpp/dedy (18)

Rypy, =

where Nppy, is the particle yield in p—Pb collisions, doy,, is the inelastic cross section in pp
collisions, (T,pp) is the nuclear overlap function which can be defined as (Tp,py,) = (Neon) /Tpp,
where (Neon) can be determined by the Glauber model [8]. In Fig. 4b, the R,p}, of prompt
Al at \/syy = 5.02 TeV is shown as a function of pp and is compared to model predictions.
The R,pp shows a clear maximum in the intermediate pr range (4 < pr < 8 GeV/c), which
can be explained by Cronin enhancement. In the high pr region, i.e. pr > 10 GeV/c, the
Rypy, is consistent with unity.

2 Open heavy-flavour physics

2.1 Open heavy-flavour production

Heavy quarks (Q), like charm (¢) and bottom quarks (b), are produced in hard scattering
processes during the early stages of the collisions. The quarks are considered heavy because
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their masses (my, ~ 4.2 GeV and m. ~ 1.3 GeV [21]) are large compared to the temperature
of the QGP [20]. As a consequence of the flavour conservation law in the strong interaction,
these quarks are solely produced in bb and cé pairs, which can later hadronise in charmo-
nia/bottomonia states or into open heavy-flavour hadrons, which are hadrons with a non-zero
charm or beauty number, like for example the A} baryon (udec) [24]. QQ pairs at leading
order (LO) (O(a?)) are either produced by gluon fusion (g9 — QQ) or quark-antiquark
annihilation (¢¢ — QQ). At next-to-leading order (NLO), corresponding to O(a?), gluon-
splitting (g9 — QQg) and flavour-excitation processes (gq — QQq) also contribute to the
production. These scatterings require a minimum momentum transfer of Q% > 4mz7b, mean-
ing that the production is essentially restricted to hard scattering processes in the initial

stages of the collisions [26].

Since these initial hard scattering processes require a large momentum transfer Q?, the value
of the coupling constant «ay is lower than unity, meaning that heavy quark-antiquark pair
production can be used to test perturbative QCD (pQCD) calculations down to low trans-
verse momenta pr [23]. To calculate the differential production cross-section down to low pr
of open heavy-flavour hadrons in pp collisions, i.e. 0y, 5,4 x, one can use pQCD calculations
using the (collinear) factorization approach by combining different terms in the equation [24]:

~ H
doppsHg+x = Z Fi(ws p3) - folags 1}) © 46400 (w35 25; 15 1) © Dy °(2). (2.1)
i’j:q763g

In summary, the first term describes the product of two parton distribution functions (PDFs)
f1 and fy of the initial colliding protons (labeled respectively 1 and 2), which in turn de-
scribe the probability of locating a parton (7, j) inside the respective proton while carrying
a momentum fraction z; ; of the total momentum of the proton. The second term describes
the direct production cross-section of a heavy quark-antiquark pair via parton interaction,
i.e. hard scattering; the third term is the fragmentation function (FF) part, describing the
probability of a heavy quark () hadronising into the hadron Hg with momentum py = 2pq.
As seen in Eq. 2.1, the first two terms depend on an arbitrary scale py, called the factori-
sation scale. The partonic cross-section is also dependent on the renormalisation scale pg,
at which the strong coupling constant «; is calculated, meaning that do;;_,o5 can be esti-
mated with pQCD calculations. Usually, the scales j1y and pp are determined at the hard

scale fuf ~ g ~ 4 /m2Q + p2 q» and are varied around this value to determine the theoretical

uncertainties. Both the PDFs and FFs describe non-perturbative QCD processes and are
therefore typically parametrised from measurements. Usually, the FFs are taken from ete™
collision measurements by assuming universality among all the different collision systems.
However, as we will see, this assumption is questioned by recent measurements.

While writing this thesis, the most accurate pQCD computations utilise the FONLL [29]
and GM-VFNS [30] frameworks. Fig. 6a shows, for example, ALICE measurements on the

differential cross section of prompt DY in pp collisions at /s = 5.02 TeV compared with the
prediction of GM-VFENS.
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Figure 6: Production cross section D° compared to theoretical predictions from GM-VFNS
(left), and D /DY production ratios compared to FONNL predictions, both as a function of
pr. Figures are taken from [31] and [33] respectively.

In Fig. 6a it is clear that the differential cross-section of prompt! D? mesons as a function of
pr is compatible with GM-VFENS calculations, within their theoretical uncertainties. These
uncertainties are larger than the experimental ones, which as already mentioned, come from
the arbitrary choice of scales in the pQCD calculations. In Fig. 6b, in the case of the produc-
tion ratios between different hadron species (also true for ratios between different rapidity
regions and energies), these theoretical uncertainties are smaller compared to the experimen-
tal ones, making the theoretical prediction more sensitive to the PDFs and FFs. From Fig.
6 it can be inferred that pQCD calculations describe well the measurements for both prompt
and non-prompt meson production.

! Prompt indicates the direct production of a specific hadron containing charm from the hard scattering,
Non-prompt production refers to the charm production from beauty decay.
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Figure 7: Measurements of the pr-differential production cross section for prompt A} in
pp collisions at /s = 5.02 TeV with the ALICE experiment compared to (a) theoretical
predictions, and (b) Monte Carlo models. Figures are taken from [43].

All previously made statements are valid for heavy-flavour mesons, like the D°. However, when
we compare theoretical predictions with heavy-flavour baryon production one can observe,
for example as presented in Fig. 7a, that the same theoretical predictions significantly un-
derestimate measurements of heavy-flavour baryon production. Furthermore, this behaviour
is also clearly visible in Monte Carlo expectations, as seen in Fig. 7b, where PYTHIAS (in-
cluding different tunes), underestimates the baryon production.

In AA collisions additional mechanisms affect the production of charmed hadrons. As men-
tioned, heavy quarks are generated in the initial stages of the collision, before the formation
of the QGP. This implies that heavy quarks traverse the QGP and can interact with the
medium. They can therefore lose energy through inelastic (gluon radiation) and elastic (col-
lisional) processes. By using the same notation and factorisation method as in Eq. 2.1, the
production of heavy-flavour hadrons in AA collisions can be calculated as follows [25]:

doaasHgrx = A-A Z ffv(ﬂ?i%,u?v) : fév(fj;,u?)
4,J=4,4,9
® 65,00 (i 25 15 15)
® R (B,mo, T, o, L,...) ® D™ (2).

(2.2)

Compared to Eq. 2.1, the PDFs fi(z;; u3) and fo(2;;47), and the fragmentation function

DHe

0", are replaced by a modified PDF f¥(x;; u}) and DgQ’N, since we care about nuclear
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environment effects. Additionally, we introduce a new term R%GP which represents the mod-
ification of the momentum of the heavy-quark due to energy loss in the QGP medium. This
term shows that this energy loss (AFE) is dependent on particle properties such as energy F,
quark mass mg, as well as properties of the medium such as thickness L, temperature 7" and
coupling of particle-medium interaction « [25]. In principle, the total loss of energy can be

expressed as
AE = AFE.g + AE,.q, (2.3)

where AFE,,q and AFE,, describe the radiative energy loss and the collisional energy loss
respectively. At low transverse momentum, this energy loss is dominated by collisional energy
loss via elastic scatterings with the constituents of the medium. At higher pr, the mass of
the quark becomes negligible (i.e. mg < pr) and the quarks will behave similarly to light
particles, which primarily lose energy via gluon radiation (radiative energy loss). Fig. 8 shows
the comparison of collisional and radiative energy loss for charm quarks as a function of their
energy, which is obtained within a theoretical framework of hydrodynamics coupled to a
Langevin equation [48]. A more detailed discussion will be present in Sec. 3.3, where we will
discuss the in-medium energy loss mechanisms implemented in EPOS4.

15 T T T T T T T T T T

- - - - Collisional
— — Radiative Charm quark

12 Total 0-7.5% centrality

AE (GeV)

Figure 8: Comparison of collisional and radiative energy loss for charm quark in the QGP
medium as a function of quark energy. Figure is taken from [48].

2.2 Heavy-flavour hadronisation

To describe heavy-flavour hadronisation it is typical to consider two types of mechanisms,
namely hadronisation via recombination (also known as coalescence) and fragmentation. Due
to the presence of the dense and hot QGP, the hadronisation process could be different in
heavy-ion collisions, as described in Eq. 2.2. For example, heavy quarks can recombine
with lighter quarks present in the medium and thus generate final state hadrons with a
larger momentum than one of the initial partons. In this particular case, the recombination
mixes with the fragmentation mechanism, where the latter is expected to dominate at high
transverse momentum pr, and the former is more related to the production of charmed
hadrons at low pr [49].
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Figure 9: (a) Charm fragmentation fractions f(c¢ — h.) for different hadron species as mea-
sured by different experiments in e*e™, ep and pp collisions. (b) Measurement of the A /D
production ratio as a function of transverse momentum pr by the ALICE experiment com-
pared to different Monte Carlo models. Figures are taken respectively from [37] and [42].

As already mentioned, the charm fragmentation function includes the probability of a charm
quark c¢ fragmenting into a charmed hadron h. with lower momentum, known as the frag-
mentation fraction. Fig. 9a shows fragmentation fractions for charm hadrons measured by
different experiments in multiple collision systems. It is clear that the measurements in a
clean environment without nuclear effects, like in ep and eTe™ collisions, are compatible
within experimental uncertainties. However, as seen in Fig. 9a, different results are ob-
served in hadronic collision systems like pp, suggesting the non-universality of fragmentation
fractions. For example, the fragmentation fractions of D® and A differ significantly. This
difference led to the development of various theoretical models, that tried to reproduce these
measurements.

In Fig. 9b the measured AT /D baryon-to-meson ratio as a function of pr is compared to
different Monte Carlo models. This observable is useful since it is sensitive to hadronisation
mechanisms, and it can be used to probe different collision systems. Fig. 9b shows also that
models tuned on eTe” and ep measurements, like PYTHIA8 Monash and HERWIG?7, signif-
icantly underestimate the magnitude and do not show the same decreasing trend of the ratio
measured in pp and p-Pb collisions. For the integrated-pr A} /D° measurement, average
LEP measurements in ete™ collisions demonstrated a ratio of 0.113 £ 0.013 4 0.006 [34],
which is significantly lower than the results for p-Pb and pp collisions at /sy = 5.02 TeV
obtained by ALICE, which are 0.42+0.0340.06 and 0.51 +0.04 +0.04 respectively [38]. We
can also observe that the production yield ratio is of similar magnitude within experimental
uncertainties for pp and p—Pb collisions [43].

In Pb-PDb collisions, the baryon-to-meson ratio A} /D° is measured in Fig. 10a in the cen-
trality classes 0-10% (central) and 30-50% (mid-central) at /sy = 5.02 TeV with ALICE.
When we compare them to the pp measurements at the same energy, the magnitude of the
baryon-to-meson ratio of A7 and D° in Pb-Pb collisions is significantly larger. Also, the ratio
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is increasing from mid-central to central collisions, see Fig. 10a. The production cross-section
of prompt A} is shown in Fig. 10b. One can see that the measurement of the cross-section
in Pb-Pb is compatible with the scaled pp reference within uncertainties for low pr. This
implies that the nuclear modification factor (Rx) is consistent with unity for pr < 6 GeV/c,
while the cross-section in Pb—Pb gets suppressed for larger pr, which implies an energy loss
of the charm quarks in the QGP.
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Figure 10: (a) A /D ratio in central (0-10%) and mid-central (30-50%) Pb-Pb collisions at
VSN = 5.02 TeV compared with results in pp collisions.(b) pr-differential production yields
of prompt AT at /syy = 5.02 TeV compared to pp reference. Figures are taken from [44].
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3 Monte Carlo Event Generation

Monte Carlo (MC) generators are used to simulate events for different physical processes,
providing important comparisons with experimental results. The simulation incorporates the
calculation of the cross-section at the parton level at a fixed order in perturbation theory.
In MC generators, higher-order corrections are described by parton cascades. Different non-
perturbative (soft) effects are described with the help of hadronisation models. Multiple
parton interactions (MPIs) are also implemented in some generators. A summary of the
complexity of all the processes inside a generated pp collision is illustrated in Fig. 11. In this
chapter, various Monte Carlo generators that are used in this thesis are discussed.

Figure 11: Illustration of a simulated pp collision. The types of processes are: initial state
partons (blue), hard scattering processes and their subsequent parton showers (red), the
underlying events (violet), and the final state hadrons and their associate decays (dark-
green). Figure is taken from [50].

3.1 PYTHIAS
3.1.1 Multiple Parton Interactions

Looking back at Eq. 2.1 it is implicitly assumed that in collisions between two hadrons
only two partons, each belonging to one of the hadrons, are taking part in the scattering
process, often called SPS: Single Parton Scattering. However, we know that hadrons are
composite objects consisting of valence and sea quarks, and gluons. Quantitatively, there is
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a non-negligible probability that these other partons also participate in the collision. These
interactions are called Multiple Parton Interactions and are generally taking place at a lower
energy scale than the hard scatterings described by the factorization approach. The MPIs
are important and successful in describing the soft underlying events (UE), but it is difficult
to describe the produced partons with non-perturbative QCD [24]. UE can be thought of as
the result of the interactions between the remnants of the incoming hadrons. UE contribute
to the final state by creating new hadrons from hadronisation of outcoming partons, or by
interacting with the colour structure of the hard scattering outcoming partons. In Fig. 11
the UE are illustrated in violet.

The invariant masses and the cross sections for the final states of MPI partons increase
with increasing collision energies, since partons with lower momentum fraction (Bjorken-x)
are being probed with higher energies, so a large MPI contribution is expected at LHC en-
ergies. Here, some of the MPI soft partons can reach an adequate energy scale to produce,
through recombination or fragmentation, heavy quarks including charm quarks. It is there-
fore relevant in heavy-flavour production to include MPI descriptions, which will be discussed
for the used generators in the following sections.

3.1.2 Lund String Model

The most commonly used event generators differ in the way that they model hadronisation of
partons using non-perturbative calculations. One of the most commonly used hadronisation
mechanisms is the Lund phenomenological string model [54], which is the basis of a wide
range of Monte Carlo generators. In the Lund model, the interaction between two partons is
modeled through colored fields which are represented by strings. The interaction potential
of a massless ¢q pair can be described by a Cornell potential

V(r)=rr—ar (3.1)

which in essence mathematically accounts for quark confinement, containing a Coulomb-like
constant o and a string tension term x. Looking at Eq. 3.1, when the distance r between
the quark-antiquark pair increases, the second term becomes negligible and the potential
can therefore be approximated as V(r) & rr, with typically a string tension of 1 GeV/fm.
By further increasing the distance between the quark-antiquark pair, the colour string will
further stretch due to the linear relation of the stored energy in the strings, and, at a certain
point in time, the creation of a new quark-antiquark pair ¢;¢; becomes energetically more
favorable than further extending the string. In Fig. 12a, this string breaking is illustrated.
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Figure 12: (a) Illustration of fragmentation of strings in the Lund String Model. Note
that massless ¢g pairs without transverse momenta can be produced in a single vertex. (b)

Zoomed-in illustration of a single yo-yo process in the x — ¢ plane. Figures are taken from
[24].

The quark and antiquark with each mass m and transverse momentum p,; can not be pro-
duced in a single vertex, but the string breaking happens via vacuum tunneling. The prob-
ability for the string breaking to happen can be calculated with [53]

P(string breaking) o exp(—mm?/k) exp(—mp. /K). (3.2)

As seen in Eq. 3.2, the production of ¢q pairs strongly scales with the mass of the quarks
and antiquarks. The current default suppression of s quark production relative to u and d
is 0.217 [53]. The relative charm quark production to the lightest charm flavours is even
1(u) : 1(d) : 1/3(s) : 107*(c), meaning that the production of charm quarks is too heavily
suppressed in string breakings. Therefore, heavy flavour ¢ pairs are mainly produced in the
hard scattering processes.

Baryons can also be produced in string-breaking processes by the assumption that the string
can break by producing a diquark-antidiquark pair in a 3— 3 colour state. The (anti)diquark,
with specified spin and flavour, would appear as a new (anti)quark flavour and can combine
with a quark or an antiquark to form an (anti)baryon. The different production rates of
these baryons would be determined by spin suppression factors and effective diquark masses
[55]. Therefore, the creation of pairs of baryons to balance the baryon number gets doubly
suppressed. This picture is however modified slightly by considering a step-wise mechanism
for baryon production and it is implemented via the popcorn model in PYTHIAS [55].
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3.1.3 Colour Reconnection

As discussed, the Lund string model described in the previous section is not able to adequately
describe the production rate of baryons. The basic Lund String Model and its fragmentation
are implemented completely in the PYTHIA8 Monash 2013 tune which, as seen from Fig. 9b,
significantly underestimates the production of AT over DY. Different theoretical approaches
were introduced to describe the enhancement of the baryon-to-meson ratio. In this thesis,
enhanced colour reconnection mechanisms will be largely used [57].

The PYTHIA8 Monash tune uses a leading-colour approximation, see Fig. 13a, to trace
the colour flow of each event. Each partonic final state contains quarks ¢;, with colour in-
dex 7, that are connected to a single other parton of the event since quarks carry a single
(anti-)colour charge. Gluons g;; with colour indices 7, j, on the other hand, carry both a
colour and an anti-colour charge and hence are connected by colour strings to two partons.
The PYTHIA Monash tune was tuned on ete™ data. Consequently, this model is effective in
describing this collision system, as in non-hadronic collisions, hadronisation primarily occurs
through fragmentation. This is due to the lack of slow-moving partons available for recom-
bination. However, this situation can differ significantly in pp collisions where, due to the
composite nature of hadrons, we could have MPIs. In the leading-colour approximation, each
MPI system will evolve independently and is treated as a separate system. However, all the
systems generated are to be considered in the event, and there is a non-negligible possibility
of their phase space overlapping. In Fig. 13b, we allow partons from different MPI systems
to interact, by merging their colour flow, in order to minimise the total string length, which
is also implemented in the PYTHIA8 Monash tune [57].

Leading Colour String minimisation Beyond Leading Colour

% ONNG ® (%)
O ©® O-@ ®)
(a) (b) (c)

Figure 13: Parton schemes of (a) leading-colour string topology, (b) MPI-based colour recon-
nection topology with string minimisation applied, (c¢) junction beyond-leading-order topolo-
gies. Figures are taken from [57].

In the enhanced colour reconnection model in PYTHIA, which is implemented in Colour
Reconnection (CR) tunes used in this thesis, the QCD framework is simplified by encoding
the parton-parton interaction possibilities in a single colour index from 1 to 9 (and anti-index
for anti-colours) [24]. Quarks have a single colour index i, whereas antiquarks have a single
anti-colour index. As mentioned, gluons have both a colour index and an anti-colour index,
allowing the model to have 9 different quark colour and 72 (9 - 8, since the same colour and
anti-colour index is not allowed) gluon states. Note that these indices are not the base SU(3)
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colours of the Standard Model. A colour singlet state is made if the colour index of a quark
is equal to the anti-colour index of the antiquark, otherwise, they are in a colour octet state,

similar to SU(3) [57].

Specific indices can now combine in pairs to appear as new topologies called junctions as the
anticolour index which is missing in the triplets [1,4,7], [2,5,8] and [3,6,9]. Walking through
the example in Fig 13c: the bottom left quark with colour index 1 can combine with the gluon
carrying anti-colour index 1 and colour index 2. The top left quark carries a colour index
of 5. Now with this new mechanism, a junction can form between the top left quark and
the gluon carrying anti-colour index 8 (since 8 is part of the same triplet). On the right side
of the system, the two anti-quarks carrying anti-colour index 2 and 5, can form a junction
with colour index 8. Now, since these junctions have opposite colour indices, the junction
can combine making the total system again colourless. This mechanism will increase the
string topologies that will hadronise since recombinations of quarks are allowed among par-
tons arising from beam remnants and MPIs.

This model predicts the enhancement of charmed baryons, like the A}. The achievable
topologies in an event are ruled by the minimisation of the string energy, and different modes
of the Colour Reconnection (CR) model are possible by tuning various parameters of the
model, see Tab. 1. These modes take into account the requirement that, for reconnection to
occur between two strings, they must be able to reconnect between their formation and the
hadronisation (taking into account time-dilation effects caused by the relative boosts [24]).
Looking at Tab. 1, in mode 0 there is no time dilation, and the value of constant mg (usually
in the order of the Aqcp scale) controls the amount of colour reconnection. In mode 2, the
dipoles involved are all causally connected, and the time dilation is obtained by using a boost
factor from the final-state mass of the dipoles [57].

3.1.4 Angantyr

The Angantyr model [59] in PYTHIAS can be thought of as a generalisation of high energy
pp collisions to heavy-ion (HI) collisions, and is used for describing high energy p—A and
A—A collisions. To do this, complete exclusive hadronic final states are extrapolated from pp
collisions. Similar to PYTHIAS, Angantyr does not include the formation of a thermalised
QGP in heavy-ion collisions.

Angantyr is based on the Glauber model [9, 10], where the Good-Walker formalism of diffrac-
tion [11] provides a solid description of fluctuations that influence the number of nucleon-
nucleon (NN) collisions, and the type of each individual sub-collision in a HI event [14].
The resulting sub-collisions are then simulated with the PYTHIA8 minimum-bias machinery
discussed above. From this, elastic, single- and double diffractive, and non-diffractive sub-
events are produced. These sub-events are stacked together in the end to form a complete HI
event. In this thesis, we will study different hadronisation models implemented in Angantyr.
Firstly we study the effects of CR in heavy-ion collisions, where all sub-collisions hadronise
(via string fragmentation) individually [14], assuming that the colour dipoles that build up
the string in different sub-collisions do not interact with each other [15].
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Parameter Monash Mode 0 Mode 2
StringPT:sigma 0.335 0.335  0.335
StringZ:alLund 0.68 0.36 0.36
StringZ:bLund 0.98 0.56 0.56
StringFlav:probQQtoQ 0.081 0.078  0.078
StringFlav:probStoUD 0.217 0.2 0.2
StringFlav:mesonCvector 0.88 0.88 0.88
0.5 0.0275 0.0275
StringFlav:probQQ1toQQ0join 0.7 0.0275 0.0275
0.9 0.0275  0.0275
1.0 0.0275  0.0275
MultiPartonInteractions:pTORef 2.28 2.12 2.15
BeamRemnants:remnantMode 0 1 1
BeamRemnants:saturation — 5 5
ColourReconnection:mode 0 1 1
ColourReconnection:allowDoubleJunRem | on off off
ColourReconnection:m0 — 2.9 0.3
ColourReconnection:allowJunctions - on on
ColourReconnection:junctionCorrection | — 1.43 1.20
ColourReconnection:timeDilationMode — 0 2
ColourReconnection:timeDilationPar — — 0.18

Table 1: List of all the parameters among the PYTHIAS tunes considered in this thesis,
taken from [57].

3.2 HERWIGT

The Hadron Emission Reactions with Interfering Gluons (HERWIG) generator [98] is a
general-purpose generator that can perfom matrix-element calculations beyond leading order
in QCD, while it keeps its ability to describe Beyond Standard Model (BSM) events, cluster
hadronisation models and parton showers [24, 60]. HERWIG works for all standard model
processes and uses the coherent branching algorithm to develop its parton showering [61] and,
in the latest version, the generator introduced heavy-quark fragmentation via mass-dependent
splitting functions and a covariant formulation of the shower algorithm [62]. In HERWIGT7,
the hadronisation of quarks and gluons happens via a cluster model called after the par-
ton showering. After the parton shower, the remaining gluons are split non-perturbatively
into quark-antiquark pairs, with any flavour. Due to the isotropic decays during the event,
only partons that are in colour singlet states, defined with the cluster algorithm, are created
with the momentum given by the sum of the momenta of the constituent [24]. Due to the
colour-preconfinement property, these clusters have a mass distribution that is independent
of the centre of mass energy and the initial hard scattering process [24]. The mass spectra
are peaked at low masses and are universal, meaning that the clusters can be seen as excited
hadron resonances, and can decay to the observed hadrons according to the phase space.
There is however a small fraction of clusters that are too heavy for this, so they are split into
lighter clusters before the decay. These heavy clusters split (cluster fission) into two clusters
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if the cluster mass M is such as [62]

MC%ew > C1C%ov 1 (1) + my)Cleov, (3.3)

max

where Clpax and Cl,oy, are parameters of the model (flavour dependent values), and m; o
are the masses of the partons in the cluster. For heavy clusters that need to be split, a
quark-antiquark pair is selected from the vacuum and popped. Once the pair is selected, the
cluster can decay into two lighter clusters with one of the initial partons in each cluster, with
mass distributions M o

ML? = m1,2 + (M — m172 — mq)Ri{QP, (34)

with again m; o the masses of the initial partons, m, the mass of the parton taken from the
vacuum and M the mass of the original cluster. The distribution of the cluster masses is
controlled by the parameter P, which is PSplitCharm for clusters containing a charm quark.
Furthermore, a soft distribution is used for the masses of clusters resulting from splitting if
the heavy clusters contain a particle from the beam remnant. The last step of the cluster
hadronisation is the decay of a cluster into a pair of hadrons. For a given cluster with
flavour (q1, ¢2) a quark-antiquark (g¢, ) or diquark-antidiquark pair (qq, Gq) is extracted from
the vacuum and is combined, such that a pair of hadrons is formed with flavours (¢, q)
and (q,¢2). It is also possible to form baryons. The final hadrons are then selected from
all possible hadrons with the appropriate flavours based on the phase space, flavour of the
constituents and the spin.

Similar to other Monte Carlo models, HERWIG uses weights for the production of hadrons
a(qr,q) and by gy through cluster decays, which are calculated as

W (a(,a), ba.a) = PaaSasssPg . (3.5)

where P, is the weight for the production of the selected quark-antiquark or diquark-anti-
diquark pair, w,; the weights for the production of the individual hadrons and s, are the
suppression factors for the hadrons. A lot more mesons are produced in the model than
baryons, so to increase the baryon production, s,; will select whether the cluster will per-
form a mesonic or baryonic decay, depending on if the cluster is heavy enough to form the
lightest baryon-antibaryon pair. The last factor p; , measures the phase space available for
the two-body decay through the momentum of the formed hadrons.

There are in total three colour reconnection models implemented in HERWIG: the default
plain reconnection model (PR) [62, 64], the baryonic reconnection model (BR) [66] which
allows the formation of baryonic clusters and a more complicated statistical model [65]. Both
the PCR and the statistical model in HERWIG only deal with mesonic clusters, so an exten-
sion was needed to the reconnection algorithm to produce baryonic clusters via reconnection.
Since the baryonic clusters will have a large invariant mass, the BR model will not use a
similar reduction of the cluster masses, but it will use a geometric approach of the nearest
neighbors in which the reconnection is performed in the same phase space region based on the
rapidity 2. In Fig. 14a the formation of two baryonic clusters out of three mesonic clusters
close in phase space is illustrated.

E+p.
E-p-

2Rapidity is a kinematic variable, which can be defined as y = % In ( >7 where p, is the longitudinal

momentum and E' is the energy.
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(a) (b)

Figure 14: (a) Configuration of clusters that might lead to baryonic reconnection. (b) Illus-
tration of rapidity-based colour reconnection, where the quark axis of one cluster is defined
as the z-axis. Clusters A and B are the original clusters and C' and D are the new ones after
reconnection. Figures are taken from [66].

Fig. 14b shows the rapidity-based reconnection for both mesonic and baryonic clusters. Note
that Fig. 14a shows how reconnection can only happen if all the quarks (and anti-quarks)
move in the same direction.

In HERWIGTY the description of the MPIs is based on the eikonal multiple parton-parton
scattering model [67], which describes the MPIs as additional soft partonic and semi-hard
interactions. In HERWIG, a generic high-momentum transfer process generating coloured
particles follows a perturbative evolution from the hard scale of the collisions to an infrared
cutoff region [24]. At LHC energies, the MPIs are dominant in the perturbative regime above
this cutoff scale, and create additional parton showers. Furthermore, non-perturbative par-
tonic scatters are included below this scale, which makes it possible to simulate underlying
events (UE) and minimum bias (MB) events in hard scattering events. By adding MPI based
CR to the BR model, a significant improvement in the production of charmed baryons is ob-
served [66]. For this reason, MPI based CR is included in the BR and PR model in this
thesis.

3.3 EPOS4
3.3.1 Parton Based Gribov Regge Theory

The Parton Based Gribov Regge Theory (PBGRT) [68] merges two separate theoretical
frameworks, the Parton Model (PM) and Gribov-Regge Theory (GRT), and is the theoretical
basis of EPOS. The model aims to describe both hard and soft processes properly. The central
concept of this theory is to have a realistic description of all processes during a collision
using multiple scatterings, where we care explicitly about the fact that the total energy
should be distributed among all the separate individual interactions. In EPOS, all types of
interactions are allowed, such as pp, p—A, and Pb—Pb. With this approach, cross-sections
and particle productions can be determined, while accurately taking energy conservation into
account. In essence, the EPOS4 generation is based on connecting four fundamental concepts:
energy- and momentum conservation (via energy sharing), parallel scattering, factorisation
and saturation. EPOS4 uses an S-matrix approach to accumulate all four concepts. For
further reading, see [72, 73, 78|.
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3.3.2 Core, Corona and Strings

In EPOS, the pomeron or parton ladder represents the elementary interaction between par-
tons. The cut pomerons that are produced in the parton interactions are mapped to rela-
tivistic strings [72]. The string is identified as a quark-antiquark pair with the same flavour
linked by a chain of gluons, thus forming a chain of the form ¢—g—---—¢—¢. When a string
is formed of a g — ¢ pair, the string is a longitudinal object, but adding (emitted) gluons can
add a transverse dimension to it via so-called transverse kinks. These types of strings are
known as kinky strings, as illustrated in Fig. 15, where we suppose eTe™ annihilation.

Figure 15: An illustration of a kinky string formed by a final state ¢ — ¢ pair created in ete™
annihilation where a transverse gluon is emitted. Figure is taken from [70].

Similar to PYTHIA, the initial partons have some momenta and the string will be stretched
as they expand, which will lead to an increase in its potential energy due to its tension. As
the string stretches, it is at some point more favorable to use the energy to produce a new qg
pair, of the same flavour, rather than stretching the string even further. The string will split
into two segments, which will in turn evolve and fragment, thus reducing their tension after
each breaking. It is also possible to create diquark-diantiquark pairs at a breaking point. We
note here that it is possible to have any quark flavour on the end of the parton chain, but
only the light quark flavours (u, d and s) can be produced at the breaking points, because
of kinematic reasons. The breaking points on a string are calculated following the so-called
Area Law [71]. Note here that a high-transverse momentum pQCD process in EPOS4 also
contributes to particle production with low pr, since only kinky strings that break close to
the high-pt kink will produce high-pt particles.

It is also possible to have a certain dense environment where the string segments can not
evolve into hadrons. We will denote these segments as prehadrons, and the segments can
fuse to produce the core, or they can form hadrons when they escape from it. This is also
true for excited remnants. These prehadrons will undergo a core-corona procedure, allowing
us to identify the core that can be treated as a fluid early in the evolution at time 7y, which
is a parameter in the model [75]. The procedure consists of checking, where the local string
density p is larger than a critical density value py, if the prehadron has a minimal transverse

new

momentum pr* to escape:

p%ew =pPr— fEloss /p dr, (3'6)
Y
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where pr is the initial transverse momentum of the prehadron, fg,__ is a constant (more de-
tails in [74]) and v is the hypothetical trajectory of the string segment [76]. If the computed
value for pi*™ is positive, the string segment will escape the core and be part of the corona,
where it will evolve and fragment as described above. Corona particles are either close to
the surface or highly energetic (these move out from the center) particles, or a combination
of both, and can be treated with microcanonical hadronisation [74]. An important feature
in EPOS is that the target and projectile remnants are left off-shell, and eventually will con-
tribute to the particle production at large rapidity as part of the corona [77]. For pie¥ < 0,

the prehadron is considered to be a core prehadron.

To reproduce the fluid-like behaviour of the QGP, the core will evolve using viscous rela-
tivistic hydrodynamics. In EPOS, there are two choices for the equation of state (EoS) for
the hydrodynamic treatment of the core. The one used in this thesis is called cross-over, 3
flavour conservation (x3ff), which includes a cross-over transition between an ideal QGP and
a hadron resonance gas [79]. This mode is parameterized to match lattice QCD calculations
at vanishing chemical potentials [69, 76].

At this stage, the hadrons formed from both the corona and the core are in a dense gaseous
environment, in which they can interact. The hadronic cascades, or the so-called hadronic
rescattering (Hacas), are simulated with the Ultra-relativistic Quantum Molecular Dynamics
(UrQMD) transport model [82, 83|, where the hadrons scatter elastic- and inelastically. For
each scattering simulated with UrQMD, the cross-sections either come from experimental
measurements or are calculated with the Additive Quark Model (AQM) [84]. The rescatter-
ing involves particles from fluid hadronisation, but also corona particles from hard processes.
Rescattering reduces significantly low pr yields for baryons, due to baryon-antibaryon anni-
hilation [74]. These scatterings will last until the system undergoes a complete freeze-out,
and the final-state hadrons will continue their free streaming, where they will undergo some
late weak decays eventually.

In EPOS4 heavy quarks do not interact with the medium, and heavy hadrons are mainly pro-
duced by fragmentation functions, described by eTe™ collisions [81]. In the newer EPOS4HQ
version [80], the heavy quarks can interact with partons of the QGP, which are gluons and
lighter quarks from the core to form heavy mesons and baryons. In this model, the creation
of a QGP in high energy density regions is allowed in some spatial regions where the energy
density of the fluid is above a critical density, even in smaller-size systems. This means that
the heavy quarks can hadronise via fragmentation and coalescence. The coalescence contri-
bution changes the observables in medium and high multiplicity pp collisions as compared
to low multiplicity and observed in e*e™ collisions. For example, EPOS4HQ shows a strong
enhancement of the AT /DY ratio at low pr for higher multiplicity pp collisions and describes
the experimental data adequately [81]. While writing this thesis only the default EPOS4
version is available.
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4 Charmed hadron production studies

4.1 RIVET analyses

The first aim of this thesis is to compare the measurements from recent ALICE results on
prompt charmed baryon and meson production in pp at /s = 5.02 TeV and /s = 13 TeV,
and in p-Pb and Pb-Pb at /syny = 5.02 TeV. As part of this thesis, I led and contributed
to the development of several RIVET analyses needed for published ALICE results. These
analyses were validated by the ALICE collaboration MC analysis group. Since RIVET is a
vital part of the analysis, I will briefly introduce the fundamentals behind the framework in
the following section. The analysis will include the rivetisations of the following recent papers
by ALICE, with their respective RIVET identifiers:

e ALICE_2023_11990765: Constraining hadronization mechanisms with AT /DY produc-
tion ratios in Pb—Pb collisions at /syy = 5.02 TeV [44].

e ALICE_2022_12593302: First measurement of AT down to pr = 0 in pp and p-Pb
collisions at /sxy = 5.02 [39).

e ALICE_2022_12025044: Measurement of beauty production via non-prompt D° mesons
in Pb—Pb at /syn = 5.02 TeV [36].

e ALICE_2021_11946131: Prompt D°, D* and D** in Pb-Pb collisions at /sy = 5.02
TeV [35].

e ALICE_2021_11848990 (contributed): Measurement of beauty and charm production
in pp collisions at /s = 5.02 TeV via non-prompt and prompt D mesons [33].

e ALICE_2021_I11862793: Measurement of the cross sections of ZY and ZF baryons and
branching-fraction ratio BR(Z? — Z~7eTr,)/ BR(Z? — Z771) in pp collisions at 13
TeV [41].

e ALICE_2021_11868463 (not contributed): Measurement of prompt D° AT, and ¥+ (2455)

production in pp collisions at /s = 13 TeV [40].

e ALICE_2023_12697877: Charm production and fragmentation fractions at midrapidity
in pp collisions at /s = 13 TeV [37].

4.1.1 Introduction to RIVET

With the fast development of Monte Carlo generators, more mechanisms in these models
are added to improve the agreement with the experimental results. However, some of these
might harm previously achieved compatibilities. We can overcome this challenge by compar-
ing many published results with experimental data [86]. The Robust Independent Validation
of Experiment and Theory (RIVET) framework provides a (universal) way to reproduce the
experimental results with the output of Monte Carlo generators [85]. Fig. 16 shows how the
RIVET framework connects the theory underlying a model with experimental results. One
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can see that the comparisons with RIVET are a back loop to phenomenological models mak-
ing them a perfect tool for the development, validation and tuning of Monte-Carlo generators
[87]. Furthermore, RIVET is used by different LHC experiments as a part of their analysis
and experimental interpretation [88], and it can also be used in studies of future experiments
[89].

Generated
events

Physics Event
theory generator

Direct
comparison

Experimental Observed Detector Experimental
setup events unfolding result

Figure 16: Block diagram of the way RIVET connects theory and validation with experi-
mental results. Figure taken from [86].

The RIVET framework is based on a C++ and Python shared library [90]. It is able to
read events stored in HepMC format (available by default for PYTHIA8, HERWIG7 and
EPOS4) [94] which is used as the input of a RIVET analysis, as seen in Fig. 16. The
user thereafter creates a single C++ macro, independently of the generator that is used.
One of the key ingredients in building a RIVET plugin is the projection. A projection is a
stateful object that is inherited from the RIVET: :Projection class [25]. It is used to extract
physical observables from generated events, for example: final-state or unstable particles
meeting specific particle identification or kinematic requirements, event centralities, event
multiplicities, etc. Normally, these selections need to be repeated for each particle separately
in the analysis, while in RIVET this is done by pre-calling the projections. It is therefore
also the responsibility of the user to use the same kinematical and identification cuts applied
in the published analysis, to ensure a proper comparison. The RIVET macro can be split
into three main parts, which are implemented by the user as separate member functions in
the analysis class. An illustration of the analysis class in RIVET is shown in Fig. 17. The
three functions are consecutively:

e Initialization: The first method init () is used to set up the analysis, and is called
once at the beginning of the analysis. This method is used to initialize the histograms
with the correct types and binnings via the RIVET: :book() function. To compare
Monte Carlo-generated events with published data, one can also use RIVET to book
histograms with corresponding reference data. Furthermore, all the aforementioned
projections can be defined in this method.

e Analysis: The method void analyze(const RIVET::EVENT& event) is used for fill-
ing histograms and calculations of variables at each event with the applications of the
projections. This method is therefore called for each event.
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e Finalization: The method finalize() is only called at the end of the analysis. The
user can implement normalization and scaling of the filled histograms in this part.
Some observables may be averaged in this part which can be used, for example, for
scaling the production cross section and calculating the Raa. To calculate the latter,
one needs to merge runs from different collision systems. One can do this by setting
Reentrant:True in the .info file of the RIVET analysis.

Analysis::finalize() End

book objects
declare projections normalize

Figure 17: The execution flow of the Analysis class in a RIVET analysis. Figure taken from
[86].

4.2 Observables

In this part of the thesis, several experimental observables are inspected which are com-
monly used as probes to study charmed hadron production. The observables of interest
in pp collisions at mid-rapidity are the prp-differential production cross section, ratios be-
tween prompt/non-prompt charmed mesons, the baryon-to-meson ratio and the baryon-to-
baryon ratio between different prompt charmed hadron species. The baryon-to-meson ratios
of interest are prompt AF/D° =F/D° =2/D° and X0+++/D° These ratios measured at
mid-rapidity show significant deviations from the values reported in ete™ collisions, and
the Monash Tune of PYTHIAS generally underpredicts the production rates of the charmed
baryons. It is therefore interesting to study these ratios with different Monte Carlo genera-
tors since we need further hadronisation effects, apart from pure in-vacuum fragmentation,
to describe the measurements of charmed baryon production. The prompt baryon-to-baryon
ratios of interest are =0 /A, EOT/L0HFT and AF(«+ B9 F) /AT, since we want to study
the suppression of spin-1 diquarks to spin-0 diquarks inside string hadronisation frameworks
[40] and cluster models. Also, the non-prompt to prompt ratio of D°, DT, D** and DI are
looked at. These observables are studied at either /s = 5.02 or 13 TeV, depending on the
RIVET analysis done of the respective paper. Most of the D-meson and ¥, primary particle
spectra are used to tune parameters related to charmed meson production in PYTHIA8 CR
Mode 2, see Sec. 6.

In p-Pb at \/sxy = 5.02 TeV, we study the nuclear modification factor R,p, of AT to
examine possible modifications of their production due to the potential presence of cold nu-
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clear effects with respect to pp collisions. Also, we inspect the pr-differential cross section of
AF and D, and subsequently the pr-dependent A/ D? ratio. We compare the pp-integrated
AF /D ratios between p-Pb and pp collisions. We extend this study to central (0-10%)
and mid-central (30-50%) Pb-Pb collisions at /sxy = 5.02 TeV, where we include the pp-
differential yields for D-mesons. Furthermore, we calculate the pr-dependent average nuclear
modification factor Raa of D-mesons.

4.3 Methods
4.3.1 RIVET analysis

For this thesis, the Rivet versions 3.1.8 and 3.1.9 were used. For the analyses in pp events at
mid-rapidity (|y| < 0.5), particles with a low transverse momentum pp > 0 GeV/c are consid-
ered. However, for some rivetisations, the range of the transverse momentum was set to pp > 2
GeV/c. In the init () method, these selections are implemented via the UnstableParticles
projection, since we want to project out all physical (but decayed) particles in an event. In
this thesis, mainly prompt particles are considered, thus the particles that are produced di-
rectly in the hadronisation of a charm quark (in the hard scattering) or the strong decay of
a directly produced excited charm-hadron state. For the analysis of non-prompt D-mesons,
we only include particles that are produced in the decay of particles containing a beauty
quark. The histograms are normalized to obtain the pr-differential production cross sections
per unit rapidity. By integrating over the respective pr-range, we calculate the pr-integrated
production cross section. Furthermore, we use the cross sections to calculate the aforemen-
tioned meson-to-meson, baryon-to-meson and baryon-to-baryon ratios.

Fig. 18 shows, as an example, a comparison between measurements by the ALICE experi-
ment of the pr-differential cross section prompt D and A} at mid-rapidity in pp collisions at
/s = 5.02 TeV with data from the Monte Carlo generators discussed in the previous section.
In Fig. 18a, the data generated by models is smoothed with a parameterized Bezier curve
[92].

In p—Pb, only events with unstable particles in the rapidity range —0.96 < yems < 0.04
are considered. This rapidity range is shifted due to the asymmetry of the colliding beams.
Again, in the init () method, these cuts will be implemented via the UnstableParticles
projection. To calculate the Ryp, we can divide the obtained yields from p-Pb and pp
(and scale this with the atomic number of lead, A = 208) respectively, as in Eq. 1.8. We
can only do this by merging event generations with both pp and p—Pb collisions. By set-
ting Reentrant:True in the .info file of the RIVET analysis, RIVET will then re-run the
finalize () method, and the R,p;, will be calculated accordingly.

The RIVET analysis in Pb—Pb collisions is very similar to that of the p—Pb system. However,
instead of studying the production of unstable particles for mid-rapidity events, we want to
inspect two centrality classes 0-10% (central) and 30-50%. The centrality is an experimental
quantity to characterize heavy-ion collisions. It quantifies the overlap between the two col-
liding nuclei during a collision using a percentage scale (with 0% head-on, and 100% means
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Figure 18: Measurements of the pp-differential production cross sections of (a) prompt D°
[33] and (b) prompt A} [39] by the ALICE experiment, compared with data from PYTHIAS,
HERWIGT7 and EPOS4.

no overlap). The centrality can therefore relate to the impact parameter b. In ALICE, the
centrality determination is provided by the total signal measured in the VO detector [93],
consisting of two arrays, VO-A and V0-C, which cover respectively the pseudorapidity ranges
28 < np<bH.land —3.7 <n < —1.7. In Fig. 19a, the distribution of the sum of the am-
plitudes in the VO scintillation detectors for Pb—Pb is shown. The most central collisions,
associated with 0-1%, correspond to the events with the highest VO amplitude. See for more
details on centrality determination in ALICE [8]. In RIVET, the centrality determination
uses the multiplicity of charged particles in the acceptance of the VO detector. Since differ-
ent models result in different multiplicity distributions, it is necessary to create calibration
files for different energies and event generators. Fig. 19b shows the VO amplitude distribution
measured by ALICE in black and the multiplicity distribution of charged particles in Pb—Pb
collisions at y/syny = 2.76 TeV generated with PYTHIA8 Angantyr (red), which is calculated
with RIVET. To build centrality classes, RIVET divides the charged particle multiplicity
distribution into centrality percentiles. The most central events (0-1%) correspond to the
highest multiplicity events.

Before we run a Pb-Pb analysis in RIVET, we preload a calibration file (in YODA for-
mat). This calibration can be implemented with a centrality projection. A similar process
is currently under development in RIVET for multiplicity determination in pp and p-Pb
collisions [91]. We use this projection to filter out the events with incorrect centrality values.
To calculate the Rya we can divide the obtained yields from Pb—Pb and pp (and scale this
with the number of binary nucleon-nucleon collisions, (Ny)) respectively, as in Eq. 1.6. The
correct value of (Non) can be taken from [8] for each centrality class.

The calculation and propagation of statistical errors in the event generator modeling is done
by assigning a set of different weights for each generated event corresponding to, for example,
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Figure 19: (a) Distribution of the sum of amplitudes in VO scintillators in Pb-Pb collisions
at \/sny = 2.76 TeV (blue), with the NBD-Glauber fit (red line). (b) Charged particle
multiplicity calculated with RIVET from Pb-Pb collisions at /sxy = 2.76 TeV generated
with PYTHIA8 Angantyr (red line), VO amplitude distribution in arbitrary units measured
by ALICE (black markers). Figures are taken from [8] and [91] respectively.

different scale choices. There is a system of combining events in an event group. Each bin in
a histogram of a soft /or collinear safe observable will be filled once by each such event group,
with a weight given by the sum of the weights of the counter-events and real events [85].
These fills have the correct error propagation encoded in the sum of squared weights and the
sum of weights. In the used RIVET versions, the weight handling is implemented behind the
scenes and handled automatically. In RIVET, the estimation of errors is correctly extended
to correlated observables, see [85].

4.3.2 Simulation setup

In this thesis PYTHIA8.304 is mainly used to simulate minimum bias (MB) pp collisions at
Vs = 5.02 TeV and /s = 13 TeV. For the generation of p-Pb and Pb-Pb events, we will
use Angantyr. To simulate minimum bias events in PYTHIAS8 with the default Monash 2013
Tune, we set SoftQCD:all = on to enable different Soft QCD processes in PYTHIAS, like
non-diffractive (inelastic), single diffractive, elastic and double diffractive processes [96]. We
will not consider hard QCD processes and disable Initial- and Final State Radiation. On the
other hand, Multi-Parton Interactions are enabled. This PYTHIAS setup was also (mainly)
used in the rivetised ALICE papers. Besides the default Monash 2013 tune, Colour Recon-
nection (CR) Mode 0 and Mode 2 (based on [57]) were also used to generate pp collisions.
The additional parameters are found in Sec. 3.1.3, and we will set SoftQCD:all = on to
also allow for all Soft QCD processes. For all PYTHIAS tunes, 100 million pp collisions are
generated.

In Angantyr, one needs to add the HeavyIon:mode 1 parameter to the PYTHIA8 macro
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to run minimum bias p—Pb events, and set the correct beam PID. To run Pb-Pb events,
we need to preload a calibration file corresponding to the right event generator and energy.
We will use the GLISSANDO Woods-Saxon model to describe the distribution in the radial
density of nucleons in a nucleus [97]. This is the default nucleus model in Angantyr and it
works well for large nuclei. Besides this, QCD CR Mode 0 and 2 parameters (see Tab. 1) were
also added to study additional colour reconnection mechanisms in heavy-ion collisions, which
is applied on every sub-collision individually, see Sec. 3.1.4. The latter is simulated with
PYTHIAS8.304/Angantyr. For heavy-ion collisions, around 10 million events are generated
with p—Pb collisions and 1 million with Pb—Pb collisions.

One can take the parameters for the correct PR (default)- and BR configurations from [99]
to run minimum bias pp collisions with HERWIG7 using both the Plain Reconnection (PR)
and Baryonic Reconnection (BR) tune (as described in Sec. 3.2). Besides this, MPI based
CR is included, and the Soft Tune model [99]. Lastly, we set the strange quark mass to
0.45 * GeV to allow for alternative gluon splitting to s5 pairs. Hence, the PR and BR use
similar parameters, except for the (Baryonic) Reconnection Probability parameters, to en-
hance baryon production. For both HERWIG7 tunes, 100 million pp collisions are generated.

To run minimum bias events in EPOS4, one needs to set up the option file. In all the
studied collision systems, we set the parameter application to hadron, which includes the
hadron-hadron, nucleus-nucleus, and hadron-nucleus scatterings. One could also choose to
set application to ee, for ete™ collisions, or with a decay of kinky strings by setting kinky. We
can tune EPOS4 in different ways, by enabling and disabling different components. Those are:
core/corona (core), the hydrodynamical evolution of the core (hydro), the equation of state
(eos), and the hadronic cascade (hacas). In this thesis, different combinations of components
are tested. The most promising results for the study of charmed hadrons in pp collisions
are only reported. Lastly, to simulate minimum bias events, we set the centrality value to
0. Comparisons with EPOS4 are not available for observables involving ¥, baryons and D**
mesosns because their lifetimes are shorter than 1071? seconds. As a result, these events are
not recorded by default. Due to time contraints of the project, no EPOS4 comparisons in
heavy-ion collisions are present in the thesis.
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5 Results and discussion on charm production studies

In this section, we present an important review of the latest Monte Carlo models available
applied to recent ALICE results. The prp-differential production cross sections of individual
particles are presented in Appendix A. Generally, measurements by the ALICE collaboration
are compared with string models implemented in PYTHIAS with the Monash Tune, QCD-CR
Mode 0 and QCD-CR Mode 2 tunes. Also, we show comparisons with cluster models imple-
mented in HERWIG7, with the Plain Reconnection tune (PR) and Baryonic Reconnection
model (BR). At last, EPOS4 enabled with hadronic rescattering and the full core/corona
mechanism are compared with the data. No other EPOS4 mechanisms (or combinations
thereof) are shown, due to the larger disagreement with the experimental measurements.
Simulation results will be commented on for each generator for all measurements.

5.1 Charmed hadron production study in pp collisions
5.1.1 Meson-to-meson ratios

A subset of the pp-differential production cross sections of prompt and non-prompt D-mesons
measured at midrapidity (|y| < 0.5) in pp collisions at /s = 5.02 TeV by the ALICE ex-
periment [33] is presented in Fig. 33. The meson-to-meson ratios of both non-prompt and
prompt DI /(D? 4+ D) measured at |y| < 0.5 in pp collisions at /s = 5.02 TeV is presented
in this section in Fig. 20. These are compared with MC generators mentioned in Sec. 4.3.2.

All the PYTHIAS tested tunes describe well the measurements of both non-prompt and
prompt DI /(D? + D) meson-to-meson ratios within uncertainties and follow the general
trend. For pr > 10 GeV/c, the predictions generally underestimate data for prompt D-
mesons. A relatively higher production rate for D-mesons is observed in PYTHIA8 Monash
relative to QCD-CR Mode 0 and Mode 2 for low-pr. The majority of the production of bary-
onic junction reconnections comes from color dipoles along the beam axis, resulting in a higher
overall baryon production at lower pr, potentially suppressing the available phase space for
D-meson production. The effects on the pr of the partons produced by MPI are smaller for
higher pr, hence the differences between Monash and the QCD-CR tunes are smaller in this
region. In both ratios, a relatively flat trend is observed for all three PYTHIAS tunes, im-
plying that strangeness is not enhanced in the formation of mesonic junction topologies, but
strange quarks are similarly suppressed across the different tunes for pseudoscalar D-mesons.

In Fig. 21, the prompt D™/D° and D**/D® meson-to-meson ratios are presented. For all
PYTHIAS tunes, the relative production for DT /DU is approximately 0.5, slightly overesti-
mating the experimental measurements. One can observe that in general all PYTHIAS tunes
underestimate the D** /D ratio for pr < 40 GeV /c. Higher statistics are needed to correctly
study the tail of the pr distribution. In PYTHIAS, the D**/D°, a vector/pseudoscalar me-
son ratio, is mainly influenced by spin-counting rules in hadron multiplets, which is in this
case for the relative production ratio for primary charm meson governed by the parameter
StringFlav:mesonCvector (mesonCvector), see Tab. 1. In a recent study [58], this value
was confirmed to be too low in PYTHIAS and it was estimated to be 1.5, instead of the
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default value 0.88. This value improved the D*/D° predictions significantly. This value was
obtained however completely arbitrary, hence, as part of the work in this thesis, a tuning is
performed of mesonCvector in Sec. 6.
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Figure 20: (a) prompt, (b) non-prompt pr dependent DI /(D" +D™) meson-to-meson ratio in
pp collisions y/s = 5.02 TeV, measured at |y| < 0.5 by the ALICE experiment [33], compared
with Monte Carlo models.
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In Fig. 20, it is observed that both tunes in HERWIG7 generally underestimate the prompt
D} /(D°4D™) and do not follow the trend of experimental measurement, especially at higher
pr. The parameter controlling the mass distribution of clusters containing a charm quark
is PSplitCharm. In both tunes, this parameter is set to the default value, thus resulting
in similar cluster mass distributions. Only after colour reconnection, the contribution in
the high-mass region of the distribution mainly comes from mesonic clusters, hence we would
expect a higher non-prompt production rate for different D-meson species from heavier cluster
decays, which is observed for lower pr. The general flat trend of the measurement of non-
prompt DF /(DY+D™) is generally followed by both HERWIG7 tunes. In Fig. 21, only the BR
model in HERWIGTY is compared with the measurements, because of the similar control of
mesonic cluster fission and decay in both models. We observe that BR. follows the flat trend
in D*/D°, and describes the data within uncertainties. Similarly, BR follows the increasing
trend seen in the measurements for pr < 8 GeV/c in the D**/D? ratio.
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Figure 21: Prompt pr dependent (a) D*/D° meson-to-meson ratio, (b) D**/D° meson-to-
meson ratio, both measured at |y| < 0.5 by the ALICE experiment at /s = 13 TeV [33, 37],
compared with Monte Carlo models.

In EPOS4, by enabling hadronic rescattering and the full core/corona procedure, we observe
all meson-meson ratios are described within uncertainties. By default, EPOS4 does not record
D** resonances because of the short lifetime, hence D** comparisons are not included. In
Fig. 20, we observe that EPOS4 generally follows the trend in both non-prompt and prompt
D} /(D° + D) over the full pr range.

As mentioned in Sec. 3.3, the target and projectile remnants are left off-shell and thus will
eventually contribute to particle production at large rapidity as part of the corona. For
minimum bias collisions at midrapidity (typically described by two pomerons on average),
the main contribution to the total of prehadrons comes from core prehadrons [74]. After
the core hadronises, the effective mass for a two-pomeron system is relatively small [74], but
there is enough phase space to produce D-meson, as observed. The constrained phase space
would only be a problem in producing heavy baryons, which are overall underestimated by
EPOS4 with the core/corona mechanism as we will see next. After the hadronisation of the
core, interactions between the corona and core hadrons are enabled. The fraction of corona
hadrons is however relatively small for heavy particles with low pr < 3 GeV/c [74] (see also
Eq. 3.6), thus we do not observe a large effect with hadronic rescattering enabled in this
region. For clarity, we have left out the comparison with only the core/corona procedure
enabled. In general, we have observed that re-scattering makes the D-meson spectra harder
since we also include the corona particles that directly come from hard scattering. The
charm quarks in EPOS4 are exclusively produced in the parton ladder, and not during the
kinky string breaking or in the core plasma. Therefore, it would be interesting to study the
multiplicity dependence of D-meson production with EPOS4 and its effect on the saturation
scales, with and without the hydrodynamical evolution of the core.
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5.1.2 Baryon-to-meson ratios

In this section, a selection of pr dependent baryon-to-meson ratios measured at |y| < 0.5 at
Vs =5.02 TeV and /s = 13 TeV by the ALICE experiment [39, 40, 41] are presented, and
compared with different Monte Carlo models.

In Fig. 22a, the A7 /D° baryon-to-meson ratio measured at /s = 5.02 TeV is presented.
The PYTHIA8 Monash tune underestimates the measurements in the interval pr < 5 GeV/c
by a factor 4-5, and is also not able to describe the pr dependence of the measurements. It
shows, however, that both PYTHIA8 QCD-CR tunes generally describe the measurements
within uncertainties but overestimate AY production for low-pr, as seen from the AF/D°
and the enhanced A} production cross section in Fig. 34c. The main reason for this en-
hancement is that most strings in a PYTHIAS event are close to parallel to the beam [15],
connecting low-pr partons produced by the MPIs. This means that the majority of the total
production of baryons from junction reconnections comes from two or three dipoles from such
strings along the beam direction, resulting in the enhancement of low-pt baryons. A similar
pr dependence of =/ DY, see Fig. 23, can be observed, however the Z./D° ratio is generally
lower. This strongly indicates that fragmentation functions among baryons differ significantly.

The PYTHIAS Monash Tune significantly underestimates the Z./D? ratio, since the produc-
tion of Z. baryons is largely underestimated, while the production cross section of prompt
DY is described within uncertainties. Both QCD-CR tunes predict a similar magnitude and
pr dependence of Z./D° ratios. The enhancement of =, production at low-pr is less visi-
ble for the strange baryon-to-meson ratios Z2/D", Z+/D°, but it is still reflected in a small
increase for low-pr. This can also be seen in the pr distributions of =, in figures 34a and
34b. However, the enhanced baryon production from junctions is insufficient to describe =,
production rates. so an additional strangeness-enhancement mechanism is needed. This is
already implemented in PYTHIAS, called Rope Hadronization [101, 102], where overlapping
strings give an increase in the string tension « [15], which increases the probability of strange
quarks in the string breakups. However, for this thesis, further discussion of QCD-CR pa-
rameters for strangeness enhancement or Rope hadronisation will not be the main target.
Some preliminary results can be found in [15].
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Figure 22: (a) A}/D° baryon-to-meson ratio in pp collisions /5 = 5.02 TeV, (b) ¥%+++/D°
baryon-to-meson ratio in pp collisions at /s = 13 TeV, measured at |y| < 0.5 by the ALICE
experiment [39, 40], compared with Monte Carlo models.
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It is clear from figures 22b and 34d that both PYTHIA8 QCD-CR tunes largely overesti-
mate the production of X%*%(2455) baryons, hence overestimating the X2+++(2455)/D°
ratio and the A. feed-down from .. However, generally the tunes follow the trend of
the measurements. The parameter mainly influencing the production rate of . baryons is
StringFlav:probQQ1toQQ0join, see Tab. 1. After the junction formation between dipoles,
the colour strings will again undergo string breaking. Of the three junction legs the two
lowest energy legs are fragmented first, where a diquark is formed by combining the flavour
and momenta of the two partons closest to the junction point left on the two legs. The spin
assignment of the junction diquark is handled by the parameter mentioned above, via a sup-
pression of spin-1 diquark formation relative to spin-0. The suppression factor is additional
to the enhancement to the factor 3 by simply counting the number of spin states. The pro-
duction of spin-3/2 baryons can be directly controlled by the production of spin-1 diquarks.
The parameter has four components that control the suppression factor given the heaviest
quark flavour present is respectively u/d, s, ¢,b [58]. The chosen values for this parameter in
PYTHIA8 QCD-CR tunes were not tuned to any particular data, and thus arbitrarily set
to be equal and relatively low. By increasing the probability for a diquark to be in a spin-1
instead of a spin-0 state, the formation of excited spin-3/2 ¥. and A. baryons are favored
over Y. baryons in the subsequent fragmentation of the largest leg. These spin-3/2 excited
states decay favorably to A, instead of X, which would result in a lower production rate for
Y. [5]

In contrast, the values of the StringFlav:probQQ1toQQ0join parameter are higher in Monash.
In combination with the absence of QCD CR mechanisms, the ¥0+++(2455)/D° is signifi-
cantly underestimated. In recent studies [15, 58], the values for StringFlav:probQQ1toQQ0join
in the Monash Tune were used in QCD-CR Mode 2, which significantly improved the agree-
ment between the model and the experimental measurements. Since these values are also
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chosen arbitrarily, a tuning of this parameter, specifically for the charm entry, is done in Sec.
6.

In figures 34a and 34b, both PR and BR models in HERWIG?7 significantly underestimate
= production, although generally a similar trend between measurements and predictions is
presented. One can also observe an increase in production with the BR model of =, for the
full pt range with respect to the PR model. In both PR and BR models, we have allowed non-
perturbative gluon splitting into strange quarks with a given probability SplitPwtSquark,
and to allow the possibility to select a strange quark during cluster fission PwtSquark. Only
due to the higher probability of baryonic colour reconnection in BR, we would expect a larger
fraction of strange quarks to be part of baryonic clusters, hence enhancing =. production over
the full pr range.
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Figure 23: (a) Z2/D" (b) Z}/D° baryon-to-meson ratios in pp collisions at /s = 13 TeV
measured at |y| < 0.5 by the ALICE experiment [41], compared to Monte Carlo models.
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In figures 34c and 34d, a smaller increase is shown in the production of A, and >. baryons
at the higher pt end of the spectrum with BR compared to the PR model. This can also be
explained by the larger baryonic reconnection probability, which reduces the number of high-
multiplicity events and shifts them towards lower multiplicities. One of the consequences of
the BR model is that high-multiplicity events yield a large fraction of baryonic reconnec-
tions. Due to the highly restricted phase space for baryon production from baryonic clusters,
fewer particles are produced than with mesonic clusters of similar invariant mass [66]. This
restriction in baryon production leads to a lower charged particle multiplicity. As a result,
there is an increased production of heavy particles with higher pr. Conversely, this increase
is not observed in prompt D-meson production, see figures 18a and 33d, where both PR and
BR models describe prompt D® and D™ production within uncertainties. Additionally, by
directly comparing the cluster masses after colour reconnection, it is shown that the contribu-
tion in the high-mass region mainly comes from mesonic clusters, and large baryonic clusters
are still highly suppressed [66]. These smaller baryonic clusters lead to fewer heavy particles
due to the restricted phase space in the cluster decay stage. Consequently, this results in a
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large underestimation in the ratios of Z., A., X. baryons with respect to D°, see figures 22
and 23.

By default, EPOS4 does not record ¥, baryons because of the short lifetime, hence 3.
comparisons are not included in our study. In Fig. 22a, we observe a relatively flat pr depen-
dence for the A7 /D ratio. This pr independence is also observed in Z./D° ratios. In figures
34a and 34b we see that EPOS4 (with full core/corona and hadronic rescattering), shows
the best predictions for the Z.. In general, the pr trend of the measurements is followed,
and the data is described within uncertainties for pr > 6 GeV/c. As already mentioned,
we would expect a large contribution of corona prehadrons to the total production at higher
pr. It is possible that in the breaking of these high-pr kinky strings more strange quarks
with high-pt are produced at the kinks. Hence we would observe a better agreement for
high-pt =, spectra. We see a similar pr hardening in A, baryons in Fig. 34c. Still, for low-
pr, EPOS4 generally underestimates charmed baryon production, since fragmentation is the
main source of hadronisation of heavy quarks in EPOS4. By adding coalescence mechanisms,
where charm quarks can interact with lighter quarks in the core, we would expect a larger
production for low-pr baryons. This is for example implemented in EPOS4HQ, which shows
better agreement for baryon-to-meson ratios [81].

5.1.3 Baryon-to-baryon ratios

In this section, a selection of pp-dependent baryon-to-baryon ratios in pp collisions measured
at |y| < 0.5 at /s = 13 TeV by the ALICE experiment [40, 41] are presented, and compared
with different Monte Carlo models.

In Fig. 24a, the Af(+ 3%T+) x 3/2 / AT ratio is presented. It is clear that both PYTHIA
QCD-CR models generally describe the downward trend of the measurements, but signif-
icantly overestimate the feed-down of A, from the ground state X.(2455) baryons, hence
overestimating the ratio to total A, production. As mentioned, this excess in feed-down is
due to an overestimation of Y. baryons, which primarily decay to A.. In Fig. 34e, we assume
symmetrical feed-down to AT from the three different X, isospin states, hence the factor
3/2. By increasing the probability of spin-1 diquark formation in junction fragmentation, it
would produce more excited spin-3/2 ¥, baryons, instead of spin-1/2 ¥.(2455), hence reduc-
ing the Al feed-down from ¥.(2455) baryons. This probability increase is implemented in
the PYTHIA Monash, see Tab. 1, hence this ratio is significantly lower over the full pr range.

All PYTHIAS tunes significantly underestimate the prompt =Z2/AT ratio in Fig. 24b, since
the =, production is underestimated by the tunes. We also observe that the downward trend
is not well described by the tunes, but a small increasing trend is observed. We see this
underestimation also for the PYTHIA QCD-CR models in the =0+ /3% ratio in Fig. 24c,
mainly since X0 is generally overestimated in these models. Also, the general trend is
not well predicted by the PYTHIA QCD-CR models. By decreasing the . production, we
would only slightly enhance the 207 /%2 prediction, since 207 is still generally underes-
timated. We would need an additional strangeness enhancement mechanism in the QCD-CR

models to describe this ratio accurately. Since both ¥, and =. production are largely un-



5 RESULTS AND DISCUSSION ON CHARM PRODUCTION STUDIES 37

derestimated in PYTHIA Monash, we observe that Monash describes the =% /S0 ratio
within uncertainties. Naturally, this observation yields nothing physical, since both primary
spectra are still underestimated.
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Figure 24: pr-differential per unit rapidity (a) Af(« X27) x 3/2 / AF (b) ZY/AF and (c)
E0F /39 HFF baryon-to-baryon ratios in pp collisions at /s = 13 TeV measured at |y| < 0.5
by the ALICE experiment [40, 41], compared to Monte Carlo models.

Both PR and BR models in HERWIG7 describe the feed-down fraction of A, from ¥, within
uncertainties for pr < 6 GeV/c. They generally show a flat pr trend, hence overestimating
the feed-down fraction for pr > 6 GeV/c. This trend is however expected due to a similar
decreasing trend seen in the A, feed-down and A. production cross sections. Also the Y.
primarily decays to A. baryons, thus we expect the A, production to follow the feed-down of
A, from X in clustering decay models. This flat trend is seen in both BR and PR models,
so the feed-down fraction of A, is handled similarly in the cluster decay mechanism. For the
ZY/AT ratio, we observe a slight increase in the BR model compared to the PR. Both models
however significantly underestimate Z°/AF. Due to the higher probability of baryonic colour
reconnection in BR and enhanced strangeness in both models, we would expect a larger
fraction of strange quarks to be part of baryonic clusters, hence increasing =, production
over the full pr range. The A. enhancement is expected to be smaller since only baryonic
clustering would enhance the production. For this reason, an increase in Z°/A} is expected
for BR compared to PR. Similar behavior is observed for the Z0" /%% "+ ratio, where also
both models significantly underestimate this ratio.

In Fig. 24b, we observe a relatively flat pr dependence for the =Z./A} ratio in EPOS4.
For pr > 6 GeV/c, EPOS4 describes the measurements within uncertainty. However, for
low-pr, the baryon-to-baryon ratio is generally underestimated. This is mainly because the
main source for heavy quark hadronisation in EPOS4 is fragmentation. By adding coales-
cence mechanisms, where charm quarks can interact with lighter quarks in the core, we would
expect a larger production for low-pr charmed baryons. This would potentially also enhance
strangeness in heavy baryons, since low-pr strange quarks that are created in the initial par-
ton ladders are more likely to recombine with charm quarks. Moreover, the rescattering of
heavy baryon-antibaryon pairs has been enabled, for which we also observe a small decrease



5 RESULTS AND DISCUSSION ON CHARM PRODUCTION STUDIES 38

in the production of low-pr baryons.

5.2 Charmed hadrons production study in heavy-ion collisions

In this section, a subset of pp-differential production cross sections and baryon-to-meson ra-
tios in p~Pb and Pb-Pb collisions measured at y/syy = 5.02 TeV by the ALICE experiment
are presented, and compared with different Monte Carlo models. Moreover, we use the pp
references from the different models in Fig. 33 to predict the R,pi, and Raa observables in
PYTHIAS. For Pb—Pb collisions, we will mainly present prediction on central (0-10%) colli-
sions.

It should be noted that, on a conceptual level, there are differences between pp events with
the MPI model implemented in PYTHIAS8 and heavy-ion events generated with PYTHIAS
using Angantyr. The MPI-based colour reconnection is only applied at the level of individ-
ual nucleon-nucleon collisions [12]. The current MPI model in PYTHIAS does not include
a dependence on the impact parameter but assumes that the soft MPIs will have a larger
spatial spread, and thus will reconnect more easily with harder systems. This is a reasonable
assumption for pp collisions since all systems are confined to the transverse size of an indi-
vidual nucleon. Naturally, this is not applicable in heavy-ion collisions. The next step would
be to implement a CR model that accommodates partons from different sub-collisions (re-
sembling collective behavior) and is dependent on spatial parameters. This has already been
implemented as a global reconnection tune in [14]. In this part, we will rather demonstrate
the behavior of heavy-ion collisions when we consider no parton-level QGP-like interactions
(PYTHIAS with Angantyr). For future research, this can be compared to predictions when
we do consider QGP-like interactions, for example with EPOS4.

In Fig. 25, the A} production cross section and AF/D° baryon-to-meson ratio in p-Pb col-
lisions are presented respectively. Clearly, PYTHIAS8 Monash with Angantyr significantly
underestimates the production cross-section of prompt Al baryons. In Fig. 35, we left out
the prediction of the production cross sections of D-mesons in p—Pb collisions for clarity
reasons, but a similar prediction has been observed as in Pb—Pb collisions. Each tested
PYTHIAS tune with Angantyr, especially Monash, predicts the pr-differential cross sec-
tion within uncertainties, hinting that there is no need for collective-like effects to predict
the measurements of D-mesons production in heavy-ion collisions. Moreover, we observe
that the production of A} is also slightly underestimated by the PYTHIA8 QCD-CR tunes
with Angantyr. We observe however a larger production than Monash, hinting that baryon
enhancement is also present in the hadronisation of individual sub-collisions due to the for-
mation of junction topologies within sub-collisions. For this reason, we see that the trend
in the A} /D° ratio measurement is generally described by QCD-CR tunes with Angantyr,
especially for pr > 3 GeV/c. However, the magnitude of the measurement is still slightly un-
derestimated (note the linear scale). The Monash tune with Angantyr is not able to predict
the general trend and the magnitude of the AF /DY ratio. Therefore, it would be interesting to
study the baryon-to-meson ratios with a spatial color reconnection model including BLC-CR
effects between different sub-collisions. This model will also describe potentially better the
low-pr < 3 GeV/c region since this is overestimated by the PYTHIA8 QCD-CR tunes with
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Angantyr. This model would however need to be retuned on pp collisions, this is done in
[14].
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Figure 25: The pr-differential (a) production cross section of prompt A} per unit rapidity and
(b) A} /D in p-Pb collisions measured by the ALICE experiment [39] for —0.96 < yems < 0.04
at /sy = 5.02 TeV, compared to Monte Carlo models.

In Fig. 26, a similar baryon enhancement is observed in central Pb—Pb collisions in QCD-CR
tunes compared to Monash with Angantyr. This is again purely because of the formation
of beyond-leading colour topologies within the nucleon-nucleon collisions, similar to pp colli-
sions, and not due to collective effects. This enhancement is mainly observed for the low-pr
region since the color strings involved in the formation of junctions will come from low-pr
partons produced by the MPIs. However, the AT /D" is still largely underestimated by QCD-
CR models for intermediate 5 GeV/c < pr < 12 GeV /c. This hints towards collective effects,
where due to coalescence, a larger AT production is observed.
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Figure 26: The pr-differential (a) production cross section of prompt A} and (b) A7 /D’ in
central Pb—Pb collisions (0-10%) measured by the ALICE experiment [44] at \/syn = 5.02
TeV, compared to Monte Carlo models.

In Fig. 27, the R,pp, and Raa in central collisions (0-10%) of prompt A are presented re-
spectively. All PYTHIAS tunes with Angantyr do not follow the trend of the measurements
and only describe the data within uncertainties for high-pr in Pb—Pb collisions, especially
Monash. This suggests that no QGP-like modification is necessary for high-pr partons to
describe Rpaa with PYTHIAS8 with Angantyr. A similar flat trend is observed in the predic-
tion for the average Ry of D, DT and D** in both central and peripheral Pb-Pb collisions.
Again, Monash describes the measurements within uncertainties for higher pr. For D-mesons,
especially in peripheral Pb—Pb collisions, the additional QCD-CR parameters worsen the pre-
dictions.
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Figure 27: The pr-differential (a) R,pp, prompt A} measured for —0.96 < yems < 0.04 in
p—PDb collisions by the ALICE experiment [39], and (b) Raa of prompt AT in central Pb-Pb
collisions (0-10%) measured by the ALICE experiment [44]. Both quantities are measured
at \/sxy = 5.02 TeV, and compared to Monte Carlo models.
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Angantyr is based on the wounded nucleon model, where nuclear shadowing effects are in-
cluded for the treatment of secondary wounded nucleons [59]. Consequently, not all possible
nucleon-nucleon interactions from the Glauber calculation are realized in the generation of
the final state, thus it has no correct Ny scaling built in. This means that in general R,py,
and Raa < 1 since we simply scaled by N., based on Glauber calculations from ALICE.
Interestingly, nuclear shadowing effects are present over the full pr spectrum. By looking at
factorization we would however expect at large values of pr, that Ny is obeyed [13], only
implementing this separation scale between soft and hard processes is generally difficult.
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Figure 28: The pp-differential average Raa of D, D™ and D** in Pb-Pb collisions for (a) 0-
10% and (b) 30-50% centrality bins measured by the ALICE experiment [35]. Both quantities
are measured at /syny = 5.02 TeV, and compared to Monte Carlo models.

Summary of results

In this section, we have performed an important review of some of the available state-of-the-
art Monte Carlo models and applied these to recent ALICE results. Generally, D-meson pro-
duction in pp collisions at /s = 5.02 TeV and /s = 13 TeV at mid rapidity is described well
by all three tested PYTHIAS tunes and EPOS4, although ratios between prompt D-mesons
including strangeness are best described by EPOS4, with enabled hadronic rescattering and
full core/corona procedure. Both PR and BR in HERWIGT generally underestimates prompt
D7 mesons, hence not describing well the D} /(D° + DT) meson-to-meson ratio.

Both PYTHIA8 QCD-CR tunes Mode 0 and Mode 2 describe the AT /D" baryon-to-meson
ratio in pp collisions within uncertainties due to the formation of junction topologies enhanc-
ing baryon production. Both QCD-CR tunes overestimate ¥. production. Only MPI-based
color reconnection is implemented in Monash and HERWIGT (both BR and PR), hence they
underestimate A, Y. and =. baryon production significantly. Some increase in baryon pro-
duction in BR is observed due to the formation of baryonic clusters. EPOS4 with hadronic
rescattering and full core/corona procedure also underestimates baryon production but is
able to describe the measurements for higher pr within uncertainties.

In pp collisions, both Mode 0 and Mode 2 overestimate the feed-down fraction A} (+
YO0+ x 3/2 / AF. PR and BR tunes in HERWIGT both describe this measurement within
uncertainties. Only EPOS4, enabled with hadronic rescattering and full core/corona proce-
dure, describes the Z2/Af for high-pr. Moreover, only the PTYHIA8 Monash tune describes
0 /50 which is mainly accidental.

In heavy-ion collisions, enhancement of A. baryons production is also observed by allowing
the formation of junction topologies in individual sub-collisions. Since the Angantyr model
in PYTHIAS is based on the wounded nucleon model, the nuclear modification factors R,py,
and Raa are not well described.
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6 Tuning of PYTHIAS8 CR Mode 2

6.1 Parameter Based Tuning

The main methods for generator tuning with RIVET are the simple by-eye method or a
brute-force method by trying a set of parameters in the parameter space. However, both
methods are extremely expensive and naturally not optimal for high-dimensional parameter
spaces.

In this thesis, we will use the method to parameterize the generator [105]. We expect the
global fit function to the data to be complicated in itself, hence it will not be parameteris-
able. For this reason, we fit a polynomial or rational function to the response of the gener-
ator, MC,, of each observable bin b to the changes in the n—dimensional parameter vector
p = (p1, -+ ,pn). After this polynomial parameterization is built, we need to construct a
goodness-of-fit measure and minimize it. The output of the minimization is a parameter
vector, Piune, Which in principle should predict the best description of the data the gen-
erator can simulate. Since the distributions we study will have a different weight on the
total goodness-of-fit measure (for example different number of bins), we want to include per-
observable weighting we for each observable O in the observable space S, in our heuristic
goodness-of-fit measure x? [105]:

Z Z Atb )+ A2 ’ (6.1)

0eSp beO

where R is the reference value for bin b, and 4, is the total uncertainty of the reference for
bin b. The goal is to find a parameter vector piyune Which will predict the bin value output of
the generator ¢, and the error estimation per bin At, that globally (over multiple observables
O € Sp) minimizes Eq. 6.1.

6.2 Tuning Kinematics
6.2.1 Tuning Parameters

As mentioned in Sec. 5, the overestimation of X%+ (2455) baryon production mainly comes
from the third entry of the parameter StringFlav:probQQ1toQQ0join, which we will call
joinC, and the value joinC = 0.0275 in CR Mode 2 is too low (see Tab. 1). The spin assign-
ment of the junction diquark is handled by joinC via suppression of spin-1 diquark formation
relative to spin-0 states. Consequently, this parameter can directly control the production of
spin-3/2 baryons containing a charm quark. By increasing the probability for a diquark to be
in a spin-1 instead of a spin-0 state, the formation of excited spin-3/2 ¥} and A’ baryons are
favored over Y. baryons in the subsequent fragmentation of the largest leg. These spin-3/2
excited states decay favorably to A. instead of ¥ [5], resulting in a lower production rate
for ¥.(2455) baryons [58]. We expect this parameter to be much larger. Also, we expect
that increasing the value of this parameter would decrease the A} feed-down from 3.(2455)
baryons, hence more accurately describing the measurements. Considering the changes in
the two observables mentioned above, we expect no direct alteration in the total produc-
tion of Al baryons. Hence, we expect a large improvement in the generally overestimated
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AF(+ X20%) x 3/2 / AT ratio, see Fig. 24a.

In Sec. 5, it was also observed that CR Mode 2 generally underestimates the D**/D" and

D /D" ratios, and overestimates the DT /D ratio. In CR Mode 2 vector/pseudoscalar meson

ratios are mainly influenced by spin-counting rules in hadron multiplets, which is for the rela-

tive production ratio for primary charm meson governed by the parameter StringFlav:mesonCvector
(= 0.88 in CR Mode 2), which we call mCv. In a recent study [58], this value was studied to

be too low in PYTHIAS, but a tuned value was still absent. By increasing the value of mCv

we expect an increase in vector D**(2010) meson production, and hence a small increase in

D? production, since D** decays favorably to D° [5]. Consequently, we would decrease the

general overestimated D* /D ratio by the default CR Mode 2.

6.2.2 Tuning Datasets

For the tuning of the parameters mCv and joinC in PYTHIA8 CR Mode 2, we exclusively
use data by the ALICE experiment, as discussed in Sec. 5, since this is the most relevant
source of information of charm hadron production at low pr. The following datasets in pp
collisions are used for the tuning:

e prompt D? D** DT and D} pr-differential cross section spectra at /s = 13 TeV for
pr < 24 GeV/c [37].

e prompt X2+ pr-differential cross section spectra at /s = 13 TeV for pr < 12 GeV/c
[40].

e prompt AT (+ X% F) pr-differential cross section spectra at /s = 13 TeV for pr < 12
GeV/c [40].

The data are publicly available in the form of histograms of cross-sections. Note that we
also include the conjugates of all the particle spectra mentioned above. Several hadron-to-
hadron ratios, discussed in Sec 5, would be directly influenced by changes in the parameters.
For the parameter tuning, we will solely focus on the primary particle spectra mentioned
above, because using ratios would yield non-physical results since they derive from primary
spectra. As mentioned, we will not perform parameter tuning or study parameters related to
strangeness enhancement.

6.2.3 Tuning Methods

In the first step, a range for optimal value for mCv was estimated by tuning on D-meson
spectra - leaving the joinC on its default value. Similarly, in the second step, the optimized
value range for joinC was estimated on Y.-baryon spectra - while fixing the default mCv
CR Mode 2 flavour parameter. For each parameter point on the border of the (mCv, joinC)
parameter space 100 million pp collisions were generated while keeping SoftQCD:all=on.
After this, 100 million pp collisions at /s = 13 TeV were generated per parameter point in
the estimated optimal parameter space (mCv, joinC) using grid sampling. The estimated
optimal range for (mCv, joinC) came out to be [1.3 — 1.6] and [0.66 — 1.0] respectively. We
found that the parameters mCv and joinC are decoupled well, so we would not expect large
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differences in tuned values, compared to tuning the values separately. We used the RIVET
routines ALICE_2023_I2697877 and ALICE_2021_11868463 for the analysis of the spectra,
see Sec. 4.2. With each run, we obtain a set of histograms for each point in the optimal
parameter space. For the generation of data for tuning joinC, we used the default Monash
tune values for the other three entries of StringFlav:probQQ1itoQQjoin, see Tab. 1, instead
of the CR Mode 2 values. These entries are however still arbitrary guesses and need to be
tuned and studied in further detail [58]. The Monash Tune values are however following the
quark mass, which is to be expected. The probability of spin-1 or spin-0 diquark reconnec-
tion should be mass-dependent since the mass splitting between the spin-0 and spin-1 state
should be smaller when heavier quarks are involved [15].

Next, we could define a goodness-of-fit measure and numerically find a best-fit point that
minimizes the measure, which would however be extremely expensive [104]. Instead, we used
a surrogate model that allows us to predict the simulation outcome at any point in the pa-
rameter space. For this, we used the Apprentice toolkit for event generator tuning [103],
which builds the surrogate model and calculates the minimization of a goodness-of-fit mea-
sure. We explored different types of surrogate models but found that polynomials with order
n = 3 worked well. Apprentice uses in principle rational function approximation (quotients
of polynomials p, ¢, i.e. r(p) = p(p)/q(p)), so in our method we set n = 3 for polynomial p
and n = 0 for polynomial ¢, mainly to avoid having singularities in the bin approximations.
Furthermore, the errors on the generated data points are approximated with quadratic poly-
nomials (order of p, ¢ is 2, 0 respectively). We used the full simulation results as the input for
the surrogate model, excluding the pr > 24 GeV/c bins due to low statistics, hence resulting
in unreliable tuning. We generated data with 20 distributed points (by using grid sampling)
in the specified range for mCv and joinC to over-sample the parameter space. We would at
minimum need 10 polynomial coefficients for polynomials of third order for approximating
two parameters [105].

Apprentice allows to bias the goodness-of-fit measure from Eq. 6.1, using an individual
weighting mechanisms for bins and histograms [103]. Since the datasets under considera-
tion have large differences in the number of bins, see for example figures 33d and 34d, we
decided on a democratic weighting of the histograms, such that each of the six histograms
are normalized according to the number of bins. Thus, for a given particle spectrum from

Sec. 6.2.2, the weighting w, of the set j with number of bins Npys can be calculated as

— (No )1 ; — i Nbinsi _
wj; = (mes,J) * Anorm with Qnorm = Zi(lz\fbins’i)—l :

Next, we let Apprentice globally minimize the weighted goodness-of-fit measure using the
Truncated Newton method (TN) [106]. We set 10° randomly selected points as starting points
and rerun the minimization 10 times. The output is a best-fit point (mCv, joinC), with a
x%/NDF, and predicted data including uncertainties given at the best-fit point. For complete-
ness, besides the numerical minimization procedure described above, we use a Bayesian infer-
ence technique (BI) that allows for parameter estimation and model selection. The algorithm
for sampling the estimated parameter space is based on nested and disjoint multi-dimensional
ellipse sampling [107]. Lastly, these spectra are compared to the actual PYTHIAS output of
the simulation with the best-fit point parameters as an input to validate the method.
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6.3 Tuning Results and Discussion

The best-fit values for mCv and joinC with the TN method (x?/NDF = 2.12) and with
the BI technique can be found in Tab. 2. It can immediately be seen that both tuned
parameters are significantly larger than the default CR Mode 2, which was to be expected.
Furthermore, we observe that the tuned parameters from both minimization methods do not
differ significantly.

Parameter QCD-CR Mode 2 (Default)  Tuned (TN) Tuned (BI)
mesonCvector 0.88 1.48 1.467001
probQQ1toQQ0join | 0.0275,0.0275,0.0275,0.0275 0.5,0.7,0.72,1.0 0.5,0.7,0.7273%2 1.0

Table 2: Default parameters of CR Mode 2 (left) and Tuned parameters mCv and joinC with
the TN method in bold (middle) and with the BI technique (right). Instead of the default
parameters in CR Mode 2 for the other entries of StringFlav:probQQ1itoQQjoin, the default
values for the Monash tune were used [58], see Tab. 1.

mCv = 1.46+994

joinC = 0.72#3:%2

Figure 29: Corner plot of tuned CR Mode 2 parameters obtained with the Bayesian Inference
method. The darker shades inside the contours represent the 1-o level for a 2D density
plot. The vertical axes in the 1D histograms represent the probability to be the respective
parameter value

The comparison plots of prompt pr-differential production cross sections of D-mesons are
presented in Fig. 30. Since both tuning methods resulted in similar parameters, we only
present the PYTHIAS predictions with the tuned parameters using the TN method.
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Figure 30: Prompt D° (a), DT (b), D** (c¢), D (d) pp-differential cross sections, compared
with PYTHIA8 CR Mode 2 without (orange) and with our tuned values (blue).

At first glance, the overestimated D™ production cross section is largely improved. The
already well-predicted D** cross-section production is overestimated by our tuned mCv value.
The D** meson primarily decays to D° mesons and charged pions (we also include conjugates
in our study), so we see a small increase in D° production. Since we also create more
charged pions, it would be suitable to include charged pion distributions to validate the
obtained tuned values in further studies. With the changes in D-meson spectra, we see
a significant improvement in DT/D? D**/D° Df/D* meson ratios in Fig. 31. All the
other meson-to-meson- ratios discussed in Sec. 5 are not altered significantly or did not have
reference data, hence we did not study these ratios. We would however expect a significant
increase in D** /D™ ratio values. Since the D° production is slightly increased, the generally
overestimated AF /D is improved, especially for low pr.

By further increasing the value of mCv, the D** production would keep increasing, but a
better prediction of DT production would be achieved. However, the goodness-of-fit measure
in Eq. 6.1 would not be globally minimized in this last case. This gives us a hint that there are
potentially additional mechanisms that influence vector- and pseudoscalar charmed meson
production which are simply not encompassed by the mCv parameter.
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Figure 31: Prompt D*/D° (a), D**/D° (b), D¥/D* (c), A} /D’ (d) ratios, compared with
PYTHIA8 CR Mode 2 without (orange) and with our tuned values (blue).

The tuning procedure provides slightly different values if we include the highest pr-bins
(pr > 24 GeV/c) for the D-meson production cross sections. However, for our tune, these
bins are excluded due to unpredictable behavior caused by low statistics. The statistical
errors on our bin values are relatively small since we generated around 100 million pp events
for every point in the estimated optimal parameter space. A possible interesting study, not
targeted by this thesis, would be to analyze the effects between the number of events and
the approximation of bin errors, with regards to minimizing Eq. 6.1 and hence the tuned
parameter values. For the tuned values in Tab. 2 we also trained the bin errors, but it did
not affect significantly the resulting tune.

Finally, we compare the default CR Mode 2 tune with and without our tuned parame-
ters for the X.(2455) production cross section, its subsequent feed-down to Af, and ratios in
Fig. 32. We can observe that the tuned value for joinC significantly decreases the ¥.(2455)
production cross section and a reduction in the subsequent feed-down to A}, leading to a
better prediction of the measurements. This behavior is expected as explained in Sec. 6.2.1.
Furthermore, we see a significant improvement in the overestimated ¥, /D° baryon-to-meson
ratio and the A (+ X2) x 3/2 / A baryon-to-baryon ratio. The increase in the joinC
parameter hints towards a larger production rate of excited spin-3/2 baryons that favorably
decay to A. instead of ¥.(2455) baryons. In future research, joinC and the ¥.(2455) spectra
discussed in this thesis, can be further contrained when there are production measurements
of these unobserved excited charmed baryon states, in particular, the A.(2595), A.(2625) and
0 +++(2520) baryons [108]. Furthermore, this can also be extended to the b sector and the
light-sector, as well as apply to multiple-heavy-flavored baryons.
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Both mCv and joinC are close to the parameter guesses that were made in [58]. These tuned
values can be used for future research on charm production in pp collisions with CR Mode 2.
However, regarding all the changes in PYTHIA8.311, it would be wise to do a full retuning
besides including these revisions.

The impact on A and =, spectra with the tuned parameters is negligible, hence the Z. spec-
tra are still largely underestimated by the tuned QCD-CR Mode 2. We tested strangeness
enhancement parameters (StringFrag:strangeJunction) for string breaks around a junc-
tion topology, which showed some increase in =, production but only a small amount. These
parameters could be studied further, and potentially be tuned, to adequately predict =,
production [58].
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7 Conclusion and Outlook

In this thesis, the production of heavy-flavour hadrons in pp, p—Pb and Pb—Pb collisions are
studied with various hadronisation models that are implemented in PYTHIAS8, HERWIG7
and EPOS4. A selection of comparisons between simulated data and recent measurements by
the ALICE experiment on meson-to-meson, baryon-to-meson and baryon-to-baryon produc-
tion ratios were presented. It is observed that the default PYTHIA8 Monash tune and HER-
WIGT, both tuned on measurements in eTe™ collisions, significantly underestimate charmed
baryons production in pp collisions. On the other hand, both PYTHIA8 QCD-CR Mode 2
and Mode 0 describe A} production well due to the formation of string junctions and string
fragmentation mechanisms. An increase in baryon production is also observed in the Baryonic
Reconnection tune compared to the Plain Reconnection tune in HERWIGT due to a larger
baryonic cluster reconnection probability.

Furthermore, an increase in AT production is observed by adding beyond-leading-colour
mechanisms in the hadronization of individual subcollisions in PYTHIA8 with Angantyr.
This enhancement is seen without the assumption of QGP-like parton interactions. Therefore
it would be interesting to study QGP-like interactions in heavy-ion collisions with EPOS4,
by enabling the hydrodynamical evolution of the core, and compare this to experimental
measurements and Angantyr.

In pp collisions, vector/pseudoscalar D-meson production ratios and ¥.(2455) baryon pro-
duction are not well predicted by the PYTHIA8 QCD-CR Mode 2 tune. Therefore, a
parameterization-based tuning was performed, utilizing the Apprentice framework, on the
StringFlav:mesonCvector and StringFlav:probQQ1toQQO0join flavor selection parame-
ters. The minimization of the goodness-of-fit measure was performed with the Truncated
Newton method and a Bayesian inference technique. The resulting tuned parameters are
given in Tab. 2. The predictions from PYTHIAS8 with the tuned parameters are significantly
improved for the D-meson ratios and X. spectra, now describing the measurements within
uncertainties.

In future research, StringFlav:probQQ1toQQ0join can be further studied by inspecting the
productions of baryon species sensitive to spin-0 and spin-1 junction diquark formation, which
would yield measurements of unobserved excited charmed baryon states. This research can
also be continued in the b-sector and multiple-heavy-flavored baryons. Finally, the =, spectra
are still largely underestimated by the tuned QCD-CR Mode 2. An additional strangeness
enhancement mechanism is therefore needed to correctly describe strange heavy baryons with
string models.
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A Appendix A

A.1 Complementary figures pp collisions
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Figure 33: The pr-differential production cross section at midrapidity of non-prompt (a) D°,
(b) D*, (¢) DF and prompt (d) DT and (e) DF mesons in pp collisions at /s = 5.02 TeV
measured by the ALICE experiment [33], compared with different MC generators.
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Figure 34: The pr-differential production cross section at midrapidity of prompt (a) =2,

(b) EF, (¢) AF, (d) X% and (e) A (+ X%"F) baryons in pp collisions at /s = 13 TeV
measured by the ALICE experiment [37, 40], compared with different MC generators.
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A.2 Complementary figures heavy-ion collisions
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Figure 35: The pr-differential production yield in Pb-Pb collisions of non-prompt (a) D" for
0-10% and (b) D° at 30-50% centrality bin. Production yield in Pb-Pb collisions for 0-10%
centrality bin of prompt (c) DY, (d) D' and (e) D*" mesons at /s = 5.02 TeV measured by
the ALICE experiment [35, 36], compared with different PYTHIA8 models.
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