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Study on Hadronization Mechanism via Heavy Flavor Hadrons

Jinjoo Seo

Department of Physics, Inha University, Korea

Abstract

The ALICE experiment at the LHC at CERN investigated the physics of accelerated heavy-
ion collisions at ultra-relativistic energies. These collisions were operated to produce the
quark-gluon plasma (QGP) in the laboratory, a deconfined state of the strongly-interacting
matter. The QCD theory predicted the formation of QGP under extremely high energy den-
sity conditions. Charm and beauty quarks were remarkable probes for investigating the QGP,
thanks to their mass order of the GeV. They were created in the hard-scattering processes
in the early stages of collision, experiencing the whole evolution of the system. The en-
ergy loss of charm and beauty quarks occurred by interacting with the plasma constituents,
which can be studied by measuring the heavy-flavor hadrons. In order to separate the effects
from the medium and vacuum, a deep comprehension of the hadronization mechanism in pp
collisions was required. Recent results on baryon-to-meson production ratio yield in pp col-
lisions at the LHC showed an enhancement with respect to e+e� and e+p collisions. In this
thesis, the production cross section of prompt X0

c per unit rapidity was described at midrapid-
ity (|y|< 0.5) in pp collisions at

p
s = 13 TeV with the ALICE detector. The X0

c baryon was
measured via the semileptonic decay (X�e+ne) channel. The branching-fraction ratio was
extracted as BR(X0

c!X�e+ ne)/BR(X0
c!X�p+)= 1.38 ± 0.14 (stat) ± 0.22 (syst), com-

bining the result of the measurement via the hadronic channel. The total uncertainty of the
branching fraction ratio was decreased by a factor of about 3 with respect to the previously
published result. The transverse momentum (pT) dependence of the ratio of X0

c and the D0,
and ratio of the X0

c and the S0,+,++
c and L+

c were presented. The charm baryon-to-meson
ratio increases towards low pT up to around 0.3. The results provide strong constraints
on model calculations and evidence that different charm hadronization processes on tak-
ing place in e+e� and pp collisions, compared with various hadronization models. ALICE
experiment showed outstanding results for the properties of the QGP and the hadroniza-
tion mechanism. Despite the ambitious scientific program for the upcoming Run 3 and 4,
crucial questions still needed to be answered with the present detector. ALICE 3 aimed
to investigate the rich phenomenology of QCD matter, parton energy loss, collective flow,
hadronization, and electromagnetic radiation. In this thesis, a performance study for multi-
charm baryons (X++

cc ) is discussed to direct the goal of ALICE 3. The significantly higher
statistics and innovative detector concept allow the new frontier in heavy-flavor hadron pro-
duction, providing the new constraint of the charm hadronization mechanism. Quarkonium
states, consisting of two pair of heavy quarks, was also used to understand the properties
of the QGP. A yield modification of quarkonium states was also observed in small collision
systems such as p-Pb collisions, but it is still early to claim any hot medium effect. A model



study in various small collision systems such as pp, p-Pb, p-O, and O-O collisions could
provide a quantitatively understand of nuclear effects on the °(nS) production. A theoret-
ical calculation considering the gluo-dissociation and inelastic parton scattering and their
inverse reaction well described the suppression of °(1S) in Pb-Pb collisions. The simula-
tion framework for small systems was studied to investigate the medium effects in small
collision systems. In this thesis, the nuclear modification factor of °(nS) as a function of
charged particle multiplicity (dNch/dh) and transverse momentum are discussed. The ellip-
tic flow of °(nS) in small collision systems is presented. All of the results suggest a new
reference for upcoming small collisions.
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Introduction

Quantum Chromo-Dynamics (QCD) predicts the quark-gluon plasma (QGP),
the phase in which quarks and gluons are deconfined within hadrons. The QGP is
characterized as the early universe until ⇠ 10 µs after the Big Bang. The study of
the signatures for the QGP can provide a chance to understand the properties of the
early universe, which is introduced in Ch. 1.

Charm (c) and beauty (b) quarks are mainly produced in the initial hard scatter-
ings, thanks to their high mass

�
mc ' 1.3GeV/c2,mb ' 4.2 GeV/c2� [49]. There-

fore, charm and beauty quark production is a useful tool to probe the QGP, and
they survive through the medium expansion, interacting with the free partons in the
plasma. The formation of QGP can modify the hadronization mechanisms involv-
ing the heavy quarks. However, studying the hadronization process in pp collisions,
where the QGP formation is not expected, is mandatory to understand the medium-
induced effects thoroughly. In Ch. 2, a brief introduction to the open heavy-flavor
production in pp collisions, and the quarkonium production in heavy-ion collisions.

The experimental setup will be discussed installed in ALICE (A Large Ion Col-
lider Experiment) in Ch. 3, which is one of the four major experiments at the Large
Hadron Collider (LHC) of the CERN laboratory in Geneva, Switzerland. For the fu-
ture experiment, the aims of ALICE 3 are to understand the rich phenomenology of
QCD matter using the measurements of multi-charm baryons. The measurements by
ALICE in pp collisions provide the constraint of pQCD calculations and for model
calculations of charm hadronization in a vacuum. The prompt X0

c baryon produc-
tion decaying into X0

c ! eXn in pp collisions at
p

s = 13TeV is presented in Ch. 4,
and the results of the performance study for X++

cc ! X+
c p+ ! (pK�p+)p+ in pp

collisions at
p

s = 14 TeV are introduced in Ch. 5.
The response to the medium produced by the collisions affects the physics and

yield of the quarkonium state. A model study in different small collision systems,
such as pp, p-Pb, p-O, and O-O collisions, will aid in the quantitative understanding
of nuclear effects on the production of °(nS) and be used to explore the yield modi-
fication on °(nS) in a small collision system. In Ch. 6, the Monte-Carlo framework
is introduced In small collision systems to study the medium response on the °(nS)
states.
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Chapter 1

High-energy nuclear physics

The strong interaction between elementary particles, such as quarks and gluons,
is explained by Quantum Chromo-Dynamics (QCD), as introduced in Sec. 1.1. The
QCD predicts the quark-gluon plasma (QGP), the phase in which quarks and glu-
ons are deconfined within hadrons. The QGP is characterized as the early universe
until ⇠ 10 µs after the Big Bang. The QCD also predicts the phase transition of the
strongly interacting matter to QGP, as described in Sec. 1.2, where the QCD phase
diagram is introduced. The phase transition can happen with the extremely high
temperature and high energy density of the system. This condition can be created
in ultra-relativistic heavy-ion collisions using the particle accelerator described in
Sec. 1.3. The signatures of the QGP will be introduced in Sec. 1.4, with the experi-
mental measurements at the LHC and RHIC colliders.

1.1 Quantum Chromo-Dynamics

One of the fundamental forces in the universe is a strong interaction. It han-
dles nuclear phenomena and explains the interaction between quarks by gluon ex-
change. In quantum field theory, Quantum Chromo-Dynamics (QCD), which de-
scribes the interaction between quarks, is described as a non-abelian gauge theory
under a SU(3) color group [50, 51]. The Lagrangian density can be written as:

LQCD =�1
4

Ga
µnGµn

a +
n f

Â
f=1

q̄ f
i

⇣
igµDµ

i j�m f di j

⌘
q f

j , (1.1)

where q f is the quark flavor (u,d,c,s, t,b), gµ is the Dirac matrices, and di j is the
Dirac delta function. The term:

Ga
µn = ∂µAa

v�∂nAa
µ � igS

⇥
Aµ ,An

⇤
= Fa

µn +gS fabcAµ
b Av

c (1.2)

indicates the gluon field strength tensor, where a,b,c are color charges in the SU(3)
adjoint representation. The gauge field related to the gluon is:
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Aµ =
8

Â
k=1

Aa
µl a/2 (1.3)

where Aa
µ ,a = 1, . . . ,8 are eight gauge fields (conversed charges), and l a are the

Gell-Mann matrices. The SU(3) algebra is satisfied as defined by the commutation
rules, Eq. 1.4.


l a

2
,
l b

2

�
= i fabc

l c

2
(1.4)

where fabc the SU(3) structure constants. The first term of Eq. 1.1 can be chaged
using Eq. 1.2:

LG =
1
4

Fa
µvFµn

a

+gS fabcAa
µAb

v∂ µAv
c�

1
4

g2
S fabc fadeAµ

b Av
cAd

µAe
v

(1.5)

The Eq. 1.5 is QCD Lagrangian, showing the gluonic part. The first line repre-
sents the kinetic, and the second line represents the gluon self-interaction which
is different from QED. The Eq. 1.5 is obtained from the non-abelian group of
the SU(3), which shows the additional non-null term of the gluon strength ten-
sor, �igS

⇥
Aµ ,An

⇤
. This characteristic distinguishes QCD and QED. In QCD, glu-

ons have a color charge and can self-interaction, but in QED, the photons have no
charge and do not self-interaction.

The covariant derivative is defined as:

Dµ
i j = ∂ µdi j� igS

l a
i j

2
Aµ

a (1.6)

The second term of the QCD lagrangian Eq. 1.1 related to quarks can be written
using Eq. 1.6 as:

LQ =
n f

Â
f=1

q̄ f
i

⇣
igµDµ

i j�m f di j

⌘
q f

j

=
n f

Â
f=1

q̄ f
i
⇥
igµ∂ µdi j�m f di j

⇤
q f

j +gS

n f

Â
f=1

q̄ f
i

l a
i j

2
gµAµ

a

�
q f

j

⌘L0 +LI

(1.7)

The first part of Eq. 1.7, L0, represents the lagrangian density of the free quark
field. This term is invariant under global SU(3) transformations and contains the
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quark’s kinetic mass information. The second part Eq. 1.7, LI , is naturally derived
by maintaining the lagrangian invariance when local phase SU(3) transformation
occurred to L0 [50].

The adimensional constant gS indicates the intensity of the strong interaction.
This quantity can be described with a strong coupling constant. The strong coupling
constant, aS, depends on the energy scale, and it evolves to the momentum transfer
Q according to the equation [52, 53]. The aS is defined as:

aS
�
|Q|2

�
=

aS
�
µ2�

1+ aS(µ2)
12p (33�2n f ) ln(|Q|2/µ2)

(1.8)

where µ is a renormalization energy scale, and n f is the number of flavors that
contribute to 1-loop corrections, namely those which m f < |Q| [54].

Figure 1.1: The aS as a function of the momentum transfer Q measured by various
experiments. The various perturbative QCD calculations are used to extract aS. Fig-
ure from [1].

The trend of aS is confirmed by experimental measurement, as shown in Fig. 1.1.
The strong coupling constant rapidly decreases and converges to zero for short dis-
tances during the momentum transfer diverges. This trend indicates that the partons
can be treated as nonperturbative free particles with infinite energy scales, called
asymptotic freedom. Otherwise, the strong coupling constant diverges in large dis-
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tances (low energies, |Q|. 1GeV/c), which means that the strong interaction gov-
erns higher and higher intensity.

The interaction of a qq pair can be treated by the Cornell potential [55]:

V (r) = sr� a
r

(1.9)

where s is the string tension between the two quarks, and a is a Coulombianlike
constant. The equation is valid at T = 0.

For a cc system, at T = 0, the string tension reaches to s ' 0.16 GeV2 and strong
coupling constant reaches to a ' 1/2 [55]. At high distances, the linear term of the
potential increases the system energy until it exceeds the threshold for forming a
new qq pair, and the qq pair can split into two qq pairs takes place. The forming
of the new qq pair in QCD is called confinement. At finite temperatures, the linear
term of the potential is tuned to be smaller due to the reduced string tension.

Figure 1.2: Cornell potential (black dash), and confining qq̄ potential of heavy
quarks calculated with perturbative QCD [2] (color lines), and potential from lat-
tice calculation on singlet free energy [3, 4, 5] (points). Figure from [2].

In Fig. 1.2, Cornell potential is compared with the confining qq potential of
heavy quarks at various finite temperatures obtained from perturbative QCD [2]
and lattice calculation on singlet free energy [3, 4, 5]. For distances larger than
0.4÷ 0.6fm, the confining potential becomes flat, decreasing with rising tempera-
ture. This behavior can explain the suppression of quarkonia in the QGP, as intro-
duced in Sec. 1.4.8.
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1.2 Deconfinement and Quark-Gluon Plasma

The aS constant depends on the energy scale, the theoretical calculations needed
to study strong interaction physics are different. The small value of aS allows pertur-
bative QCD calculations (pQCD) when deriving the scattering amplitude. Different
techniques must be adopted if aS is too large. One of the techniques can be used to
evaluate the QCD lagrangian Green’s functions under the discrete space-time grid,
like lattice QCD (lQCD [56]). The lQCD treats a discrete space-time system cor-
responding to a complex-time hypercubic lattice occupied by quarks and linked by
gluons [56]. The equations from the lQCD are solved in the grid environment. The
lQCD predictions can describe the physics phenomena in the limit a! 0, where a
is the spacing between two adjoining grids.

Figure 1.3: The QCD phase diagram. Figure from [6].

Lattice QCD at finite temperature study the point that nearly zero baryon-chemical
potential (µB ⇡ 0) on the phase diagram of the strongly-interacting matter, which
is described in Fig. 1.3. The x-axis in Fig. 1.3 means the baryon-chemical poten-
tial µB, which corresponds to the energy needed to increase the total baryon num-
ber by one unity. The µB propotional to the net baryon density nB� nB. In gen-
eral, the matter is stable in the region around T ⇡ 0 and µB ⇡ 1GeV. At the high
baryon-chemical potential region, which is the high-pressure system above 1032 Pa,
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the matter can be turned out as a degenerated gas of neutrons, which is a simi-
lar system of the atomic nucleus and could form the core of neutron star [57].
At a higher pressure region, above 1035 Pa, the degenerated gas cannot balance
for this pressure anymore, and the matter evolves into a low-temperature gas of
quarks that are no more captured inside hadrons. Usually, this exotic state of matter
is called a color superconductive state [58]. At a high-temperature region, above
T ⇡ 100MeV, the nucleon gas becomes a hadron gas. Moreover, at even higher val-
ues, it is expected to transition to the quark-gluon plasma (QGP), a deconfined mat-
ter characterized by partonic degrees of freedom. In the low-µB region (µB ⇡ 0),
the transition to the QGP occurs at a cross-over point which the temperature is
T ⇡ 154� 174MeV

�
⇡ 1.8�2.0⇥1012 K

�
and showing the values of the light

quark masses mu,d, s [9, 6, 59]. At higher values of the baryon-chemical potential
region, the matter experiences a first-order phase transition to QGP, and the co-
occurrence with the cross-over at low µB indicates the presence of a critical point.
Global symmetries of the QCD Lagrangian control the nature of the phase transi-
tion. In particular, the cross-over is an outcome of the chiral symmetry restoring to
the vanishing quark masses.

Figure 1.4: Energy density as a function of the temperature of strongly interacting
matter at µB = 0 from lQCD, with the assumption of either 2 (red) or 3 (blue) light
quarks or with 2 light quarks and strange quark (green). The arrows indicate the
e/T 4 value predicted for an ideal gas. Figure from [6].

The QGP can be treated as an ideal liquid formed by all elementary particles
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with a mass lower than the system temperature by lQCD calculations at finite tem-
perature (T > LQCD ⇡ 200MeV). As shown in Fig. 1.4, the system energy density
depends on the fourth power of temperature, µ T 4, after the critical temperature
Tc [60]. The ideal gas is considered both bosons and fermions are in chemical equi-
librium, and their energy densities follow a Stefan-Boltzmann law:

e = 3p = g
k4

B
h3c3

p2

30
T 4, where g =

⇢
nd.o.f. , bosons
7
8 nd.o.f. , fermions (1.10)

where coefficient g means the number of degrees of freedom from spin, flavors,
and charges (nd.o.f. ). g has different values for the Bose-Einstein and Fermi-Dirac
statistics.

A rapid increase of e/T 4 is shown in correspondence with the critical temper-
ature Tc that, according to Eq. 1.10, can be described that the number of degrees
of freedom is changed while moving from g = 3 in the colorless pion gas to the
37 (with two flavors) in the deconfined state [6]. In Fig. 1.4, the trends of 2 light
quarks(u, d), 3 light quarks, and 2 light plus 1 strange (s) quarks are shown. The
case of 2 light plus 1 strange (s) quarks are closest to the realistic quark mass spec-
trum and give a critical value of the energy density of ec ⇡ 0.7GeV/fm3 [60].

1.3 Heavy-ion collisions

QGP can be reproduced in heavy-ion collisions at ultra-relativistic energies.
The Relativistic Heavy Ion Collider (RHIC) at the Brookhaven National Labora-
tory (BNL) since 2000 [61] and the Large Hadron Collider (LHC) at CERN since
2010 [62] are the main facilities can generate the ultra-relativistic heavy ion col-
lisions. The maximum center-of-mass energies per nucleon-nucleon pair reach isp

sNN = 200GeV for gold-gold (Au�Au) collisions at RHIC and
p

sNN = 5.02TeV
for lead-lead (Pb�Pb) collisions at the LHC. The net baryon density is very small
at those energies since the colliding nuclei are not stopped, allowing us to explore
the µB ⇡ 0 area of the QCD phase diagram. This area is called Bjorken, or the trans-
parency regime, different from the stopping area recognized when the accelerated
ions are stopped in correspondence with the collision point [63]. The latter area was
studied at the Super Proton Synchrotron (SPS [64]) at CERN and the Alternating
Gradient Synchrotron (AGS [65]) at BNL, as well as many other facilities during
the Beam Energy Scan (BES [66]) at RHIC and the Nuclotron-based Ion Collider
fAcility (NICA [67]) at the Joint Institute for Nuclear Research in Dubna, Russia.
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1.3.1 The Glauber model

The collision geometry is described by the average number of nucleon-nucleon
collisions (hNcoll i) and of participant nucleons

�⌦
Npart

↵�
involved in a particular

nucleus-nucleus collision. Protons and neutrons are spread within the nucleus, af-
fecting its dimension since the atomic mass number is related to the nuclear radius
by the relation R⇡ 1.2fm⇥A1/3. The Glauber model [7] provides a semi-classical
picture of a nucleus-nucleus collision intended as an incoherent superimposition of
the compounding nucleons, regarded indistinguishable [7]. In the so-called optical
limit, the nucleons move independently in linear trajectories, carrying a momen-
tum to be considered undeflected when the two nuclei intersect. In this way, the
collision between two nuclei can be described as a sum of nucleon-nucleon events,
where protons and neutrons are spread in the nuclei by Woods-Saxon density r .
And their interactions are controlled by the inelastic nucleon-nucleon cross section
s inel.

NN .

Figure 1.5: Sketch of nucleus-nucleus collision in the optical limit, with transverse
(left) and longitudinal (right) views. Figure from [7].

In Fig. 1.5, a sketch of a nucleus-nucleus collision in the optical limit is shown.
In the transverse plane, which is orthogonal to the nuclei direction, the system is
placed in the center of nucleus A, with respect to the vector ~s. The same position
for the center of nucleus B is~b�~s, which is the vector that joins the centers of the
two nuclei, called the impact parameter. The r(~s,z), the probability per unit volume
to see a nucleon inside the nucleus A found in ~s, is determined by the thickness
function:

T̂A (~sA) =
Z

rA (~sA,zA)dzA (1.11)

where rA (~sA,zA)⌘ r(~s,z)/A. This interpretation is valid for the nucleus B.
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The nuclear overlap function is defined as:

T̂AB(~b) =
Z

T̂A(~s) · T̂B(~s�~b)d2s (1.12)

The dimension of T̂AB(~b) is an inverse area, which is related to the probability
that a nucleon in A interacts with a nucleon in B. The probability of any nucleon in
A colliding with any nucleon in B is described by:

p(~b) = s inel.
NN T̂AB(~b) (1.13)

where s inel.
NN is the inelastic collisions in nucleon-nucleon collisions. The Eq. 1.13

quantifies the probability of valid single nucleon-nucleon collisions.
If the maximal possible binary collisions between two nuclei with atomic mass

numbers A and B is equal to AB, the probability Pn,AB(~b) to have n binary colli-
sions out of AB follows the binomial distribution:If the maximal possible binary
collisions between two nuclei with atomic mass numbers A and B is equal to AB,
the probability Pn,AB(~b) to have n binary collisions out of AB follows the binomial
distribution:

Pn,AB(~b) =
✓

AB
n

◆
·
⇣

s inel.
NN T̂AB(~b)

⌘n
·
⇣

1�s inel.
NN T̂AB(~b)

⌘AB�n
(1.14)

where
✓

AB
n

◆
indicates the possible combinations among nucleons in A and B

and 1�s inel.
NN T̂AB(~b) indicates the probability of invaild of single binary collision.

The average number of binary collisions is defined by the first moment of the
binomial distribution of Eq. 1.14:

hNcoll i(~b) = AB ·s inel.
NN T̂AB(~b) (1.15)

The Eq. 1.14 quantifies the total probability of interaction between nuclei A and B.
The interaction probability between A and B can be estimated as the comple-

mentary probability of no nucleon-nucleon collision:

pinel.
AB = 1�P0,AB(~b) = 1�

h
1�s inel.

NN T̂AB(~b)
iAB

(1.16)

and the total inelastic nucleus-nucleus cross section can be defined as the probability
of the surface integration of the entire transverse plane:

s inel.
AB =

Z +•

0
2pb db ·


1�
⇣

1�s inel
NN · T̂AB(~b)

⌘AB
�

(1.17)
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The inelastic nucleus-nucleus cross section in Eq. 1.16 is proportional to the
impact parameter.

ds inel.
AB
db

µ 2pb (1.18)

This relation is valid when nuclear is highly overlapped.
Suppose the nuclear overlap region falls when the impact parameter is high and

tends to the sum of the colliding nuclei radii. In that case, the linear dependence of
inelastic collisions is invalid due to the absence of nucleon-nucleon collisions, given
the decreased the participants.

Fixing a nucleon in nucleus A positioned in ~s, its probability to collide with
a nucleon in B is equivalent with s inel.

NN T̂B(~s�~b), where the thickness function
is calculated in the position of the nucleon in A, considered with respect to the
nucleus B center. The probability of non-interactaction with any nucleon in B is�
1�s inel

NN T̂B(~s� ~b))B, same as the product of all failure probabilities. Therefore,
the probability for the nucleon in A to be interested in at least one binary colli-

sion with a nucleon in B can be defined as 1�
⇣

1�s inel.
NN T̂B(~s�~b)

⌘B
. Similar to

Eq. 1.13, the probability for any nucleon in A to experience at least one binary
interaction can be defined as:

ppart (~b) =
Z

d2s · T̂A(~s) ·


1�
⇣

1�s inel.
NN T̂B(~s�~b)

⌘B
�

, (1.19)

where the integration for all the possible positions of the nucleon in A, whose den-
sity per unit area is described by the thickness function T̂A(~s). Also, the probability
of having n participant nucleons out of the A obtainable in the first nucleus is given
by a binomial distribution with the number of total cases (A), and the probability of

a single success (1�
⇣

1�s inel.
NN T̂B(~s�~b)

⌘B
).

From the first moment of the binomial distribution, the average number of par-
ticipant nucleons for nucleus A becomes probability in Eq. 1.19 times A. Repeating
the same procedure for a nucleon in B, the total number of participant nucleons in
A and B can be evaluated by Eq. 1.20.

⌦
Npart

↵
(~b) = A ·

Z
d2s · T̂A(~s) ·


1�
⇣

1�s inel.
NN · T̂B(~s�~b)

⌘B
�

+B ·
Z

d2s · T̂B(~s�~b) ·
h
1�
�
1�s inel.

NN · T̂A(~s)
�A
i (1.20)

The Monte Carlo (MC) simulation can produce the Glauber model. The nu-
cleons’ positions inside the colliding nuclei are specified according to the density
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functions r , which is the input used to determine the thickness of nuclear (Eq. 1.11).
An impact parameter is randomly determined, referring to impact parameter distri-
bution (Eq. 1.17). The interaction between the two nuclei is treated as a superpo-
sition of many independent nucleon-nucleon collisions, controlled by the inelastic
cross section s inel.

NN . Two nucleons collide if the distance between them d is less thanq
s inel.

NN /p .
The MC simulation of the Glauber model is used to determine the average num-

ber of participants and binary collisions, for example, at LHC, for central (0�10%)
Pb�Pb collisions at

p
sNN = 5.02TeV are about

⌦
Npart

↵
' 360 and hNcoll i ' 1600 [68].

1.3.2 Space-time evolution of Heavy-ion collisions

Figure 1.6: Space-time diagram of longitudinal QGP evolution. In ultra-relativistic
heavy-ion collisions, the critical energy density is overcome within a time t0 ⇠
1fm/c, and the QGP phase is reached. The system extends following the hydro-
dynamics and cools down to the critical temperature Tc, then the transition to the
hadron gas phase proceeds. Over time, the particle abundances are confined by the
end of inelastic interactions among hadrons at the kinetic freeze-out temperature
Tch , followed by a kinetic freeze-out at Tfo < Tch where the particle energy is defini-
tively established [8]. Figure from [8].

The space-time evolution of the system in a nucleus-nucleus collision is de-
scribed in Fig. 1.6 and it develops as follows Fig. 1.7.
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Figure 1.7: Space-time evolution on a heavy ion collision. Figure from [9]
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a) Heavy ions are accelerated with ultra-relativistic energies (E �m) and collide
at crossing time tcross, estimated as:

tcross = 2R/g (1.21)

where R is the nucleus radius, and g is the Lorentz factor.
The crossing time for Pb�Pb collisions at

p
sNN = 5.02TeV at LHC is known

as about 5.7⇥ 10�3fm/c, given a Pb radius of about 7.1fm and a Lorentz factor
g ' 2.5⇥ 103. The interval tcross is lower than the strong interaction time scale
t0 = 1/LQCD ' 1/200MeV' 1fm/c.

b) The system arrives at a local thermal equilibrium, tther, , due to multiple
scatterings among particles inside the system, characterized by the mean free-path
l ⇡ 0.1fm. The expected QGP reproduce temperature at LHC is � 600MeV and
it decreases as T ⇠ t�1 [8]. This stage is considered a preequilibrium state, where
the collision’s energy density must be sufficient to reproduce the QGP. In the mid-
rapidity range, the net baryon density is close to zero. The estimation of system
energy density in the Bjorken regime is possible in mid-rapidity range as [63, 8]:

e =
1

pR2
1
t0

dET

dy

����
y=0

(1.22)

where the volume produced by initial collisions is considered as a cylinder of length
dz = t0 dy and transverse area pR2, with R⇡ 1.2fm⇥A1/3, and ET is the transverse
energy.

In RHIC and LHC, at their top center-of-mass energies per nucleon pair with
t0 = 1fm/c, the energy densities arrived between⇠ 5GeV/fm3 and⇠ 12GeV/fm3,
values significantly higher than the critical value discussed in Sec. 1.2 [69].

c) For t > tther , the system evolves by relativistic hydrodynamics laws. First,
the longitudinal expansion proceeds because the pressure gradient along the nuclei’s
direction of motion is more robust than in the transverse plane. Considering the
hydrodynamic law [63]:

de
dt

=�e + p
t

(1.23)

where p is the system pressure, and e is the energy dentisy evolved as e ⇠ 1/tn,
with 1 n 4/3.

For an ideal ultra-relativistic gas, the component is n = 4/3, and the equation of
state becomes e = 3p. This system expansion makes QGP cool down until the time
tlong ⇠ R/c.
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d) For t � tlong, , the longitudinal system expansion is stopped, and start the
tridimensional expansion until the temperature arrives at the critical temperature
T = Tc. This moment is the phase transition stage from QGP to hadron gas state.

e) After the phase transition, the system reached two subsequent stages:

• Chemical freeze-out: the inelastic interactions among hadrons stop, fixing the
species abundances. It happens immediately after the phase transition at Tch =
156.5±1.5MeV [70];

• Kinetic freeze-out: for Tfo < Tch with also elastic interactions among hadrons
stops, energy and momentum of the final particles are defined.

1.4 Signature of Quark-Gluon Plasma

This section reports an overview of the experimental results and the experimen-
tal observables that mainly contribute to the fundamental understanding of the QGP
properties.

1.4.1 Chemical freeze-out temperature

At the end of the evolution of the QGP, the hadronization occurred from partons
into different hadronic species. Soft hadrons production is impossible in a micro-
scopic view due to the channels that may contribute to the non-perturbative process
and the rescattering of soft partons in-medium that obliterates their initial produc-
tion. Therefore, a statistical approach is introduced, that the hadron is produced
macroscopically in the system [71]. At chemical freeze-out temperature, the sys-
tem is assumed to reach the thermal and chemical equilibrium, corresponding to a
hadron-resonance gas forming an ensemble for conservation of energy and quantum
numbers [70]. Under these assumptions, the system thermally produced the abun-
dance Ni of a given particle species i with volume V . Furthermore, temperature Tch
is obtained with the grand-canonical ensemble formalism:

Ni (Tch,V,µi) =
giV
(2p)3

Z d3 p

exp
⇣

Ei�µi
Tch

⌘
±1

(1.24)

where gi is the spin degeneracy, Ei is the particle’s energy, and the integral is com-
pleted in the entire momentum space. The " ± " symbol considers the Bose-Einstein
and Fermi-Dirac statistics, µi is the chemical potential for each particle governed by
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quantum numbers, µi = µBBi + µSSi, where Bi is the baryonic number and Si the
strangeness number.

The Eq. 1.24 may not be formally proper in a non-perfect thermal and chemi-
cal equilibrium. For example, the behavior of a strange quark may differ from the
expectation by the grand canonical description. In this case, the thermal abundance
in Eq. 1.24 is scaled by the strangeness suppression factor, gSi

S . gS is expected to
be lower than unity in non-equilibrium, such as peripheral AA collisions and small
collision systems. Similar statements can be interpreted for the charm quark (gc),
mainly produced in the initial hard scatterings. Finally, another parameter gq is in-
troduced in the SHARE model, introducing the hadronization without additional
re-scatterings in non-equilibrium QGP.
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Figure 1.8: Simultaneous fit of particle yield measured by ALICE experiment in 0�
10% Pb-Pb collisions at

p
SNN = 5.02TeV. Figure from ALICE Figure Repository.

The particle yields per unit of rapidity measured by the ALICE in 0�10% Pb�
Pb collisions at

p
sNN = 5.02TeV are shown in Fig. 1.8. The experimental data

are compared with the model calculations of SHARE [72], THERMUS [73], and
GSI [74], which assumes the different equilibrium condition of the system, and/or
conservation laws at the chemical freeze-out. And they fit the different particle
yields leaving Tch,V , and µ as free parameters. The model calculations explain
the particle abundances in a magnitude of about 9 orders with a c2/ NDF be-
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tween 3.8 and 5.3. The measured yield of excited K mesons and proton-antiproton
are excluded from the fits due to the sizable annihilation cross section of baryon-
antibaryon in the hadronic phase [75]. All the models show the chemical freeze-out
temperature is about Tch = 153MeV. This result is close to the expected critical
temperature of the phase transition from the hadronic to the deconfined state, indi-
cating that the chemical freeze-out should happen very early stage [72, 73, 74].

1.4.2 Kinetic freeze-out temperature

After the chemical freeze-out, the particle abundances are set, but the particle’s
energy can not be fixed due to residual elastic interactions. The particle pT spectra
are fixed after the kinetic freeze-out. Low pT region can give a fundamental under-
standing of the medium properties at the stage of evolution. In thermal equilibrium,
the low- pT spectrum of particles follows a Boltzmann-Gibbs law:

1
pT

d2N
dpTdy

=
1

mT

d2N
dmTdy

µ e�mT/Tkin (1.25)

where mT is the transverse mass (mT :=
q

m2 + p2
T), and Tkin is kinetic freeze-out

temperature.
According to Eq. 1.25, all particle species follow the exact exponential trend,

and this trend is usually called mT-scaling [10]. The different particle species (e.g.
p�, K̄0, L,r0 and w ) produced in hadronic collisions at 8 and 16 GeV [76]) are well
described by Eq. 1.25. The measurement in pp collisions at 7TeV with ALICE [77]
challenges the universal validity. The hadron pT spectra deviate from this trend at
the LHC energies. This deviation is also observed in Pb�Pb collisions at

p
sNN =

2.76TeV [78] and 5.02 TeV [10]. The reason for disagreement is due to the pressure
gradients caused by the QGP, which produce a collective flow in the transverse
plane, called radial flow, that superimposes the random thermal motion of particles.
Therefore, the slope parameter in Eq. 1.25 needs to be changed as Eq. 1.26.

T̄ = Tkin +
m
2
hbTi2 (1.26)

where the second term indicates the kinetic energy related to the radial expansion
velocity hbTi, which forces up to higher values the average pT of the particles,
proportionally to their mass. bT is not constant, but transformations with a power
law of the distance r for the center of the expanding system:

bT(r) = bs

⇣ r
R

⌘n
(1.27)
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where bs is the surface velocity of the expanding system, and R is the maximum
radius of the fireball.

The particle production as a function of momentum is introduced by the Boltzmann-
Gibbs Blast-Wave function [79], which contains Tkin , hbTi and n as free parameters.
This method allows for distinguishing the random thermal motion from the possible
collective motions from the measured spectra of the different hadron species. In the
Blast-Wave model, each microscopic volume element of the fireball is considered
to reach the thermal equilibrium at a specific temperature T and experiences a ra-
dial boost with velocity bT. The spectrum is finally affected by a superposition of
thermal origins with different velocities of radial expansion.

Figure 1.9: Average expansion velocity (hbTi) and kinetic freeze-out temperature
(Tkin ) from the Boltzmann-Gibbs Blast-Wave fit to p±,K±and p(p) spectra mea-
sured in Pb�Pb collisions at

p
SNN = 5.02 and 2.76TeV. The correlated uncertain-

ties of the global fit are shown as ellipses. The elliptic outlines correspond to 1s
uncertainties, with statistical and systematic uncertainties added in quadrature. Fig-
ure from [10].

The correlation between the average expansion velocity bT and the kinetic freeze-
out temperature Tkin measured by the ALICE experiment in Pb�Pb collisions atp

sNN = 2.76TeV [78] and 5.02TeV [10] are shown in Fig. 1.9. The two parameters
are estimated with a simultaneous fit of pion, kaon, and proton pT spectra at low pT
measured at different centralities. For Pb�Pb collisions at

p
sNN = 5.02TeV, the
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average transverse expansion arrives at a maximum value of hbTi= 0.663±0.003 in
0�5% centrality class, while the kinetic temperature decreases to central collisions,
varying between Tkin = (0.161±0.006) GeV and Tkin = (0.090±0.003)GeV [10].
These results suggest a more rapid expansion with increasing centrality, given the
more extensive system size. They also show that the kinetic freeze-out is delayed in
central collisions because the system cools down at lower temperatures. No signifi-
cant collision energy dependence is observed. The values of T and hbTi calculated
from the simultaneous fit show a physical meaning only if model calculations con-
sider the dynamical expansion of the system.

1.4.3 Electromagnetic emissivity

Direct photons are useful for studying the time evolution of the QGP produced
in heavy-ion collisions because they are produced at all collision stages and traverse
the medium individually since they do not interact strongly with the medium [80].
As a result, their mean-free path is much larger than nuclear scales. The prompt
direct photons produced in the hard scatterings among partons in the colliding nu-
clei provide information on the parton densities in nuclei [81]. The prompt direct
photons dominate the high-pT distribution of the spectrum (pT > 5GeV/c). On the
other hand, the thermal photons dominate the low-pT region [11].

The direct-photon pT spectra in central (0-20%), semicentral (20-40%) and pe-
ripheral (40-80%) Pb-Pb collisions at

p
sNN = 2.76TeV measured by ALICE are

shown in the left panel of Fig. 1.10. The pQCD calculations well describe the direct
photon distribution for pT > 5GeV/c at the same energy scaled by the expected
hNcoll i for each centrality class. The power-law dependency of pT, predicted from
the hard process, is broken at low pT due to an overabundance of thermal photons
having an exponential law dependency in semicentral and more clearly in central
collisions.

The parameter of inverse slope for the exponential shape indicates an effective
temperature of the medium (Teff ) averaged over an entire evolution, according to the
theoretical models. A fit of the ALICE measurement in 0.9< pT < 2.1GeV/c region
with the exponential function A · exp(�pT/Teff ) provides an effective temperature
of the QGP produced in central Pb�Pb collisions, which at

p
sNN = 2.76TeV corre-

sponds to Teff = (304±11 (stat.) ±40 (syst.) )MeV [11]. The effective temperature
is 1.8 times higher than the critical temperature Tc (see Sec. 1.2). The QGP produced
in central Pb�Pb collisions at

p
sNN = 2.76TeV at LHC is about 1.3 times higher

than one in Au�Au collisions at
p

sNN = 200GeV in the same centrality class at
RHIC [11].
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Figure 1.10: Left: direct-photon spectrum measured by the ALICE in Pb�Pb col-
lisions at

p
SNN = 2.76TeV for the 0� 20% (scaled by a factor 100), the 20� 40%

(scaled by a factor 10) and 40�80% centrality classes. NLO pQCD predictions are
scaled by the number of binary nucleon collisions for each centrality class for the di-
rect photon yield in pp collisions at the same energy. Right: direct photon spectra in
Pb�Pb collisions at

p
SNN = 2.76TeV and Au�Au collisions at

p
sNN = 200GeV

measured by the ALICE at the LHC and the PHENIX at RHIC. For pT < 2.1GeV/c
the exponential function A ·exp(�pT/Teff) is used to derive the average temperature
of the medium. Figures from [11].

1.4.4 Charged particle multiplicity and energy density

The number of charged particles produced in a collision can be described with
the charged particle multiplicity. The charged particle multiplicity corresponds to
the energy density affected in the pre-equilibrium phase described in Sec. 1.3.2,
which decides whether the matter experiences a transition to the QGP. The energy
density at midrapidity reported in Eq. 1.22 can be approximated as:

dET

dy

����
y=0
⇡ hETi ·

dN
dy

�����
y=0

(1.28)

where the last component corresponds to the rapidity distribution of charged parti-
cles at midrapidity. The pseudorapidity is interpreted as:
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h :=� ln
✓

tan
q
2

◆
(1.29)

where q is the polar angle, defined in the y� z plane (see Sec. 3.2).

ALI-PUB-104920 ALI-PUB-104924

Figure 1.11: Left: Charged particle pseudorapidity densities per participant nucleon
pair 2/hNpart ihdN/dhi measured at mid rapidity in different collision systems as a
function of center-of-mass energy per nucleon pair

p
sNN. Right: 2/hNpart ihdN/dhi

as a function of number of participants Npart . Figures from [12].

The pseudorapidity density of the charged particle at mid rapidity in pp,p�Pb
and Pb�Pb collisions measured by ALICE is shown in the left panel of Fig. 1.11.
The pseudorapidity density of the charged particle is normalized by the number of
participant pairs

⌦
Npart

↵
/2 to compare among different collision systems [12]. The

charged particle pseudorapidity density per participant nucleon pair 2/hNpart ihdN/dhi
measured by ALICE is compared with the results from other experiments at dif-
ferent

p
sNN. The particle multiplicity shows a monotonic growth as a function ofp

sNN. The results from central AA collisions follow a power law function asb with
parameter b equal to 0.155± 0.004, while the results from pp collisions following
a power law increase regulated by b = 0.103± 0.002 [12]. The results in pA and
dA collisions lie on the pp curve, suggesting that the trend observed in AA colli-
sion cannot be attributed only to a more significant number of multiple interactions
among the participant nucleons, also present in pA and dA collisions [12].

In the right panel of Fig. 1.11, the 2/hNpart ihdN/dhi shows a significant en-
hancement as a function of the number of participant nucleons. The charged parti-
cle multiplicity in Pb�Pb collisions at

p
sNN = 5.02TeV increases almost linearly
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with
⌦
Npart

↵
and significantly differs from measured in pp and p–Pb collisions at the

same energy. This suggests that the charged particle multiplicity does not depend on
the collision energy. Instead, it is described by models that explain the lower mul-
tiplicity in smaller systems to the saturation of parton densities, which limits the
production of partons and, finally, of particles [12].

1.4.5 Strangeness enhancement

The mass of the strange quark is⇠ 0.5 GeV/c2, suggesting a production thresh-
old for a ss pair larger than 1GeV, below the critical temperature Tc. Thanks to
the chiral symmetry restoration in QGP (see Sec. 1.2), above the critical tempera-
ture, the effective mass of the strange quark reduces by a factor up to 10, resulting
increase of the ss pair production [82]. For this reason, the strangeness produc-
tion is predicted to increase in heavy-ion collisions compared with smaller systems.
The strangeness enhancement was proposed as a signature of the QGP formation in
heavy-ion collisions [78]. Strange quarks are expected to be abundantly produced
in the QGP via the gluon fusion, gg! ss̄, thanks to the huge gluon density in the
system [83].

The strangeness enhancement in heavy-ion collisions can be demonstrated in a
reverse effect as strangeness suppression in small collision systems [79]. The con-
servation laws in QGP need to be respected inside the system’s volume, according
to the grand-canonical ensemble. The conservation is not required locally but only
on average in the entire volume, controlled by the related chemical potential. This
means that the strange hadron production at a specific position in the fireball does
not need the production of anti-strange hadron nearby, but this can occur everywhere
inside the system volume.

On the other hand, in small collision systems, such as pp, the grand-canonical
ensemble cannot be used because the reduced dimensions of the phase space need a
canonical ensemble. In small collision systems, the conservation of all the quantum
numbers must take place locally. This means that the strange hadron production de-
notes the anti-strange hadron production in the same space-time position. For these
reasons, the strangeness enhancement in the QGP is usually diagnosed as the re-
duction of the so-called canonical suppression in small collision systems. This is
expressed as a gS factor lower than unity in pp collisions (see Eq. 1.24), indicat-
ing the deviation from the grand-canonical ensemble valid in heavy-ion collisions
(gS = 1).
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Figure 1.12: Relative yields to (p++p�) of (p+p), 2 K0
S0(L+ L̄), 2F,

�
X�+ X̄+

�

and
�
W�+ W̄+

�
as a function of charged particle multiplicity at midrapidity mea-

sured by the ALICE in pp collisions at
p

s = 7 and 13TeV, in p�Pb collisions atp
sNN = 5.02 and 8.16TeV, in Pb�Pb collisions at

p
sNN = 5.02TeV and in Xe–Xe

collisions at
p

sNN = 5.44 TeV. Figure from ALICE Figure Repository.

Strangeness enhancement was observed in heavy-ion collisions at RHIC [83]
and LHC [84]. The production yields normalized to those of (p++p�)of (p+ p),
2 K0

S,(L + L̄), 2F,
�
X�+ X̄+

�
and

�
W�+ W̄+

�
as a function of charged particle

multiplicity at mid rapidity hdN/dhi||y|<0.5 measured by the ALICE in pp colli-
sions at

p
s = 7 and 13TeV, in p� Pb collisions at

p
sNN = 5.02 and 8.16TeV,

in Pb� Pb collisions at
p

sNN = 5.02TeV and in Xe�Xe collisions at
p

sNN =
5.44TeV are shown in Fig. 1.12. The measurements show increased production
of strange hadrons in Pb� Pb collisions with respect to the low-multiplicity pp
events, showing a more significant enhancement for multi-strange-quark particles.
The W�(sss) baryons are highest for the relative increase between the two colli-
sion systems, whose production increases by a factor ⇠ 5 in Pb� Pb compared
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with low-multiplicity pp collisions. The measurements do not show a significant
dependence on the center-of-mass energy per nucleon-nucleon pair or the collision
system, showing compatible production yields in collisions producing similar final
state multiplicity hdN/dhi||y|<0.5 [84]. In particular, recent results from the AL-
ICE [85] show that the strange hadron production in high-multiplicity pp collisions
is comparable with those measured in Pb–Pb collisions.

1.4.6 Azimuthal anisotropy

The collision geometry of a nucleus-nucleus collision depends on its impact
parameter, as described in Sec. 1.3.1. The event is defined as central when the im-
pact parameter is close to zero. The event is defined as noncentral when the impact
parameter is larger, and only a fraction of the nucleons experience the interaction
while the others move forward unaffected.

Figure 1.13: The collision between two lead ions. The direction of motion ẑ is per-
pendicular to the transverse plane xy. The quantity YRP identifies the direction of
the reaction plane. The impact parameter b is defined as the distance in the trans-
verse plane between the ion centers.

As shown in Fig. 1.13, in non-central events, the overlapping area identified
by the participant nucleons assumes an almond-like shape. The projection of over-
lapping areas in the transverse plane is like an ellipse shape. This geometrical
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anisotropy of the initial state is transformed into an anisotropy in momentum space
due to the anisotropic pressure gradients in the transverse plane [86]. The anisotropy
in momentum space causes a parton’s azimuthal anisotropy in the collective flow be-
fore their hadronization [86]. The measurement of the anisotropic flow enables the
study of the equation of state of the system and the transport coefficients related to
the hydrodynamic expansion, such as the shear viscosity to entropy density h/s and
the bulk viscosity to entropy density z/s [87, 88].

The azimuthal anisotropy of the system can be interpreted through the measure-
ment of the hadron production as a function of the azimuthal angle j , which can be
decomposed with a Fourier expansion [89] as:

E
d3N
dp3 =

1
2p

d2N
pTdpTdy

 
1+2

•

Â
n=1

vn (pT)cos [n(j�Yn)]

!
(1.30)

where Yn in Eq. 1.30 is the symmetry plane of the harmonic of n-th order.
The quantity vn indicates the n-th order Fourier coefficient and is calculated as:

vn (pT) = hcos [n(j�Yn)]i (1.31)

where the brackets are the average among all the particles with a given pT in all the
events with a given centrality.

The v2 is called elliptic flow and constitutes the significant contribution to the
asymmetry in a non-central collision by the almond-like shape. The measurement
of a large v2 is evidence of the QGP, indicating the presence of a thermalized
system that follows the laws of relativistic hydrodynamics already in the partonic
phase [90]. The higher order coefficients v3 and v4, called respectively triangular
and quadrangular flow coefficients, are generated mainly by fluctuations of the dis-
tributions of participants in the nuclei in the initial state and by the non-linear hy-
drodynamic response of the medium [91, 86, 90, 92, 93, 94].

Studying the anisotropic flow for identified particles suggests a more profound
knowledge of the QGP evolution’s physics. In particular, the pT dependence allows
studying different kinematic regions of interest, where different physics phenomena
affect the flow. The pT-differential elliptic flow coefficient of p±,K±,f ,p+p,L+
L̄ and K0

S measured by the ALICE experiment in Pb� Pb collisions at
p

sNN =
5.02TeV at different centrality classes is shown in Fig. 1.14 [13]. The v2 increases
from most central collisions (0� 1%) to semi-central ones (30� 40%) because of
the increased the overlapping region between the two colliding nuclei. For more
peripheral collisions, the v2 decreases again due to the lower pressure gradients in
the created system. In the low-pT region, (pT . 3GeV/c), the elliptic flow shows a
clear mass ordering, namely the v2 coefficient decreases with the increasing hadron
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Figure 1.14: pT-differential v2 of p±,K±,p+p,L+ L̄,K0
S and f meson in Pb�Pb

collisions at
p

sNN = 5.02TeV at different centrality classes. Figure from [13].

mass. This behavior is expected due to the interplay with the radial flow (see Sec. 1.4.2)
pushing more massive particles to higher hpTi [95]. At intermediate pT region,
(3 . pT . 8GeV/c), v2 tend to be higher for baryons with respect to mesons. This
property supports the quark hadronization via the coalescence, which implies that
the v2 of each single constituent quark contributes to the elliptic flow of the final
state hadron. This implies a larger v2 for baryons with respect to mesons, show-
ing a v2 dependence on the number of constituent quarks rather than the hadron
mass [95]. The measurement of anisotropic flow at high pT, when pT� m, is sen-
sitive to the in-medium path-length dependent energy loss effects. For transverse
momenta pT & 8GeV/c the anisotropic flow is procuded when hard partons trans-
port through the QGP losing energy via multiple scatterings and gluon radiation,
leading to a non-zero elliptic flow up to very high pT [94, 96, 97, 98].

The experimental results support the description of the QGP as a perfect fluid
since they are reasonably described by model calculations [99, 95], which assume
a h/s close to the lower limit of 1/4p . This value is imposed by first principle
calculations and confirmed by anti-de Sitter/conformal field theory (AdS/CFT [87]),
even if recent theoretical developments seem to challenge this limit [88].
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1.4.7 Jet quenching

The production of high-energy partons in hadronic collisions at leading order
produces a pair of back-to-back high-energy partons. A jet is a spray of hadrons em-
anating from the parton shower generated by the high-energy parton fragmentation.
The back-to-back topology and the kinematic correlations are broken in nucleus-
nucleus collisions due to the QGP. As shown in Fig. 1.15, the two partons pro-
duced in the hard-scattering process lose energy as gluon radiation traverses the
medium, where energy loss depends on the path-length. This phenomenon is called
jet quenching and was observed at RHIC [15], comparing the di-hadron azimuthal
correlation in nucleus-nucleus collisions with the results from small collision sys-
tems.

Figure 1.15: Sketch of jet quenching in QGP. Figure from [14].

Quarks produced close to the fireball surface preserve most of their original en-
ergy and are later observable as high- pT jets. This is usually used as a possible
"trigger" particle, and the region with Dj = 0 is called near-side. The opposite par-
ton, expected in the away-side region, at Dj = p with respect to the trigger particle,
must cover a long path before leaving the QGP, losing more energy.

The measurements from the STAR in pp, deuteron-gold (d�Au) and Au�Au
collisions at

p
sNN = 200GeV are shown in Fig. 1.16. While the near-side peak has

a comparable height and shape among different collision systems, the away-side
peak in central (0-20%) Au-Au collisions vanishes, signaling that the back-scattered
parton loses scattered energy at large angles. This behavior is not observed in d-Au
collisions, where no medium formation is expected.
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Figure 1.16: (a) azimuthal distributions for minimum bias and central d-Au col-
lisions, and pp collisions at

p
sNN = 200GeV measured by the STAR at RHIC. (b)

comparison of pedestal subtracted two-particle azimuthal distributions for central d-
Au collisions to those seen in pp and central Au�Au collisions at

p
sNN = 200GeV

measured by the STAR at RHIC. Figure from [15].

The hadrons possibly produced from the away-side are influenced by the loosing
of the quark energy, inducing an all-around softening of the measured pT-spectrum
of final state particles. This effect is studied with the measurement of the nuclear
modification factor (RAA), which is defined as follows:

RAA (pT,y) =
1
hTAAi

d2NAA/dpTdy
d2spp/dpTdy

(1.32)

where hTAAi= hNcoll i/s inel.
pp (see Eq. 1.15). The Eq. 1.32 is described with the pT�

and rapidity-differential yield measured in nucleus-nucleus collisions divided by in
pp collisions scaled by the average number of expected nucleon-nucleon interac-
tions, from the Glauber model (see Sec. 1.3.1). The nuclear modification factor is
expected to be unity in case of no QGP scenario.
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Figure 1.17: Nuclear modification factor of charged jets in central (0�10%)Pb�Pb
collisions at

p
sNN = 2.76TeV measured by the ALICE experiment [16] compared

with one of inclusive jets measured by the CMS [17] and ATLAS [18] experiments
at the same collision energy and centrality. Figure from ALICE Figure Repository.

The charged particle RAA of all centrality classes increases for pT & 10GeV/c is
observed toward unity, a fairly constant pT dependence is observed for charged jets
within the same pT interval. These trend is shown in Fig. 1.17, where the nuclear
modification factor of charged jets in central (0�10%)Pb�Pb collisions at

p
sNN =

2.76TeV measured by the ALICE [16] compared with inclusive jets measured by
CMS [17] and ATLAS [18]. The trend of increase RAA of charged particles is not
accompanied by a similar trend of the charged jet RAA, which reaches a plateau
at around 0.5 for pT,jets & 200 GeV/c. This comparison suggests that part of the
energy is spread out of the jet cone in Pb�Pb collisions, causing a RAA for charged
jets lower than unity.
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1.4.8 Quarkonia suppression

The study of cc̄ and bb̄ bound states, called quarkonia, is useful to inspect the
QGP properties. The suppression of the charmonia production in heavy-ion colli-
sions is sensitive for deconfinement and sensitive to the medium temperature [2].
The quarkonium binding energy in the vacuum can be derived from the Cornell po-
tential reported in Eq. 1.9, which allows to define the bound state radius that for the
J/y ranges in 0.2  rJ/y  0.5fm at T = 0, depending on the charm quark mass
and of the string tension s and a at zero temperature. At finite T , the string ten-
sion coefficient decreases until s (Tc) = 0, the linear confining term of the potential
vanishes for T � Tc, when it becomes:

V (r)QGP =�a(T )
r

· e�r/rD(T ) (1.33)

The Cornell potential is reduced to the color screen potential, and the color
charge obtains a screening effect similar to that experienced by the charge inside the
QGP. The rD(T ) is the Debye radius, which quantifies the specific extension of the
color screening effect in the deconfined medium. The rD(T ) strongly depends on the
temperature of the system and is expected to decrease while the medium temperature
increases. Therefore, the bound states which extend to a radius r > rD cannot survive
in the QGP (Eq. 1.33). Moreover, the temperature dependence of the potential co-
efficients affects the effective radius of the bound state: according to Lattice QCD,
at T/Tc = 1.5 the Colombian-like coefficient amounts to a ' 0.2, consequently
the J/y radius at these temperatures reaches within 0.5  rJ/y  1.3fm [100, 60].
A decrease of the Debye radius reduces the formation and the survival probabil-
ity of quarkonia states in the QGP [47]. Since the binding energy of excited qq̄
pairs (y(2S),°(2S),°(3S)) is lower than that of the quarkonium ground states
(J/y,Y(1S)), a sequential production of the quarkonium resonances according to
their binding energy is expected. This feature can be used to estimate the temper-
ature of the medium according to the melting of specific bound states. Otherwise,
the quarkonia dissociation, and a sequential decrease of the production yields, can
be used as a thermometer of the QGP [2]. Some expressive values of dissociation
temperature for the different quarkonia states are reported in Tab. 1.1.

State J/y cc y(2 S) Y(1 S) Y(2 S) Y(3 S)
Td/Tc 2.10 1.16 1.12 > 4.0 1.60 1.17

Table 1.1: Dissociation temperature in units of the critical temperature for different
charmonia and bottomonia states. Numbers from [45].
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Figure 1.18: Left: invariant mass distribution of muon pairs in Pb� Pb collisions atp
SNN = 5.02TeV measured by CMS. The measurements are shown as black points

and fit with a solid blue line. The dotted red line is the same distribution scaled by
the inverse of the nuclear modification factor. Figure from [19]. Right: nuclear mod-
ification factor as a function of

⌦
Npart

↵
of J/y reconstructed in the µ+µ�channel

measured by the ALICE and PHENIX in Pb�Pb collisions at
p

SNN = 2.76 TeV
and Au�Au collisions at

p
SNN = 200GeV respectively. Figure from [20].

The J/y suppression was firstly observed at SPS in Pb�Pb collisions at
p

SNN =
17.4GeV [101] and at RHIC in Au-Au collisions at

p
sNN = 200GeV [102]. In the

left panel of Fig. 1.18 the µ+µ�invariant mass distribution in Pb� Pb collisions
at
p

sNN = 5.02TeV by CMS is shown [19]. The measured range is 8 < mµ+µ� <
14GeV/c2, to increase reconstructed signal for the bottomonia states °(1S),°(2S)
and °(3S), with a mass of m(°(1S)) = 9.460GeV/c2,m(°(2S)) = 10.023GeV/c2

and m(°(3S)) = 10.355GeV/c2, respectively [49]. From the comparison of the re-
constructed distribution (black points and blue line) with the expected in the ab-
sence of QGP effects (red dotted line), the measurements show a decrease of the
°(1S) yield of more than a factor ⇥2, and the almost disappearance for the excited
quarkonia states. These results confirm the hypothesis of a medium-induced color
screening and the resulting sequential melting of quarkonia states. Consequently,
quarkonium production is anticipated to be more suppressed with increasing tem-
perature. This can be studied experimentally with the increase of the center-of-mass
energy.

The nucleus-nucleus collisions at the LHC are, in principle, a perfect system to
measure a decrease in quarkonia production with respect to pp collisions at the same
energy and nucleus-nucleus collisions at low collision energy [47]. The comparison
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of the nuclear modification factor for J/y mesons measured in Pb�Pb collisions atp
sNN = 2.76TeV by the ALICE and in Au-Au collisions at

p
sNN = 200GeV mea-

sured by the PHENIX is shown in the right panel of Fig. 1.18. A larger J/y suppres-
sion is measured at RHIC, given a RAA ' 0.2 for most central collisions versus a 3
times larger nuclear modification factor for Pb�Pb events at

p
sNN = 2.76TeV in

correspondence of the same
⌦
Npart

↵
, differently from what was expected. These be-

haviors suggest a fundamental phenomenon that balances quarkonium suppression
due to screening [47].

Figure 1.19: J/y sequential suppression compared with statistical recombination as
a function of the system energy density. Figure from [21].

A production increase at LHC can be expected due to a more considerable
quarkonium regeneration. According to the mechanism described in Ref. [103, 104,
105], the charmonia production comes from the statistical recombination of cc pair
coming from unrelated hard scatterings. This contribution is anticipated to be more
relevant at high center-of-mass energies due to the higher number of produced qq̄
pairs, as shown in Fig. 1.19. The experimental measurements of RAA as a function
of pT [20] show a nuclear modification factor about 4 times larger at LHC energies
with respect to RHIC ones for pT(J/y)< 1GeV/c, suggesting that the recombina-
tion is much more relevant for the charmonia production in the low pT region [21].
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Chapter 2

Physics of heavy-flavor production

Charm (c) and beauty (b) quarks are mainly produced in the initial hard scatter-
ings, thanks to their high mass

�
mc ' 1.3GeV/c2,mb ' 4.2 GeV/c2� [49], These

processes take place with a characteristic timescale Dt ⇠ 1/Q of Dtc ⇠ 0.08fm/c
and Dtb ⇠ 0.03fm/c1, which is smaller than the QGP formation time tQGP ⇠ 0.2÷
1fm/c (see Sec. 1.3.2). Therefore, charm and beauty quark production is a useful
tool to probe the QGP, and they survive through the medium expansion, interacting
with the free partons in the plasma.

The formation of QGP can modify the hadronization mechanisms involving the
heavy quarks. However, studying the hadronization process in pp collisions, where
the QGP formation is not expected, is mandatory to understand the medium-induced
effects thoroughly. These aspects are introduced in Sec. 2.1.

In this Chapter, a brief introduction of the open heavy-flavor production in pp
collisions is provided in Sec. 2.2, and the production quarkonium is also introduced
in Sec. 2.3.

2.1 Heavy-flavor production

Figure 2.1: Feynman diagram of leading order quark-antiquark annihilation and
gluon fusion for the production of cc̄ and bb̄. Figure fro [22].

The pp collisions system is used to test the pQCD predictions, given that the
large Q2 required for the cc̄ and bb̄ pair production suggests a value for aS which is
significantly lower than unity (see Sec. 1.1). Moreover, measuring the open heavy-
flavor hadron production in pp collisions provides the baseline for larger collision
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systems. In such conditions, perturbative expansions in aS can be engaged in the
qq̄ production cross section calculation. The main contributing processes at leading
order

�
O
�
a2

S
��

are the quark-antiquark annihilation sqq̄!QQ̄ and the gluon fusion
sgg!QQ̄ [22], as shown in Fig. 2.1. In pQCD calculations the production cross sec-
tion of heavy-flavor hadrons (HQ)dspp!HQ+X is calculated by a factorization theo-
ream, as following equation:

dspp!HQ+X(
p

s) = Â
i,j=q,q,g

f1
�
xi,µ2

F
�

f2
�
x j,µ2

F
�

⌦dsh
ij!h!QQ̄

�
aS
�
µ2

R
�
,µ2

F ,mQ,xix js
�

⌦DHQ
Q
�
z,µ2

F
�

(2.1)

The convolutions of three terms in Eq. 2.1 are explained by the factorization
theorem [106]. Considering two colliding protons, labeled as "1" and "2", the first
term is f1

�
xi,µ2

F
�

f2
�
x2,µ2

F
�
, where f1,2 are the parton distribution functions (PDFs)

of the two colliding particles. They represent the probability for a given parton to
carry a certain fraction of momentum of the original proton x = pparton /pp, called
Bjorken-x. The second term sh

ij!h!QQ̄ is the cross section of the hard scattering
process, where the heavy-qq pair is produced by the interaction of partons. The
third term DHQ

Q
�
z,µ2

F
�

is the fragmentation function, which is the probability for a
heavy quark Q to fragment into a hadron HQ carrying a fraction z = pHQ/pQ of the
original quark momentum [106]. Heavy quarks and anti-quarks are separately frag-
mented into hadrons for heavy flavor production. The fragmentation of heavy quarks
does not depend on the mechanism by which heavy quarks are produced [106]. For
quarkonium production, typically, only 1-2% of the heavy quark anti-quark pairs
form a bound quarkonium state instead of a pair of hadrons with open heavy flavor.
The hadronization into the quarkonium bound states contains energy scales of the
heavy quark momentum and the binding energy.

2.1.1 Single charm hadron in pp collisions

In Eq. 2.1, Both the PDF and the fragmentation functions depend on the vir-
tuality

�
Q2� of the process, linked to the factorization scale µF. PDFs are usually

parametrized from measurements of deep-inelastic scattering processes [107, 108,
109] and the fragmentation functions parametrized from hadron production mea-
surements in e+e�collisions [110, 111]. This approach is valid under the assump-
tion of the universality of the fragmentation functions among the collision systems.
The hard scattering cross section is a perturbative series on aS, which depends on
the energy scale, which is indicated by the renormalization scale µR defined for the
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ultraviolet divergences renormalization in loop calculations [3]. Both the factoriza-
tion and normalization scales are usually set to the same order of the momentum
transfer of the hard process µF ⇠ µR ⇠ µ0 ⌘

q
m2

Q + p2
T,Q. In addition, apart on the

factorization scale µF and the bare value of the heavy mass mQ, the cross section
depends on the pp collision energy square s = 4E2

p ' 4p2
p, which at the partonic

level reflects in xix js [106]. At present, the perturbative calculations are done up
to the next-to-leading order O

�
a3

S
�

(NLO) and at a fixed order with the next-to-
leadinglog resummation in GM-VFNS [112, 113] and in FONLL [114, 115]. In par-
ticular, the next-to-leading-log corrections are more appropriate at high pT, where
pT� m given the quark mass m. Recently, calculation for the cc̄ and bb̄ production
cross section are provided via next-to-next-to-leading-order (NNLO) calculations
with QCD radiative corrections [116, 117, 118, 119, 120].
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Figure 2.2: pT-differential production cross section of D0 mesons in pp collisions
at
p

s = 5.02 Tev measured by the ALICE experiment compared with theoretical
predictions from different pQCD calculations (details in the text). Figures from [23].

The factorization approach is tried by comparing model predictions and mea-
surements of the open heavy-flavor hadron production. The results from the ALICE
for the D0(cu) meson production cross section in pp collisions at

p
s = 5.02TeV are

shown in Fig. 2.2. The D0 cross section is compared with FONLL and GM-VFNS
calculations in Fig. 2.2. Different PDFs [107, 108] and fragmentation functions are
considered in the two ways. The two calculations assume a different value for the
charm quark mass, that is set to mc = 1.5GeV/c2 in FONLL and mc = 1.3 GeV/c2
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in GM-VFNS. The error bars around the theoretical calculation derive from the PDF
and fragmentation function uncertainties and the scale variation of the mass of the
charm quark. The two predictions explain the measured D0 cross section well while
systematically on the upper edge of the FONLL-based calculations. These results
suggest that the factorization method works for the meson sector, as also observed
by other LHC experiments [121, 122, 123]. However, the charm baryon results do
not show the same conclusion. This behavior will be discussed in Sec. 2.2.

2.1.2 Multi-charm hadron in pp collisions

The measurement of the production yields of multi-charm baryons, which a
mixture of uncorrelated charm quarks can only produce, would provide a new view
on the production of heavy-flavor hadrons. Measurements of multi-charm hadrons,
such as the X+

cc (ccd), X++
cc (ccu), W+

cc (ccs), W+++
ccc (ccd), and exotic states such as

the T+
cc (ccud) [124, 125], would provide a clear view of hadron formation from

QGP. The yields of multi-charm baryons relative to the number of produced charm
quarks are predicted to be significantly enhanced in AA with respect to pp collisions.
Enhancements are predicted by as much as a factor 102 for the recently observed X+

cc
baryon [126] and even by as much as a factor 1003 for the as yet undiscovered W+++

ccc
baryon. The observation and precise quantification of these effects will provide the
study of deconfined matter’s properties.

Fig. 2.3 shows the ratio of multi-charm baryons and the Lc yield as a function
of the colliding system size, indicating the considerable sensitivity of these yields to
the production mechanisms. For example, the SHM calculation assumes full equi-
libration of the charm quarks. Comparing the measured yields to these predictions
would provide a compassionate measure of the degree of equilibration of charm
quarks in the medium, including its system-size dependence. Ultimately, it must
be possible to connect the equilibration to the transport properties of the QGP via
kinetic transport modeling.

2.1.3 Quarkonium Production

Quarkonium production is an essential probe for studying both perturbative and
non-perturbative QCD. The qq pair production and its evolution into quarkonium
state affect both perturbative effects of short-distance/high-momentum and non-
perturbative effects of long-distance/low-momentum. The factorization approach al-
lows the separation of the perturbative and non-perturbative effects. The production
of qq pair can be described similarly to the open heavy flavor production since the
process requires large momentum transfer in the order of the heavy quark mass mQ
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Figure 2.3: The wide span between the single parton scattering expectation and the
statistical hadronization model prediction for the ratio of the multi-charm baryons
and the Lc yield as a function of the colliding system size. Figures from [24].

or even larger scales. On the other hand, the qq pair evolution into the quarkonium
state is a non-perturbative process requires over long distances, at the momentum
scales of the heavy-quarks (mqvq) or smaller. Furthermore, their binding energy
mqv2

q, where vq is the velocity of the heavy quark in the bound state. The following
scales describe the quarkonium states:

- Heavy-quark mass mq: Treated perturbatively due to its hard scale, with a
short-distance scale for annihilation processes.

- Momentum mqvq: Momentum of the components in the bound state and also
the inverse of the size of the quarkonium state, usually treated non-perturbatively.

- Binding energy mqv2
q: Kinetic energy in the scale of the energy splittings be-

tween the radial excitations and the orbital angular-momentum excitations.

The spin splittings for a given radial and orbital angular-momentum excitations
are in the order of mqv4

q, but the scale is negligible. The velocity of the heavy quark
vq decreases as the mass of heavy quark mq increases. When the mass is enough,
the velocity of the heavy quark becomes proportional to the running coupling con-
stant as(mq). Therefore, vq decreases asymptotically proportional to 1/ lnmq, as in
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Eq. 1.8. Also, When the mass is enough, the scales can be separated as (mqv2
q)

2⌧
(mqvq)2⌧M2

q . Based on the quark potential model calculations, v2
q of the charmo-

nium state is estimated to be about 0.3, for the bottomonium stated is to be about
0.1 [127, 128]. If the running coupling constant is to be much smaller than 1, the
effects at the momentum scale mq and lower momentum scales such as mqvq and
mqv2

q can be split. The assumption that as(mq) ⌧ 1 is well agreed with bottomonia
where as(mb)' 0.18, and also agreed with charmonia where as(mc)' 0.24 [127].
As a result, it is possible to treat a quarkonium state as a non-relativistic system. The
factorization involves the separation between the relativistic physics of annihilation
for the heavy quark and anti-quark (for momenta p ⇠ Mq) and the non-relativistic
quarkonium system for p⇠Mqvq. The effective field theory separates different en-
ergy scales, non-relativistic quantum chromodynamics (NRQCD) [129, 130, 131].
The qq production requires a momentum transfer of the order Mq or larger, the in-
clusive cross section for the direct production of quarkonium H can be written as
a sum of products of NRQCD matrix elements and short-distance cross section as
below:

s [H] = Â
n

sn(L)< O
H
n (L)> (2.2)

where sn is the short-distance partonic cross section, which is convolved with the
parton distributions of hadrons in the initial state. L is the ultraviolet cutoff from
the effective theory [132, 133] and O

H
n are the expectation values of four-fermion

operators in NRQCD [134].
The qq pair production is available in the color-singlet and color-octet states. Its

spin state can be either singlet or triplet, and it is possible to have an orbital angu-
lar momentum. The color-singlet and color-octet four-fermion operators in Eq. 2.2
correspond to the evolution into a color-singlet quarkonium of a qq pair created at
a short distance in a color-singlet state or a color-octet state, respectively. In the
following, three different theoretical models are introduced to describe the non-
perturbative dynamics in quarkonium production in Sec. 2.3.

2.2 Charm hadron production mechanisms

The string fragmentation in the Lund model [135] had been successfully de-
scribed the hadron production in e+e� and e�p collisions [110, 111]. However, the
hardon production in hadronic collisions at the LHC energies can not be described
by model prediction, especially for the production of charmed baryons.

In Fig. 2.4 the L+
c /D0 ratios in pp collisions at

p
sNN = 5.02 [25] measured by
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Figure 2.4: L+
c /D0 ratio in pp collisions at

p
SNN = 5.02 compared with predictions.

Figure from [25]

the ALICE are shown. The measurements are largely underestimated by the model
calculations of the PYTHIA8 Monash tune, which used the traditional fragmenta-
tion, which was measured in e+e� collisions. Especially, the measurements show
the enhancement by about a factor of 5 at low pT compared with model calculation.
In order to understand this behavior, other model calculations need to be considered,
and several models different from the Lund model have been suggested.

2.2.1 PYTHIA CR Mode 0, 2, 3

Traditionally, Monte Carlo generators use the leading-color (LC) approxima-
tion, which traces the color flow on an event-by-event basis. This approach consid-
ers that each quark is connected only to another colored parton in the event, similar
to a leading-color QCD dipole [136], where the gluons carry a color and an anti-
color charge, make connections with each other partons. Strings can be interpreted
as gluons forming transverse "kinks" on strings whose endpoints are a quark and an
antiquark by the Lund model [135]. This approach is challenged in hadronic colli-
sions systems, such as pp collisions while showing a good agreement to describe the
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Figure 2.5: Schematic of a multi-parton state with a leading color string topology
and with a junction-antijunction string topology, allowed by cyclically matching "2"
and "5" indices. Figure from [26].

hadronization in e+e� collisions. In pp collisions, the initial state is sensitive to the
strong force, and the partons inside protons carry a color charge, and colored beam
leftovers remain after the collision. Moreover, multiple parton interactions (MPI)
can occur, and they are necessary to explain the underlying event and soft-inclusive
physics, especially in high-multiplicity events. The possibility of phase-space over-
laps among particles produced in different MPI events is nonnegligible.

The model predictions [137, 138] already considered the possibility for the dif-
ferent MPI systems to be color-connected within a color chain to minimize the total
color charge. However, the effect of color reconnection was estimated to be in-
significant, without notable changes in the per-particle spectra in high-multiplicity
events (many MPIs) with respect to low multiplicity events (low MPIs). In partic-
ular, this approach estimates the average pT of charged particle for such events to
be flat as a function of particle multiplicities. However, the experimental measure-
ments [139, 140, 141] exclude this possibility, suggesting that need to introduce
non-trivial color reconnection effects. The pure SU(3) group structure of QCD al-
ready provides some sub-leading combinations among different partons that may
create color singlet before the single parton fragmentation. For example, consider-
ing three uncorrelated color triplets (i.e., quarks), the Lie algebra of the SU(3) group
foresees:

3⌦3⌦3 = 10�8�8�1 (2.3)

In this equation, the decuplet corresponds to the LC topology, and one or two
strings are added to connect to the corresponding beam remnant. This is done inco-
herently; no strings are extended among different MPI systems. The other multiplets
describe additional sub-leading topologies that are not affected by fragmentation,
and, in particular, one of them already produces a color singlet corresponding to
a baryon. However, these additional combinations are not enough to describe the
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baryon production in hadronic collision. Therefore, an additional color reconnec-
tion has been implemented beyond leading color approximation (CR-BLC).

This model [26] assumes a "simplified QCD" framework, in which parton com-
binations are ruled by 9 color indices, leading to 9 possible states for quarks and 72
for gluons, which allow recombinations among partons in different MPIs and from
beam remnants. In this new framework, all the possible combinations among par-
tons from the whole event are considered, enhancing the string topology involved in
hadronization. These additional combinations are the so-called "junctions".

They are reported in the right of Fig. 2.5 and augment the set of possible string
topologies that would be available with the LC structure. The possible topologies
that can be realized in a specific event are governed by the minimization of the l
string-length measure, which corresponds to the area crossed by the string before
the hadronization, i.e., the potential energy of the string. A necessary condition for
junction connection is that its invariant mass must overcome a mass threshold m0
corresponding to the number of possible reconnections. The parameter Cj ⌘m0 j/m0
governs the amount of junctions, where to a high m0 j corresponds a low l , resulting
enhancement of junctions, Cj > 1.

Another component that affects the string topology is the causal connection
among the strings themselves. If either string has already hadronized before the
formation, there is no space-time region available for the reconnection among them.
If two strings can reconnect, they must resolve between the string formation and
its hadronization, considering the time dilation due to the relative boost. The causal
contact between the two strings can be represented in terms of the following relation
for the relative boost parameter g:

gtform. <Ctime thad. )
gc

mstring rhad.
<Ctime (2.4)

where tform. ⇠ 1/mstring is the proper formation time of a string and thad. = rhad. /c⇠
1/LQCD is proper hadronization time, and Ctime is a tunable parameter.

This model’s different modes depending on the causal connection’s requirement
and strength. In Mode 0, no time-dilation condition is applied, but the amount of
color reconnection is described only by the invariant-mass threshold m0. In Mode
2, the strictest condition is applied. The causal contact must be valid among all the
dipoles involved in reconnection. In Mode 3, the constraint is more relaxed than
Mode 2. Only the first reconnection between two dipoles is considered to satisfy
Eq. 2.4, even if further reconnections occur later. The parameters of the model were
tuned using experimental results: for example, the Cj parameter which is the number
of junctions was tuned to reproduce the L/K0

S data in pp collisions at
p

s = 7TeV
by the CMS [142]. According to these model tunes based on the measurements, the
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junction topology significantly enhances the production of open charmed baryons
in pp collisions at the LHC energies, as shown in Fig. 2.4.

2.2.2 Statistical Hadronization Model with Relativistic Quark Model
states

In the statistical hadronization model (SHM) [72], the hadron production is
treated with the thermo-statistical weights. In SHM, the hadron production is gov-
erned only by the hadron mass at a given temperature of TH. This approach has
successfully described the light and strange hadron production in heavy-ion colli-
sions and smaller systems, with the introduction of a strangeness suppression fac-
tor gS < 1 (see Sec. 1.4.5). However, the description of the baryon-to-meson ratio
by SHM considering only the charm-hadron states reported in the PDG [49] can-
not describe the L+

c /D0 ratio measured by the ALICE in pp collisions at
p

s =
7TeV [143], which shows enhancement with respect to the model calculations. The
model in Ref. [46] provides a reconsidered framework that includes an augmented
set of charm-baryon states expected by the Relativistic Quark Model (RQM [144]).
They consist in 18 extra L+

c states, 42Sc ’s, 62Xc ’s and 34Wc ’s up to a mass of
3.5GeV/c2. Thermal densities, which considered all hadron states, are governed by
supervised by specific weights that depend on the hadron mass mi and their spin
degeneracy di = 2 J+1:

ni =
di

2p2 m2
i THK2

✓
mi

TH

◆
(2.5)

where K2 is the second order modified Bessel function, and TH is the hadronization
temperature.

The upper limit of TH is assumed to be 170MeV, according to the results in
Ref. [145]. The thermal densities in Eq. 2.5 are used to designate the proper nor-
malization to the charm-quark fragmentation functions, which are extrapolated from
those assumed in the FONLL framework, employed to compute the charm pT spec-
trum produced in pp collisions. All the additional excited charmed baryons are
forced to decay into a ground state. This process does not change the abundance
of the ground state D mesons. However, it significantly enhances the ground state
charmed baryons, as reported in Tab. 2.1.

2.2.3 Catania coalescence model

Recent measurements in pp collisions at the LHC [85, 146, 121, 147], show
a phenomenology similar to that observed in AA collisions, such as strangeness
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ni
�
⇥10�4fm�3� D0 D+ D⇤+ D+

s L+
c X0,+

c W0
c

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

Table 2.1: Thermal densities estimated by the SHM model for prompt ground state
charmed hadrons at the hadronization temperature TH = 170MeV including only
hadrons listed in the PDG and also adding the ones expected by the RQM. Numbers
from [46].

and baryon-to-meson enhancement, especially when particle yields are studied as a
function of event multiplicity. Different theoretical studies [148, 149, 150, 151] con-
sidering hydrodynamical and transport-based calculations show reasonable descrip-
tion of pT spectra and two-particle correlations, pointing to a possible formation
of a hot QCD matter with a lifetime t ⇡ 2fm/c. Based on the hydrodynamic ap-
proach, the Catania model assumes the presence of a thermalized system of gluons
and u, d, s quarks and antiquarks already in pp collisions, characterized by a lifetime
t = 2.5fm/c, a transverse radius R = 2fm and a temperature T = 165MeV, accord-
ing to the hydrodynamical simulations in Ref. [148]. Since the charm thermalization
time is larger, no thermalized charm quarks are expected in bulk. The presence of
a deconfined medium is crucial for the Catania model, where hybrid hadronization
via fragmentation and coalescence is assumed for the charm quark. The probability
of coalescence of charm quark with a light parton in bulk is complementary to the
fragmentation probability, Pfragm. = 1�Pcoal. . In this model, the coalescence is de-
scribed with the Wigner formalism, according to which the pT spectrum of a hadron
produced by the charm coalescence can be described as:

d3Ncoal.
H

dy d2 pT
= gH

Z Nq

’
i=1

d3 pi

(2p)3Ei
pi ·dsi fqi (xi, pi)

⇥ fH

⇣
x1, . . . ,xNq0 p1, . . . , pNq

⌘
d (2)

 
pT�

n

Â
i=1

pT,i

!
.

(2.6)

where gH indicates the statistical degeneracy factor to form a colorless hadron from
quarks and antiquarks with spin 1/2 and corresponds to 1/36 for mesons and 1/108
for baryons. dsi is an element of a space-like hypersurface, and fq,i is the (anti)quark
phase-space distribution for the i-th (anti)quark. fH

�
x1, . . . ,xNq p1, . . . , pNq

�
corre-

sponds to the Wigner function, which describes the probability for a hadron to be
produced from quarks with given phase-space coordinates.

The Eq. 2.6 represents the production via coalescence of mesons and baryons
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in case of Nq = 2 and 3, respectively. The Wigner function is assumed to follow a
Gaussian shape in space and momentum:

fH

⇣
x1, . . . ,xNq0 , p1, . . . , pNq

⌘
=

Nq�1

’
i=1

AW exp

 
�

x2
ri

s2
ri

� p2
ri

s2
ri

!
(2.7)

where AW is a normalization factor fixed to guarantee that for p! 0, a charm quark
indeed hadronises via coalescence. The satisfaction limp!0 Ptot.

coal. = 1 is required for
total coalescence probability. The Wigner function depends on xri and pri , which
are the relative phase-space coordinates among the valence quarks in the hadron
and sri are covariant widths, related to the root-mean-square charge radius of the
hadron:

⌦
r2↵

ch = ÂN
i=1 Qi

D
(xi� XCM)2

E
, with N = 2 and 3 for mesons and baryons

respectively. The hadron radii considered in this model are taken from the quark
model [152, 153].

The pT spectrum of charm hadron produced from the charm fragmentation can
be written as follows:

d3Nfragm.
H

dyd2pT
= S

Z
dz

dNfragm.

dyd2pT

DH/c(z,Q2)

z2 (2.8)

where DH/c
�
z,Q2� corresponds to the fragmentation function, which is the prob-

ability of the charm quark to produce a hadron H with a fraction z of the original
charm momentum, given Q2 = (phad. /2z)2 the momentum scale of the fragmenta-
tion process.

These functions correspond to the Ref. [154], taken from Ref. [155] for the
charm quark. The interplay between fragmentation and coalescence relies on the
charm pT.

In Fig. 2.6, the coalescence probability of the charm quark to the various hadron
species is shown as a function of the charm pT. The total probability reaches unity
for p! 0 as required in the definition of AW in Eq. 2.7 and rapidly decreases with
increasing charm pT, indicating that at low pT the charm quark only coalesces, while
at high pT the fragmentation contribution becomes dominant. It is noticible that for
pT < 2GeV/c, the coalescence probabilities into L+

c and Xc are compatible and are
higher than the probability into a D0. The model calculation explain the enhance-
ment of the L+

c /D0, Xc/D0 and BR⇥W0
c/D0 ratios. In particular, the model calcu-

lations show the result Pfragm. > Pcoal. for the charm mesons and Pfragm. < Pcoal. for
baryons, where a hadron pT is lower than 10GeV/c.



2.2.4 Quark (re-)Combination Mechanism 45

Figure 2.6: Charm coalescence probability as a function of the charm pT in pp col-
lisions at the LHC. The colored lines correspond to the probability of the charm
quark coalescence for a given hadron species, while the solid black line is the total
coalescence probability. Figure from [27].

2.2.4 Quark (re-)Combination Mechanism

In this model, the production of low-pT charm hadrons originated as the co-
alescence of a perturbatively created charm quark with equal-velocity light quark
deriving from fragmentation. The charm mesons and baryons are produced with a
characteristic momentum pH = pc + pq̄,qq from a charm quark (pc) that picks up a
co-moving light antiquark (pq̄) or two co-moving light quarks

�
pqq
�

respectively.
The momentum distribution of a single-charm meson Mcl̄ and baryon Bcll0 , with l
and l0 indicating two light-flavour quarks among u,d and s, is written as:

fMcl (p) =
Z

dp1 dp2 fci (p1, p2)RMcI (p1, p2; p) (2.9)

fBcll0 (p) =
Z

dp1 dp2 dp3 fcll0 (p1, p2, p3)RBcll0 (p1, p2, p3; p) (2.10)

where fci (p1, p2) is the joint momentum distribution for charm quark and light anti-
quark and RMci (p1, p2; p) corresponds to the probability density for the c and l̄ with
momenta p1 and p2 respectively to be combined into a meson Mcl̄ and baryon Bcll0

with momentum p.
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The momentum integrated yields for the charm meson Mcl̄ and baryon NBcll0 are:

NMcl̄
= kMcl̄

Z
dp fc (x1 p) fl̄ (x2 p) = NcNl̄

kMcl̄

AMcl̄

= NcNl̄Rcl̄!Mcl̄
(2.11)

NBcll0 = NcNlNl0
kBcll0

ABcll0
= NcNlNl0Rcll0!Bcll0 (2.12)

where Rcl̄!Mcl̄
and Rcll0!Bcll0 corresponds to the momentum-integrated probability

for a c and l̄ quarks to produce a meson Mcl̄ .
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Figure 2.7: L+
c /D0 ratio in pp collisions at

p
s = 13TeV measured by the ALICE

compared with the prediction of the QCM model (green line). Figures from ALICE
Figure Repository.

Given these inputs, the QCM model provides predictions for the production
of pseudo-scalar JP = 0�

�
D+,D0 , and D+

s ), and vector JP = 1�
�
D⇤+,D⇤0 , and

Ds
⇤+) D mesons, as well as the triplet (L+

c , X+
c ), and X0

c) with JP =(1/2)+, sextet(S0
c,
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S+
c , S++

c , X00c , X0+c ), and W0
c
�

with JP =(1/2)+ , and sextet
�
S⇤0c ,S⇤+c , S⇤++

c ,X⇤0c ,X⇤+c ,
and W⇤0c

�
with Jp = (3/2)+ charm baryons.

In Fig. 2.9 the L+
c /D0 ratio measured by the ALICE in pp collisions at

p
s =

13TeV [156] is compared with the prediction from the QCM model as a green
line. The QCM describes both the magnitude and the pT dependence within the
uncertainties.

2.3 Quarkonium production mechanisms

The quarkonium production in the high-energy collision can be described by
several sophisticated factors, including the model calculations. The following sec-
tion introduces model calculations that describe the quarkonium production mech-
anisms, such as Color Evaporation Model (CEM), Color Single Model (CSM), and
Non-relativistic QCD (NRQCD).

2.3.1 Color-Singlet Model

The color-singlet model (CSM) assumes that the quarkonium state is produced
through the partonic processes producing a qq pair in a color-singlet state. The qq
state has a colored state, and one hard gluon carries away the color to each quark.
The color and spin of the qq state do not change from production to hadronization.
Therefore, qq pair should have the same angular-momentum quantum numbers as
the quarkonium state. The CSM can be obtained in Eq. 2.2 via the Non-relativistic
QCD factorization, excluding all color-octet terms. The qq state production in CSM-
corresponds to the color-singlet qq wave function and its derivatives, considered
at zero qq splits determined by the annihilation decay rates. Thus, after the wave
function at the origin is extracted from the measurements, the CSM has no free
parameters and gives the normalized calculations for the production cross sections.

The CSM was successfully applied to the prediction of the quarkonium produc-
tion rates at relatively low energies [157], e.g., the hc and cc production through
two-gluon fusion [158, 159, 160, 161] and the J/y and hc production in B-meson
decays [162, 163, 164]. However, the measurements from the Tevatron showed that
the CSM significantly underestimated the production for the prompt charmonium
production in pp collisions by more than a factor of 10. It turns out that consider-
ing only the leading order term of as and the v expansion of NRQCD makes the
underestimation of the measurements in pp collisions. So the next-to-leading or-
der (NLO) and next-to-next-to-leading order (NNLO) have to be considered, which
significantly increases the quarkonium production [165, 28]. However, it is unclear
whether the perturbative expansion in as is convergent or not, given the extensive
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Figure 2.8: Model calculations for °(1S) + X and at LO, associated production, full
NLO, and NNLO* compared with the direct yield at

p
s = 1.8 TeV measured by

the CDF collaboration. The band represents the uncertainties of model calculations
from the various parametrizations. Figure from [28].

corrections at NLO and NNLO. Furthermore, the CSM is unreliable in the produc-
tion and decay of P-wave and higher-orbital-angular-momentum quarkonium states
because it leads to uncanceled infrared divergences.

2.3.2 Color-Evaporation Model

The color-evaporation model (CEM) [166, 167, 47] suggests primary qq pair
production with invariant mass from the quark threshold, 2mq, up to the open heavy
flavor meson threshold. Afterward, the qq pair balances into the quarkonium state
by emitting non-perturbative soft gluons. Thus, the color (also the spin) of the qq
pair does not give constraints to the quarkonium formation. In CEM, the momentum
of the quarkonium state is assumed to be the same as the momentum of the qq pair.
The cross section of the quarkonium states H can be represented by the integration
of the perturbative cross section for inclusive qq production in the CEM constraints
mass range and formulated as:

dsH(P)
d3P

= FH

Z 2mH

2mq

dmqq̄
dsqq̄ (mqq̄,P)

dmqq̄d3P
(2.13)
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J/y y(2S) cc1 cc2 °(1S) °(2S) °(3S) cb(1P) cb(2P)
RH 0.62 0.14 0.60 0.99 0.52 0.33 0.20 1.08 0.84

Table 2.2: Ratios of direct (prompt) to inclusive quarkonium production, RH =
sH

dir/sH 0
inc. Numbers from [47].

where FH is the fraction of the qq pair states evolving into the quarkonium state H.
The fraction FH is universal and independent of the kinematics and spin, as

well as the production process of the quarkonium state. Therefore, the quarkonium
production ratios should be constant in all ranges of kinematic variables. In the
case of charmonia, the fraction FH of J/y has been measured in forward, and mid
rapidity region, including all feed-down decays from the excited states such as cc
and y(2S). The measurement and branching ratios can obtain the fraction of the
direct (prompt) quarkonium production compared to the inclusive cross section. The
ratios of the direct (prompt) to inclusive cross section RH = sH

dir/sH 0
inc, where H 0

refers to the respective quarkonium ground state, are summarized in Table. 2.2.
The CEM has one parameter per quarkonium state, while the color-singlet model

effectively has no free parameter. The simple CEM can successfully describe the
J/y production [168]. However, the measurements show that the ratio of y(2S)
and J/y varies as a function of pT [169, 170] can not be described the CEM predic-
tion. In the recently modified CEM, the invariant mass of the qq pair is constrained
to be larger than the mass of the formed quarkonium [171]. A momentum transi-
tion between the qq pair and quarkonium state has also been considered. The model
calculations show better agreement to the charmonium production and the ratio of
y(2S) and J/y yield than the traditional CEM. Also, the polarization of the ground
state of charmonia and bottomonia has been calculated, for the first time, in the color
evaporation approach [171].

2.3.3 Non-Relativistic QCD

The relative small velocity of the quarkonium states, as discussed in Sec. 2.1.3,
authorizes describing the quarkonium production with QCD in the non-relativistic
limit based on an effective field theory, called NRQCD [131]. The NRQCD splits
the short distances that are similar or smaller than the heavy-quark mass (mq) from
the universal long-distance matrix elements (LDMEs). Perturbative QCD can calcu-
late the short-distance coefficients in the strong-coupling constant as. The velocity-
scaling rules describe the long-distance effects in the limit (vq ⌧ 1, which are
used to determine the magnitude of the NRQCD matrix elements. In this way, the
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NRQCD framework is established as double expansions of as and vq. The cross
section of a quarkonium state H can be described as the sum of the products of
the short-distance coefficients and the LDMEs, similar to the characterization at the
beginning of Sec. 2.1.3:

s(H) = Â
n

Fn(L)
mdn�4

q

⌦
0
��OH

n (L)
��0
↵

(2.14)

where L is the ultraviolet cutoff, Fn is the short-distance coefficient, and O
H
n is the

non-perturbative operator with the mass dimensions of dN . Fn(L) is the partonic
cross section that forms a qq pair in a color singlet or octet state.

The coefficients are obtained by matching the square of the production ampli-
tude in NRQCD to the full QCD calculations done perturbatively. On the other
hand, the operators in Eq 2.14 convert the produced qq pair into an intermediate
state, composed of quarkonia and anything, and later annihilate the qq pair. The
probability of forming the quarkonium plus anything from a qq pair is cited as the
elements of the vacuum matrix. For pT� 2mq, NRQCD shows good agreement with
the quarkonium production within uncertainties.

The production mechanism has not been fully understood, even considering the
NRQCD descriptions for quarkonium production [172]. The expansion with the
strong-coupling constant as and the velocity for the cross section of quarkonium
states have been applied to the factorization of the hard and soft contributions and
separation of different color and spin states. The elements of the long-distance ma-
trix are weighted by the contributions from each color and spin state and then ob-
tained from the fit to the measurement above a pT threshold. In contrast to the uni-
versal prediction of the LDMEs, the elements depend on the collision system. Also,
the distribution of the cc meson, measured in LHCb [29] can not be described by
the model calculations from NRQCD [173].
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Figure 2.9: Ratios of the differential cross-sections
p

s = 8 and 7 TeV for three
Upsilon states. The fit results with a linear function are shown with straight thin
red solid, blue dotted, and green dashed lines. The next-to-leading order NRQCD
theory predictions are shown in the same plot as a thick line. Figure from [29].
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Chapter 3

Experimental setup

The ALICE (A Large Ion Collider Experiment) is one of the four major ex-
periments at the Large Hadron Collider (LHC) of the CERN laboratory in Geneva,
Switzerland. ALICE is dedicated to heavy-ion physics and the characterization of
the Quark-Gluon Plasma. The X0

c production in pp collisions at
p

s = 13TeV, which
are contained in this thesis, had been done using the data collected by ALICE detec-
tor. In this chapter, the experimental setup will be discussed installed in ALICE. The
main features of LHC will be introduced in Sec. 3.1, with some parameters that are
relevant to the proton-proton beam. The ALICE apparatus used to data collecting
will be introduced in Sec. 3.2. The details of vertex and track reconstruction and the
particle identification will be described in Sec. 3.4 and Sec. 3.5, respectively.

3.1 The Large Hadron Collider

Figure 3.1: CERN accelerator complex [30].
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The Large Hadron Collider (LHC) is the world’s largest and highest energetic
particle accelerator at the CERN laboratory located on the French-Swiss border. The
collider is contained in a circular tunnel (27 km) and has two parallel beam pipes
from 50 to 175 m underground. LHC is an acceleration complex composed of sub-
accelerators of a sequential acceleration (Fig. 3.1). The accelerator is proposed to
accelerate protons up to

p
s = 14 TeV, and heavy ions up to

p
sNN =5.5 TeV.

In high-energy physics, luminosity is a parameter expressing the interaction rate
normalized to the intensity of the interacting fluxes of particles in the collider. The
luminosity L can be expressed as:

L = R/s (3.1)

where R is the collision rate, and s is the cross section for the beam collisions.
The luminosity can be measured by the experimental technique, Van der Meer
scan [174]. The luminosity can be defined with the Van der Meer scan as:

L =
N2

b nb frevg
4penb ⇤

F (3.2)

where Nb is the number of particles per bunch, nb is the number of bunches per
beam, frev is the revolution frequency, g is the Lorentz factor, en is the transverse
beam emittance, b ⇤ is the beta function at the interaction point, and F is a correction
factor.

The targeting luminosities are different for each experiment by their experimen-
tal aim. The integrated luminosities of ALICE during the Run2 period, which is pp
collisions at

p
s = 13TeV, are shown in Fig. 3.2.

3.2 ALICE: A Large Ion Collider Experiment

The ALICE experiment [31] is designed and optimized for the heavy ion experi-
ment. The main goal of the ALICE experiment is to study the properties of the QGP
and hadronization mechanism to search for the origin of matter. Therefore, ALICE
needs to have a great performance of particle tracking and identification of all the
particles produced in the heavy ion collisions. In this section, only specific detectors
which are used for the analysis in this thesis will be described.
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ALI-PERF-313410

Figure 3.2: Integrated luminosity for various triggers in pp collisions atp
s = 13TeV in Run 2 period. Figure from ALICE figure repository.

Figure 3.3: The ALICE apparatus for Run1 and Run2 with description. Figure from
ALICE figure repository.
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3.2.1 Inner Tracking System

Figure 3.4: ITS schematic layout. Figure from [31].

The Inner Tracking System (ITS) [31] is consist of six silicon layers located in
the innermost of ALICE detector. The first two layers of the ITS are Silicon Pixel
Detectors (SPD), located at 3.9 and 7.6 cm from the interaction point. They can
cover the pseudorapidity range |h |< 1.4 and the full azimuth around the interaction
point. The SPD is used to reconstruct SPD tracklet, which is a short track segment
that is extended with two hits on each layer linearly to the interaction point of the
two beams. The next two layers of ITS are Silicon Drift Detector (SDD), and the
outermost layers of ITS are Silicon Strip Detector (SSD), with the outermost layer
having a radius r = 43.6 cm.

The main task of the ITS is the primary and secondary vertices reconstruction,
with a resolution better than 100 µm. ITS provides the powerful tracking perfor-
mance even for low pT particles down to pT = 80MeV/c, thanks to the close space
points of the silicon layers.

3.2.2 Time Projection Chamber

The Time Projection Chamber (TPC) [175] is the main detector for track re-
construction and particle identification via energy loss of particles in TPC. TPC
provides excellent momentum and spatial resolution for charged particles, and it is
located just outside the ITS. The radial size of the TPC is about 85 < r < 250 cm,
and the longitudinal size is �250 < z < 250 cm. TPC can cover the pseudorapidity
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Figure 3.5: TPC schematic layout. Figure from [31].

range |h |< 0.9, and the full azimuth around the interaction point. TPC onsisists of
a 90m3 cylindrical drift chamber filled with a mixture of active gas (Ar, Ne, CO2,
N2).

The initial gas in the central barrel was a mixture with 90 % of Ne and 10 %
of CO2, with the initialization of N2. This mixture was changed to Ar instead of Ne
in 2016 and 2018, to reduce the space-charge distortion in TPC, which occurred by
the charged particles.

3.2.3 Time-Of-Flight

The Time-Of-Flight detector (TOF) [175] is a large area detector located around
the TRD with the same pseudorapidity coverage of ITS, TPC, and TRD (|h |< 0.9).
TOF can identify the charged particles in the intermediate momentum range, up
to 2.5 GeV/c (4 GeV/c). In the intermediate momentum range, pions (protons)
and kaons separation is performed with more than 3 times resolution of time-of-
flight. The TOF consists of Multi gap Resistive Plate Chambers (MRPC) which
placed in an area of about 160m2, up and downside of the cylinder. The 10 layers
double stack strip detectors are composed of multi gap with a time resolution of
about 40ps. The time of flight (t f light) for each particle can be derived using the
time of particle hits the detector (thit) and the start time of the event, following this
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Figure 3.6: TOF schematic layout. Figure from [32].

relation, t0 (t f light = thit� t0). The start time t0 is determined by the T0 detector 3.2.4
or using the particle arrival times at the TOF, as described in [32]. The overall TOF
resolution is around 100 ps in pp collisions, having uncertainty on the determination
of the event time zero.

3.2.4 T0

The T0 detector [175] is two arrays of Cherenkov detectors (T0A, T0C), cover-
ing the full azimuth and the pseudorapidity range (4.61 < h < 4.92 and �3.28 < h <�2.97).
T0 is used for the determination of the start time (t0) for the TOF.

3.2.5 V0

The V0 detector [175] is conposed of two arrays (V0A, V0C) of 32 scintillating
counters. The V0A (V0C) is located at a distance of 329cm (�88cm) away from the
nominal interaction point (z= 0), and they cover the pseudorapidity range 2.8<h <
5.1 (�3.7 < h <�1.7) and the full azimuth. V0 is used for event triggering and the
determination of the Multiplicity (Centrality) classes of the pp (Pb–Pb) collisions
with the sum of the signals deposited in the V0A and V0C.
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3.2.6 The trigger and data acquisition

ALICE Trigger is performed by the Central Trigger Processor (CTP) [176],
based on detector signals and information about the LHC bunch-filling scheme. A
3-level trigger system is deployed for triggering. The Level 0 (L0) trigger decision
is done in ⇠ 0.9 µs after the collision using fast detectors, such as V0, T0, EMCal,
PHOS, and MTR. The Level 1 (L2) trigger decision is done after 260 LHC clock
cycles (⇠ 6.5 µs) for the event passing L0 trigger selection, due to slow computation
time on the TRD and EMCal, and propagation times on ZDC. The Level 2 (L2) trig-
ger decision is done after ⇠ 100 µs, due to the drift time of the TPC. All the events
passing L2 selection are transported to the Data AcQuisition (DAQ) machines and
the High-Level Trigger (HLT), which are pure software triggers.

The minimum bias triggers (MBAND) and a high-multiplicity (HM) trigger are
used for all pp and Pb–Pb data taking on Run 2 period.

3.3 The ALICE offline framework

The ROOT [177] scientific software, which handles huge data processing, statis-
tical analysis, data visualization, and storage for high-energy physics experiments,
is the core of the ALICE offline software, known as AliRoot cite Aliroot. Although
ROOT is based primarily on C++, it also connects with other languages like Python [178]
and R [179]. The simulation, alignment, calibration, reconstruction, and analysis of
the experimental data collected by ALICE are proposed by the AliRoot framework.

With the help of Monte Carlo generators, such as PYTHIA [180], and HER-
WIG [181] for pp collisions, simulations anchored to experimental data are gener-
ated. Each subdetector’s detector geometry details are included in AliRoot and are
written in C++ for simulation and reconstruction. To simulate the detector response,
AliRoot transports to other packages like Geant3 [182], and Geant4 [183].

The reconstructed data, both experimental and simulated, are stored in files in an
ESD (Event Summary Data) format, containing all the physical information needed
for the analysis and checking the reconstruction quality for each sub-detector. There
is another data format, an AOD (Analysis Object Data) format, which contains only
the information needed for the analysis.

The Worldwide LHC Computing Grid (WLCG) is used for simulation creation,
data reconstruction, and analysis [184]. The Grid is a network of computing facil-
ities from more than 40 different nations that is geographically distributed. These
data centers are organized into three tiers, demonstrating a hierarchy. Tier 0 comput-
ing facilities, located at CERN and Budapest’s Wigner Research Centre for Physics,
store copied data and execute raw data reconstruction. The Tier 1 centers, which are
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also used to reprocess the data and carry out a portion of the reconstruction, hold
a second copy. Tier 2 centers concentrate on the analysis and production of Monte
Carlo simulations.

AliRoot also allows to access the grid via AliEn (ALICE environment). [185].
The AliEn user interface helps to access data, send analysis tasks to the grid, simu-
lation generation, and job status monitoring.

3.4 Vertex and track reconstruction

Figure 3.7: Event reconstruction flow. Figure from [31].

After data acquisition, ALICE performed an event reconstruction, as depicted
in Fig. 3.7. The raw data are related to signals generated within the detector by
the same interaction. The subsequent reconstruction is identical to the Monte Carlo
simulation and real data. The steps for performing vertex and track reconstruction
are as follows:

Clusterization The detector data are converted into clusters characterized by po-
sitions, signal sizes, signal times, and associated errors. This process is performed
individually for each detector.

Track Reconstruction Using clusters from the first two ITS layers, SPD, the major
interaction vertex is estimated. With the Kalman filter technique [186], track recon-
struction and fitting are carried out using the TPC and ITS information. The other
center barrel detectors are matched to and fitted with the tracks that the ITS-TPC
detectors have rebuilt. Using the reconstructed tracks, the final interaction vertex is
established.
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Secondary Vertex Finding If the primary vertex and all tracks are reconstructed,
ALICE can reconstruct the secondary vertex generated by strange hadrons.

3.4.1 Preliminary determination of the primary vertex

A preliminary decision of the interaction vertex, connecting two clusters on the
SPD, one cluster per layer, constitutes the first SPD track reconstruction stage. The
space points where numerous tracklets converge are explored for candidate vertices.
The interaction vertex is determined to be the vertex, which is the place at which all
maximal tracklets converge.

3.4.2 Track reconstruction

The track finding and fitting procedure are described following the inward-
outward-inward scheme shown in Fig. 3.8.

TPC Track Reconstruction Finding tracks in the TPC at a large radius is the first
step of the tracking algorithm. Track seeds are constructed first with two TPC clus-
ters and the vertex point (SPD Vertex), and then with three clusters without the
vertex constraint. At each step, the proximity cut is used and track seeds are prop-
agated inward. Only tracks that miss fewer than 50% of the expected clusters for a
track point and have at least 20 clusters (out of a maximum of 159 available) are
considered.

ITS-TPC Track Reconstruction The hits in the outermost SSD layer match to the
rebuilt TPC tracks. The new seeds are then updated at each ITS layer by all clusters
within a proximity cut, after which the seeds are propagated inward and updated. In
the absence of the extrapolation occurring in the dead zone of the layer, where there
is no cluster, a c2 is taken into account whenever an extrapolated seed fails to locate
a compatible cluster. Each TPC track thus generates a tree of track hypotheses in
the ITS. The contenders are chosen for the ITS+TPC track in the rebuilt event based
on their c2 scores.

Re-fitting and Finalisation The ITS-TPC tracks are back-propagated outwards to
match the clusters in the TRD, TOF, and the signals in other detectors outside of
TOF, as shown in the 2nd path of Fig. 3.8. Then, all the tracks are propagated back to
the innermost ITS layer with the Kalman Filter refit pass, using the information from
the attached clusters, and completing the three passes to fit the track parameters.
Fig. 3.9 shows the resolution on 1/pT for tracks of TPC tracks and ITS-TPC tracks
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Figure 3.8: Tracking algorithm in ALICE. Figure from [33].
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Figure 3.9: The pT resolution for TPC and ITS-TPC combined tracks with and with-
out constraint to the vertex. The constraint of the vertex improves the resolution of
TPC standalone tracks. However, for ITS-TPC tracks, it has no effect (green and
blue squares overlap). Figure from [34].

with and without vertex constrain in p–Pb
p

sNN = 5.02 TeV. The 1/pT resolution
of the track related to the pT resolution is:

spT

pT
=

s1/pT

1/pT
(3.3)

The covariance matrix of the fit of the Kalman filter produces the 1/pT. The
resolutions increase from 1% to 10% in the pT range between 0.1 and 100 GeV/c.

3.4.3 Final determination of the interaction vertex

A re-determination of the interaction vertex takes over the one performed with
the SPD tracklets when the final set of global tracks is decided, described in 3.4.1.
The global tracks are propagated inward to their point of closest approach, and a first
determination of the interaction vertex takes place. The far outliers with respect to
the nominal beam pipe are ignored. Then, a more precise vertex fitting is proceeded
using the track-weighting procedure described in [187] to reject the remaining out-
liers’ contributions.

In Fig. 3.10, the resolution of the final interaction vertex position as a function of
the charged particle multiplicity in pp collisions at

p
s = 7 TeV is shown. The preci-

sion of the determination for vertex position with the global tracks rapidly increases
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Figure 3.10: Transverse width of the final interaction vertex distribution (solid
points), consist of the luminous region s and the vertex resolution a/

p
(dN/dh)b .

The widths of the preliminary (SPD) interaction vertices are shown (open points).
Figure from [34].

as a function of multiplicity, and its trend can be parametrized with the power law
function, a/

p
(dN/dh)b . The primary vertex determination improves more than a

factor 2 in resolution with respect to the algorithm mentioned in Sec. 3.4.1.

3.4.4 Secondary vertex finding using weak decay topology

ALICE reconstructs secondary vertices from particles that either have a long
decay length or interact with the detector’s material. The decay topology of Ks0,
and X� is shown in Fig. 3.11. The first tracks chosen are those whose Distance of
Closest Approach (DCA) to the interaction vertex is greater than a predetermined
minimum value (0.5mm in pp and 1mm in Pb—Pb). The Point of Closest Approach
(PCA) between the two selected tracks, called V0 candidates, is determined for each
pair of unlike-sign tracks. The V0 candidates are identified to further the following
cuts:

- Less than 1.5cm is the distance between the two tracks from their PCA.

- The inner-most hit of either of the two tracks is far from the interaction vertex
than the PCA.

- The total momentum vector of the pair and the line connecting the primary
(interaction) and secondary vertices have a Cosine of the Ponting Angle (CPA)
q that is greater than 0.9.
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Figure 3.11: Secondary vertex reconstruction algorithm, showing the K0
s and X�

decays. The decay points were placed between the first two ITS layers. The solid
lines indicate the reconstructed charged particle tracks extrapolated to the secondary
vertex. Extrapolations to the primary vertex and auxiliary vectors are shown with
dashed lines. Figure from [34].

The invariant mass of Ks0 (left) and L (center) in central Pb—Pb collisions
at
p

sNN = 2.76 TeV are shown in Fig. 3.12. The energy loss dE/dx of pions and
protons, which are daughters of L, was used to identify them in the TPC detector
with pT < 1.5 GeV/c (see Sec. 3.5.1). The reconstruction efficiency of Ks0 and L in
central (0-5%) and peripheral (80-90%) collisions are presented as a function of pT
in the right panel of Fig. 3.12. Due to the lower probability of decay in the fiducial
volume (r < 100cm) of the V0 search at high pT, the reconstruction efficiency of
Lvis on the decrease at high pT.

Following V0 reconstruction, the cascade (X�) reconstruction is carried out as
schematically indicated in Fig. 3.11. Reducing the candidates’ reciprocal distance
at the PCA, a secondary track (p�) is matched with a V0 candidate. The latter must
be outside of a cylinder volume centered on the interaction vertex (r > 0.2cm) in
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Figure 3.12: Left: invariant mass distributions of p+p� pairs Middle: invariant mass
distributions of pp� pairs The hatched areas show the regions of the K0

s and Lambda
peaks and the combinatorial background in Pb–Pb collisions at

p
sNN = 2.76 TeV.

Right: reconstruction efficiencies as a function of pT for central (0-5%) and periph-
eral (80-90%) collisions. Figure from [34].

order for these candidates to be considered.
These V0 and cascade candidates are included in the data for analysis and are

used analysis described in Ch. 4.

3.5 Particle identification

3.5.1 Particle identification in the TPC

The TPC is important for identifying charged particles over a wide momentum
range. The PID is performed by measuring the ionization charge signal produced
by a charged particle on the 159 pad rows of the TPC end plates, as mentioned in
Sec. 3.2.2. The final estimate of the produced energy by the single track consists of
a truncated average of 65% of lowest-amplitude signals to reject the secondary ion-
ization contributions. By measuring this amount for each track and reconstructing
the momentum p, particle identification is performed by comparing the measured
dE/dx value with the expected value for each particle with momentum p. The ex-
pected dE/dx for each particle is obtained with a data-driven approach, using the
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Figure 3.13: Charged particles dE/dx as a function of momentum measured by TPC
in pp collisions at

p
s = 13TeV. Figures from ALICE Figure Repository.

following parametrization based on the Bethe-Block equation:

f (bg) = P1

b P4
[P2�b P4� ln(P3 +

1
(bg)P5

)] (3.4)

where P1�P5 are free parameters, b is the relative velocity of the particle to the
light, and g = 1/

p
1�b 2 is the Lorentz factor.

The measured dE/dx in the TPC as a function of momentum in pp collisions atp
s = 13TeV is shown in the Fig. 3.13. The solid lines are the expected trends for

different particle species, according to the Eq. 3.4. The largest separation is shown
at low momentum region (p < 0.7GeV/c), where the particle can be identified on
a track-by-track basis. At higher momentum region, where a nearly constant sep-
aration among the several species is visible on a wide momentum range, particle
identification can still be possible with a statistical approach based on the multi-
Gaussian fit of the dE/dx distribution. This performance is shown an overall good
dE/dx resolution, which amounts to 5.2% in pp collisions [34].

3.5.2 Particle identification in the TOF

TOF identifies charged particles by measuring the time of flight on a fixed length
L. The time of flight can be obtained with a particle with mass m and knowing its
momentum p:

t =
L
v
= L · E

pc2 = L ·
p

m2 p2 +m2 p4

pc2 (3.5)
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where E is the energy of the particle, and c is the speed of light.
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Figure 3.14: b of charged particles as a function of momentum measured by TOF
in pp collisions at

p
s = 13TeV. Figure from ALICE Figure Repository.

The velocity of charged particles measured by the TOF in pp collisions at
p

s = 13TeV
is shown in Fig. 3.14. TOF helps the particle identification in the intermediate
momentum region, ensuring a kaon versus pion separation better than 3s up to
p' 2.5GeV/c, and a kaon versus proton separation until p' 4.5GeV/c.
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Chapter 4

X0
c production in pp collisions atp
s = 13TeV

The ALICE detector at the Large Hadron Collider(LHC) is optimized to in-
vestigate the Quark-Gluon Plasma (QGP) produced in heavy-ion collisions. Charm
quark is a sensitive probe to clarify the properties of the QGP, thanks to its large
mass. They are mainly produced at the initial stage of the collisions via hard scat-
tering processes and experience the whole evolution of the system. Measurements
of charm-baryon production in pp collisions are essential to be a reference for Pb–
Pb collisions studies. Furthermore, the measurements in pp collisions provide the
constraint of pQCD calculations and for model calculations of charm hadronization
in a vacuum. The charmed baryon-to-meson ratio can provide unique insight into
hadronization processes.

In this chapter, prompt X0
c baryon production decaying into X0

c ! eXn in pp
collisions at

p
s = 13TeV is presented, which is one of the charmed baryons.

X0
c ! e+X�ne and charge conj.

The data, Monte Carlo sample, and trigger condition are introduced in Sec. 4.1.
The procedure of raw yield extraction is described in Sec. 4.2, and Monte Carlo
correction for converting the raw yield to cross section is described in Sec. 4.3. De-
tails of the systematic uncertainties study are described in Sec. 4.4. In Sec. 4.5, The
production of prompt X0

c and charmed baryon-to-meson and the charmed baryon-
to-baryon ratio are reported. Addtionally, the branching fraction ratio for two decay
channels of X0

c, BR(X0
c ! X�e+ne)/BR(X0

c ! X�p+) ratio is reported.
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4.1 Data sample and event selection

4.1.1 Data sample

The minimum bias (MB) triggered data sample from pp collisions collected at
the LHC using ALICE detectors in 2016, 2017, and 2018 with a center-of-mass
energy of

p
s = 13TeV used. The detail of MB trigger is introduced in Sec. 4.1.2.

The Monte Carlo (MC) sample was generated using PYTHIA8, which is cc
pair was generated for each event, and X0

c was used as trigger particles to store the
events. In MC sample, the X0

c was forced to enhance the statistics and to decay in
the semi-leptonic decay channel (X0

c ! e+X�ne and charge conj.) for each event.
The number of events in the MC sample was 50 milions.

4.1.2 Event selection

Events were selected with the Minimum Bias (MB) trigger, which is the trigger
configuration that imposes the smallest bias by accepting most of the events. Pile-up
events, which have more than one primary vertex in the reconstructed event, were
not included. The position of the primary vertex was correlated with the efficiency of
the z-Vertex reconstruction, The efficiency would be approximately independent of
the vertex position within the selected range of |vz|<10 cm. The event selection was
implemented to the data and MC samples. The number of events of data after the
event selection was 1862M, and the number of events of MC after the event selection
was 42M for pp collisions at

p
s = 13TeV, considering the vertex efficiency.

The summary of event selection is listed in the following contents:

- Trigger Class: MB trigger

- Rejection of pileup events only for the real data

- Primary vertex reconstructed from ITS+TPC tracks within ±10cm from the
nominal interaction
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4.2 Raw yield extraction

The production of X0
c decaying to X0

c ! eXn is introduced in this section. The
electron and X were paired to reconstruct the X0

c candidates. The identification of
electrons is described in Sec. 4.2.1, the reconstruction of X is described and in
Sec. 4.2.2. The neutrino cannot be detected because there is no interaction with
detectors. Therefore, the kinematics of neutrino is missing. Therefore, the unfold-
ing technique was used to correct the missing neutrino kinematics in eX pair, as
described in Sec. 4.2.6.

4.2.1 Electron identification

Electrons selected by the ALICE detectors with the capabilities of particle iden-
tification (PID) were taken into account to reconstruct the X0

c candidates.
The pseudorapidity, which is defined as h = � ln(tan(q/2)) with q the angle

between a particle’s track and the beam axis, was limited to �0.8 < h < 0.8. To
get the pure electrons, the maximal Distance of the Closest Approach (DCA) of
the tracks to the collision vertex was restricted to 2 cm for the beam direction (z-
direction) and 1cm for the radial direction (xy-direction), which are the loose DCA
cuts.

The ALICE detectors have several different subsystems to identify hadrons and
electrons. Because each detector’s limited acceptance and efficiency in ALICE are
limited, it is necessary to set the usage of different detectors. Therefore, two dif-
ferent PID detector systems, Time-of-Flight (TOF) and Time-Projection-Chamber
(TPC) (see Sec. 3.2.3 and Sec. 3.2.2), were used together to get a higher purity of
the electrons.

The TOF was used to reduce the amount of hadron contamination. Tracks inside
three times the standard deviation (s ) of the electron’s expected time-of-flight were
used. This led to a suppression of pions, kaons, and protons at low momenta. The en-
ergy loss is defined as the parametrized electron Bethe-Bloch line deviation divided
by the energy loss resolution (called TPC ns ). After 3sTOF cuts, the distribution of
nsTPC as a function of pT is shown in the Fig. 4.1.

In Fig. 4.1, the straight line represents the upper limit of electron selection,
and the curved line represents the lower limit of electron selection. The lower limit
of electron selection was defined as following the previous analysis strategy [38].
Electrons were selected within the upper and lower lines in the first panel of Fig. 4.1.
The others in Fig. 4.1 show nsTPC distributions in different pT intervals, projected
from the first panel of Fig. 4.1. The nsTPC distributions were fitted with the Gaussian
function for pion (p), colored as blue, and for the electron (e), colored as red, and
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Figure 4.1: First panel: the distribution of nsTPC as a function of pT. The straight
line represents the upper limit of electron selection, and the curved line represents
the lower limit. Others: the distribution of nsTPC for different electron’s pT bin
projected from the first panel. The distribution of the red (blue, black) line is the
contribution of elections (pions, proton, or kaon).

for kaon (K) and proton (p), colored as black. As pT increases, it is not easy to select
electrons due to the overlap of the contribution from each particle.

The pT-dependent selection of lower limit for nsTPC was determined by com-
paring the purity and contamination with other selections. The electron purity and
contamination were estimated by integrating the nsTPC distribution, as below:

Purity =

R xmax
xmin

felec(x)dx
R xmax

xmin
( fp(x)+ fp/k(x)+ felec(x))dx

(4.1)

Contamination =

R xmax
xmin

( fp(x)+ fp/k(x))dx
R xmax

xmin
( fp(x)+ fp/k(x)+ felec(x))dx

(4.2)

where the xmin and xmax are the lower and upper limit of the nsTPC cut value used
for the electron identification.
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Figure 4.2: Left: The purity of electrons for varied selections. Right: the contamina-
tion of electrons for varied selections.

Cuts variables cuts
AOD Filter Bit 4

|nsT PC| <5

Table 4.1: Loose election selections for determination of prefilter selection.

The purity and contamination of electrons with different nsTPC selections as a
function of pT are shown in Fig. 4.2. The green line, which means the pT-dependent
selection showed a better description for electron purity and contamination, com-
paring other variations.

The dominant background of electrons was mostly from Dalitz decays (p0 !
g e+e�) of light neutral mesons like p0 or h mesons or photon conversions in the
material. They have the opposite charge, which is photonic decays:

h ! e+e�g
p0! e+e�g

g ! e+e�

To suppress electrons from photon conversions in the ITS hits in both of the inner-
most SPD layers (the two innermost layers of ITS) were required for all selected
tracks. Furthermore, one additional hit was required in the other four layers of the
ITS to reject electrons paired with the same charge, which usually does not originate
from the same decay.

The electron candidates are paired with opposite-sign electron candidates pass-
ing very loose electron selection (Table 4.1) in the same event. The pairs with the
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minimum invariant mass were selected to maximize the probability of finding the
electron partner from a photonic decay.
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Figure 4.3: Minimum invariant mass distribution of electron pairs.

The invariant mass distribution of pairs shown in Fig. 4.3 has a peak at mee ⇠
0 GeV/c2, which clearly shows the contributions from the photonic decays. The
me+e� > 0.05 GeV/c2 selection was applied to reject the photonic electrons, called
as Prefilter. However, the signal electrons having a partner that in the combinatorics
me+e� < 0.05 GeV/c2 can be rejected accidentally. Such efficiency loss can be es-
timated using the same-sign electron pairs because they are totally combinatorial
pairs. The efficiency loss of the selection turned out to be very small. A detail of
prefilter efficiency is in Sec. 4.2.4.

The summary of electron selections is shown in Tab. 4.2.

Cuts vairbales Cuts
AOD Filter Bit 4 (Standard cuts with very loose DCA)

Number of TPC crossed rows > 70
Number of TPC crossed rows/Number of findable cluster > 0.8

Number of TPC PID clusters > 50
ITS/TPC refit TRUE

Number of ITS cluster � 3
pT (GeV/c) > 0.5

|h | < 0.8
SPD hit both
|nsTOF| < 3
|nsTPC| > �3.9+1.2 · x�0.094 · x2,< 3

prefilter cut me+e� > 0.05 GeV/c2

Table 4.2: Selections for electron identification.
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4.2.2 X reconstruction

The X� baryons were reconstructed from the decay chain X� ! p�L, followed
by L ! pp�. The characteristics of X� are shown in Table 4.3, and the decay
topologies are shown in Fig. 4.4.

Particle Quarks S I(JP) Mass(MeV/c2) Decay particles B.R.(%) ct
X�(X+) dss(dss) -2 (+2) 1

2 ( 1
2
+) 1321.71 Lp�(Lp+) 99.9 4.91

Table 4.3: Properties of X; the valence quark content, the strangeness S, the isospin,
the spin, and parity I(JP), the mass and the main decay channel, together with its
branching ratio (B.R.) and decay length ct .

Figure 4.4: The topological variables of X.

The decay daughter’s track of X� used to define X� candidates were required
to have the 70 of TPC crossed rows at least, Moreover, time inside four times the
standard deviation of s of the expected values for pions and protons was used. The
p produced from X and L could be identified using the different mother particles’
identities: lifetime of X� and L, ct is about 4.91cm and 7.89cm, respectively, thus
they could be identified by their characteristic cascade-like and V0-shape decay
topologies. The track and topology selections for X are shown in Table 4.4. These
selections were tuned to reduce the background while maintaining a high signal
efficiency.

Fig. 4.5 shows the invariant mass distribution of X� as a function of pT and the
different pT intervals of invariant mass distribution of X�.
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Cuts variables cuts
Number of TPC crossed rows > 70

Number of crossed rows/Number of findable cluster > 0.77
L Mass tolerance (MeV/c2) 7.5
X Mass tolerance (MeV/c2) 8

DCA of V0 to PV (cm) > 0.09
DCA of V0 daughters to PV (cm) > 0.073

V0 cosine of pointing angle to X vertex > 0.983
X cosine of pointing angle to PV > 0.983

DCA of bachelor track to PV (cm) > 0.07
V0 decay length (cm) > 2.67
X decay length (cm) > 0.5
|nsT PC| (proton) < 4
|nsT PC| (pion) < 4

Table 4.4: The track and topology selections for X.
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Figure 4.5: (Upper left) The invariant mass distribution of X as a function of pT.
(The others) The invariant mass distribution of X� for different pT intervals.
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4.2.3 Raw yield estimation
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Figure 4.6: Top left: The invariant mass distributions of the Right-Sign (RS) and
Wrong-Sign (WS) eX pairs. Top right: the WS subtracted spectra from RS, which
means raw yield spectra. Bottom left: the pT distributions of the RS and WS eX
pairs. Bottom right: the ratio between RS and WS spectra as a function of peX

T .

The eX pairs were subject to the invariant mass cut of meX < 2.5GeV/c2 and
the opening angle cut of 90 degrees. The top left panel of Fig. 4.6 shows the in-
variant mass spectra of RS and WS eX pairs integrated over the whole pT interval.
It was assumed that most background sources contribute equally to WS and RS
pairs. The yield of WS pairs can be treated as a combinatorial background. The in-
variant mass distribution of the eX pair doesn’t have a peak at the X0

c mass (PDG
value: 2470.85+0.28

�0.40MeV/c2) [49], due to the kinematics of the neutrino. The pT
distribution of RS and WS eX pairs, where the invariant mass distribution from 1.3
meX < 2.5GeV/c2 was integrated. The ratio between the RS and WS spectra as
a function of peX

T was shown in Fig. 4.6, showing that the kind of low signal per
background ratio after subtracting WS from RS in the 1 < pT < 2 GeV/c interval.
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4.2.4 Prefilter correction

When electrons were identified as a non-photonic electrions, the prefilter selec-
tion was used (see Sec. 4.2.1). The prefilter can reject signal electrons accidentally.
Therefore, a correction for the efficiency caused by the prefilter is needed. The dif-
ference between the data and MC of the prefilter is expected to depend on the event
multiplicity and topology, therefore, this efficiency correction was done separately.
The prefilter efficiency eprefilter is given by:

eprefilter =
NeX(same-sign prefilter on)

NeX(prefilter off)
(4.3)

where the NeX(same� sign prefilter on) is the number of eX pairs having the elec-
tron, which passed the same-sign prefilter. And NeX(prefilter off) means the number
of eX pairs without any prefilters. The signal eX pair was not enough to calculate
the efficiency. Therefore, the background (WS) was used to calculate the efficiency
to avoid statistical fluctuations.
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Figure 4.7: Left: eprefilter as a function of pT(eX). Right: uncorrected spectrum of eX
as a function of pT(eX) (black), and prefilter effieicency corrected sprectum of eX
as a function of pT(eX) (red).

The prefilter efficiency as a function of pT(eX) is shown in the left panel of Fig.
4.7. The efficiency loss turned out to be very small (smaller than 2%), showing the
consistent loss as a function of pT(eX). The prefilter efficiency corrected spectrum
from the data is shown in the right panel of Fig. 4.7, colored red.
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4.2.5 Over-subtraction correction

The contribution of X0
c was extracted by subtracting the WS spectra from the

RS spectra. However, in WS spectra, there were bottom baryon contributions such
as Xb ! e�X�. The bottom baryon contributions could affect the X0

c contribu-
tions to be underestimated. The CMS collaboration reported a measurement of the
pT�differential L0

b production cross section multiplied by the BR(L0
b! J/yL) in

pp collisions at
p

s = 7 TeV [35], which is used for correcting the over-subtraction of
the bottom baryon contributions in the WS spectra. To estimate the bottom baryon
contributions in WS spectra, two assumptions were made since Xb is not measured
at LHC energies, and Lb is measured only at 7 TeV:

1. The shape of the transverse momentum distribution of X0,�
b baryons is as-

sumed to be the same as that of L0
b baryons.

2. The fraction of beauty quarks that hadronize into L0
b and X0,�

b are the same as
one in e+e� collisions.

The pT spectrum of the Lb baryon was measured by CMS above 10 GeVc [188],
and the Tsallis function fitted the spectrum:

C ·pT [1+

q
p2

T +m2�m

nT
]�n (4.4)

where C depdends on normalization, T and n are pT shape parameters, and m is the
mass of the Lb [35]. The shape parameters, n and T were used as n = 7.6±0.4 and
T = 1.1GeV/c, respectively.

The Tsallis function was assumed to be valid down to pT = 0, as shown in
the left panel of Fig. 4.8. The ratio of the B meson cross sections at

p
s = 13 TeV

and 7 TeV obtained with FONLL pQCD calculations, was used to scale the L0
b

measurement to
p

s = 13TeV. After scaling, the Xb spectrum at
p

s = 13TeV could
be obtained by multiplying the branching fraction ratio 4.5 by scaled L0

b spectrum.

BR(b! Xb)BR(Xb! eXn)
BR(b! Lb)BR(Lb! J/YL)

(4.5)

The spectrum of eX pairs could be estimated using the refolded Xb spectrum
obtained by the response matrix of Xb and eX, described by Eq. 4.6.

Nraw
Xb

=
ds2

Xb

d pTdy
·2 ·DpT ·D · e ·Lint (4.6)
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where Nraw
Xb

is the raw yield (sum of particles and antiparticles) in a given pT in-
terval with width DpT, and Lint is the integrated luminosity of pp collisions atp

s = 13TeV measured by ALICE. Factor 2 considers that the raw yield includes
particles and antiparticles. The efficiency of Xb, and the response matrix of Xb from
the MC and eX pairs are shown in Fig. 4.9.

2 4 6 8 10 12 14 16 18 20
)c) (GeV/bΞ(T

p

0.005

0.01

0.015

0.02

0.025

0.03

ef
fic

ie
nc

y

0

100

200

300

400

500

600

0 2 4 6 8 10 12 14 16 18 20
)c) (GeV/bΞ(T

p
0

2

4

6

8

10

12

14

16

18

20)c
) (

G
eV

/
Ξ

(e Tp

Figure 4.9: Left: Xb efficiency in pp collisions at
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s = 13TeV as a function of
pT(Xb). Right: response matrix of Xb and eX in pp collisions at
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s = 13TeV.

Finally, Xb contribution in WS was 1 ⇠ 2% at low pT region, and 4% at high
pT region shown in the right panel of Fig. 4.10, due to the harder pT spectrum of b
quark compared with c quark. The eX pair from the bottom baryon was added to the
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eX pair from the raw yield spectra (RS-WS), increasing the cross section 1⇠ 6%.

4.2.6 Unfolding

The detector response, which can be described by a matrix R using the detector
response in MC for a certain h and vz range, is to reflect the relation between the
true pT distribution T and the measured pT distribution M. Hence, a mathematical
matrix multiplication method is needed to convert the measured yields to the true
yields.

T = (R�1)⇤M (4.7)

where R, obtained from the Monte Carlo simulation, is the correlation matrix be-
tween the measured and the reconstructed pT distribution, which also gives the con-
ditional probability that a collision with the true distribution is measured as an event
with the measured distribution.

However, R�1 can not be used in all cases. It would give an unreliable result with
very large variances and a mathematically unbiased estimator of T . This problem
can be overcome by turning it into an iterative procedure. Bayesian unfolding [189]
is the default method in this analysis, which is an alternative approach to unfold
the measured distribution based on the Bayes theorem, which is repeated with the
unfolded distribution as a new input for the procedure until it converges.
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Bayes’s theorem describes the probability of an event, which is based on prior
knowledge of conditions:

P(A|B) = P(B|A)P(A)
P(B)

(4.8)

eR ji =
Ri jUj

Âk RikUk
(4.9)

where the P(A) and P(B) are the prior probabilities for the true distribution T and
measured distribution M, respectively. And P(B) is calculated with the response
matrix: Mi = Âk RikUk. Uj are the vector of the unfolded true distribution. P(B|A)
is the probability of measured distribution M under the condition that the true dis-
tribution T is true and is also the same with Ri j of the detector response matrix R.
So, the P(A|B) can be determined by the knowledge of the detector response ma-
trix P(B|A). Therefore, both prior probabilities of P(A) and P(B) are needed for the
process.

U
0
= eR[U ] ·M (4.10)

If spectrum U is the true distribution T , the unfolded spectrum U
0 is T , other-

wise, it is between U and T .
The response matrix should be calculated with realistic X0

c pT distributions. So,
the matrix was calculated in the following 3 steps:

1. The response matrix is obtained from the Monte Carlo simulation, and the X0
c

distribution is obtained with this response matrix.

2. The resulting pT distribution of X0
c is used to produce the response matrix for

the second iteration. The pT distribution of X0
c from MC is corrected to the

one from the first step. Then, the second pT distribution of X0
c is obtained with

the weighted response matrix.

3. Repeat the second step until the resulting pT distribution of X0
c has converged.

The weighting factor was calculated as the ratio of pT distribution of X0
c in data

and MC as shwon in the left panel of Fig. 4.11. In the right panel of Fig. 4.11, the
pT distribution of measured X0

c and the pT distribution of X0
c from MC were fitted

with exponential functions in pT > 1 GeV/c region. The red (blue) lines obtained by
maximum (minimum) uncertainty at low pT and minimum (maximum) uncertainty
at high pT were used for systematic variation of the weighting factor.

The result of unfolding for X0
c is shown in Fig. 4.12. The number of iterations of

3 was used in the main unfolding procedure. The measured spectrum was compared
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Figure 4.11: Left: the pT distribution of X0
c in data and Monte Carlo sample. Right:

the weighting factor is defined as the ratio of pT distribution of X0
c in data and MC

(black).

with the unfolded spectra using weighted and unweighted response matrices. Based
on the refolded spectrum, the unfolding with the weighting procedure was more
stable than without one.

4.3 Mote Carlo correction

4.3.1 Efficiency and acceptance correction

The total selection efficiency term, the definition of (Acc⇥ e) as follows:

(Acc⇥ e) =
NX0

c
MC,reco

NX0
c

MC,gen|y|<0.5

(4.11)

which is the total selection efficiency of X0
c ! eXn , the result is shown in Fig. 4.13.

- NX0
c

MC,gen: The number of X0
c baryons counted at the generator level in the MC

simulations within Dy (=1), which decay into eXn . The cut on the generated
position of the vertex along z within 10 cm are applied to select events.

- NX0
c

MC,reco: The number of X0
c baryons counted at the reconstruction level in the

MC simulations. The same analysis cuts are applied to the data. The Physics
Selection and a cut on the reconstructed position of the vertex along z within
10 cm are applied to select events. Because pileup effects do not exist in the
MC sample, the pileup rejection cuts are not applied in the MC analysis.
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Similarly to what was mentioned in Sec. 4.2.6, the pT distributions of the MC
samples and real data are different. The exact weighting procedure was performed as
in Sec. 4.2.6 to correct the difference. The (Acc⇥ e) of the prompt X0

c with weight-
ing and without weighting were comparable within the uncertainties, as shown in
Fig. 4.13. The (Acc⇥ e) of prompt, feed-down, and inclusive turned out they are
comparable with each other within the uncertainties. Because selections were not
sensitive to the displacement by a few hundred micrometers of the prompt and feed-
down X0

c decay vertices from the collision point.

4.3.2 Prompt fraction estimation

The prompt X0
c cross section can be obtained with the following equation:

d2sX0
c

dpTdy
=

1
BR

· 1
2DyDpT

·
fprompt ·NX0

c
raw

(A⇥ e)prompt
· 1
Lint

(4.12)

where NX0
c is the raw yield, which is the sum of particles and antiparticles, in

a given pT interval in DpT. (A⇥ e)prompt is the product of detector acceptance
and efficiency for prompt X0

c, and Lint is the integrated luminosity, the value is
32.08± 0.51nb�1 [190]. The Dy represents the width of the covered rapidity in-
terval. Factor 1/2 considers that the raw yield includes particles and antiparticles,
while the cross section is only for particles. The BR is the branching ratio, which
is the new measurement obtained from the recently constrained absolute branching
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ratio (BR) of this X0
c decay in pp collision at

p
s = 13 TeV, by measuring the X0

c
production via two different decay channels, X0

c ! e+X�ne and X0
c ! p+X� [37].

fprompt is the fraction of the raw yield from prompt X0
c, defined as:

fprompt = 1�
NX0

c
feed�down

NX0
c

raw
(4.13)

where NX0
c

feed�down is the number of feed-down X0
c. The NX0

c
feed�down is defined as:

NX0
c

feed�down =
dsX0

c

d pTdy
·2 ·DpT Dy · (A⇥ e)feed�down ·Lint (4.14)

where (A⇥e)feed�down is the product of detector acceptance and efficiency for feed-
down X0

c.
The production of beauty feed-down X0

c is not measured. Therefore, a strat-
egy based on the estimation constructed in Ref. [191] using the feed-down L+

c was
adopted. The production of L+

c from L0
b-baryon decays were estimated using the b-

quark cross section from FONLL calculations, multiplied by the beauty quarks frac-
tion that fragment into L0

b. The fragmentation fraction is obtained from the beauty
fragmentation function in pp collisions at

p
s = 13 TeV, measured by LHCb [36].
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The L0
b ! L+

c +X decay kinematics was modeled using PYTHIA 8.243 simula-
tions [192], and scaled by the fraction of X�b decaying in a final state with a X0

c,
which is taken to be 50% from the PYTHIA 8.243 generator. The contributions
from other b hadrons to X0

c were checked, which tells us that their contribution was
less than 2%.
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Figure 4.14: Left: The pT distribution of feed-down L+
c obtained from the b-quark

pT�differential cross section from FONLL calculations, and the fragmentation
function of beauty quark measured by LHCb [36] (Black). The pT distribution of
feed-down L+

c with the maximized variation of FONLL and fragmentation function
is colored blue, and the pT distribution of feed-down L+

c with the minimized varia-
tion of FONLL and fragmentation function is colored red. Right: the ratio inclusive
X0

c/prompt L+
c . The maximal variation and minimal variation are used to estimate

the systematic uncertainties. Details are in Sec. 4.28.

The cross section of X0
c from beauty feed-down was calculated from the cross

section of L+
c originating from L0

b decays, which was scaled by the ratio of the
measured pT-differential yields of inclusive X0

c and prompt L+
c baryons. The as-

sumptions were needed to get a cross section of X0
c from beauty feed-down, that the

pT shape of the cross sections of feed-down L+
c and X0

c is the same, and that the ratio
inclusive X0

c/prompt L+
c is the same as the ratio for the feed-down baryons. The as-

sumption was reasonable because the inclusive L+
c -baryon yield is dominated by the

prompt production, based on the fprompt values close to unity reported in Ref. [193].
The prompt fraction is shown in Fig. 4.15. The X0

c yield was dominated by the
prompt production, based on the fprompt values close to unity.
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4.4 Systematic uncertainties

The discrepancy between MC and data is caused by the imperfection of the
simulation and results in systematic uncertainties. Variations of selections used to
calculate systematic uncertainties show the sensitivity of the selections.

A Barlow criterion [194] has been applied for variations to prevent an effect to
systematic uncertainty from statistical fluctuation.

B =
|De f ault�Variation|q

s2
De f ault �s2

Variation

(4.15)

If the Barlow criteria (B) is less (more) than 1, differences could result from a
statistical (systematic) fluctuation.

4.4.1 Electron reconstruction

The number of TPC clusters and the number of ITS clusters were varied to study
the uncertainties on the track reconstruction. Table 4.5 shows the variation for the
systematic study.

Cut variables VeryLoose Loose Standard Tight VeryTight
Number of crossed rows > 65 > 65 > 70 > 75 > 80

Number of crossed rows/Number of findable clusters > 0.75 > 0.8 > 0.8 > 0.85 > 0.9
Number of TPC PID cluster > 40 > 45 > 50 > 55 > 60

Table 4.5: Electron selections used to study the uncertainties of track reconstruc-
tion. Selections that are not shown in this table are the same as the Table 4.2.

Fig. 4.16 shows the prompt X0
c pT spectra, the ratios of the X0

c spectra with
variations to the standard cut, efficiencies, and the RMS deviations from 1, and
the Barlow values are calculated for each pT bin. The systematic uncertainties are
assigned 2%, followed by the RMS value.
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Figure 4.16: The systematic study for electron reconstruction.
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4.4.2 Electron identification

The constant of the nsT PC function criteria was varied to study the uncertainties
on the track identification. The varied nsT PC functions as a function of pT are shown
in Fig. 4.17.
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Figure 4.17: nsT PC function variations: Standard (black), VeryLoose (violet), Loose
(blue), Tight (red), VeryTight (green).

Table 4.6 shows the variation for the systematic study.

Cuts variables VeryLoose Loose Standard Tight VeryTight
Constant of nsT PC function �4.3 �4.1 �3.9 �3.7 �3.5

Table 4.6: Electron selections used to study the uncertainties of track identification.
Selections that are not shown in this table are the same as the Table 4.2.

The systematic uncertainties are assigned as a function of pT, followed by the
RMS value.
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Figure 4.18: The systematic study for electron identification.
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4.4.3 X reconstruction

The number of TPC clusters was varied to study the uncertainties on the track
reconstruction from the V0 and cascade. Table 4.7 shows the variation for the sys-
tematic study.

Cuts variables VeryLoose Loose Standard Tight VeryTight
Number of crossed rows > 5.96 > 66 > 70 > 70 > 74

Number of crossed rows/Number of findable clusters > 0.74 > 0.77 > 0.77 > 0.79 > 0.79

Table 4.7: X reconstruction selections used to study the uncertainties of daughter
track reconstruction. Selections that are not shown in this table are the same as the
Table 4.4.

The systematic uncertainties are assigned as a function of pT, followed by the
RMS value.

4.4.4 X topology

The X topology selections were varied to study the uncertainties on the X recon-
struction from the V0 and cascade. Table 4.7 shows the variation for the systematic
study.

Cut variables VeryLoose Loose Standard Tight VertTight
L Mass tolerance (MeV/c2) 7.5 7.5 7.5 7.5 7.5
X Mass tolerance (MeV/c2 ) 8 8 8 8 8

DCA of V0 to PV (cm) > 0.05 > 0.07 > 0.09 > 0.11 > 0.13
DCA of V0 daughters to PV (cm) > 0.05 > 0.061 > 0.073 > 0.088 > 0.102

V0 cosine of pointing angle to X vertex > 0.98 > 0.981 > 0.983 > 0.9839 > 0.985
DCA of bachelor track to PV (cm) > 0.05 > 0.05 > 0.07 > 0.09 > 0.11

V0 decay length (cm) > 1.1 > 1.55 > 2.67 > 3.6 > 4.39
X decay length (cm) > 0.5 > 0.5 > 0.5 > 0.53 > 0.72

Table 4.8: X topology selections used to study the uncertainties of daughter track
reconstruction. Selections that are not shown in this table are the same as the Ta-
ble 4.4.

The systematic uncertainties are assigned as a function of pT, followed by the
RMS value.
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Figure 4.19: The systematic study for X reconstruction.
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Figure 4.20: The systematic study for X topology selection.
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4.4.5 eX pair cut

The invariant mass and opening angle of eX were varied to study the uncertain-
ties on the eX reconstruction. Due to the large background contribution, only one
variation was used to estimate the systematic uncertainty of the opening angle. The
Table 4.9 and Table 4.10 show the variation for the systematic study.

Cut variables Loose Standard Tight

Invariant mass cut (GeV/c2) 2.7 2.5 2.3

Table 4.9: Variations used to study the uncertainties of the invariant mass of eX.

Cut variables Standard Tight
Opening angle cut (degree) 90 � 70�

Table 4.10: Variations used to study the uncertainties of the opening angle of eX.

The systematic uncertainties for the invariant mass of eX were assigned as a
function of pT, followed by the RMS value.

The systematic uncertainties for the opening angle of eX were assigned as a
function of pT, followed by the RMS value. Fig. 4.22 shows that the opening angle
cut is sensitive, especially at low pT. The opening angle distributions were checked
to investigate the opening angle systematic study.

The left panel of Fig. 4.23 shows the opening angle distributions of data and MC.
The distributions of data for RS and WS were consistent. The red point indicates the
opening angle distribution of eX pairs, which come from true X0

c in whole pT range.
The green and blue points indicate that the opening angle distributions of the eX
pairs, which come from true X0

c in the pT range.
If the opening angle cut becomes tighter than the standard cut (90�), the signal-

to-background ratio will increase, but efficiency will be consistent with the standard
cut. This effect was shown in the opening angle systematic study (see Fig. 4.22).
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Figure 4.21: The systematic study for the invariant mass of eX pair.
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Figure 4.22: The systematic study for the opening angle of eX pair.
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Figure 4.23: Left: the opening angle distributions of eX pairs. The red line indicates
the distribution of eX pairs, which come from true X0

c in the whole pT range from
MC, the closed black circle indicates the distribution of RS from Data, and the open
black circle indicates the distribution of WS from Data. The blue and green triangle
indicates the distribution from MC for each pT interval. Right: the cross section of
prompt X0
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4.4.6 Over-subtraction

The Xb contributions were varied to study the systematic uncertainties on the
over-subtraction.

Variation 1. The uncertainties on the bottom baryons correction are estimated by
varying the parameters of the TSallis functions.

- Varying n: varied by 1s (7.6! 8.0)

- Scale up: CMS estimated the uncertainties on the cross section in the pT range
above 10 GeV/c to be ⇡ 50 %.(The normalization of the Lb spectrum is
scaled up by the uncertainty).

Variation 2. Varying branching ratio fraction

- The uncertainties on the B(b!XbB)(Xb! eXX) (30%) and B(b!LbB(Lb!
J/yL))(14%) were added in quadrature. The total uncertainty of the branch-
ing fraction ratio is 33%.

Variation1 means the scale up the CMS Lb cross section up to 50%, and vari-
ation2 indicates the varying branching fraction ratio up to 33%. In variation1, No
systematic uncertainty was assigned for varying n because systematic uncertainty
was less than 1%.

(a) Cross section of prompt X0
c (b) RMS deviations from 1

Figure 4.25: The systematic study for variations of Xb contributions.

The systematic uncertainties were assigned as a function of pT, followed by the
RMS value.
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4.4.7 Unfolding

pT binning

The unfolding procedure was very sensitive to the pT range and pT binning,
especially at low pT. To check the pT binning and range sensitivity of unfolding, the
pT binning and pT range were varied. The lower limit of pT range for the unfolded
spectrum was changed from 0 (default) to 0.1 (Var1), 0.3 (Var2), and 0.5 (Var3).
Also, First pT bin was split as [0,1] (default), [0,0.1] (Var4), [0,0.3] (Var5), and
[0,0.5] (Var6).

Figure 4.26: Left: the prompt X0
c cross section for variations of pT binning and

range. Right: the ratios of the X0
c spectra with variations to the standard selection for

variations of pT binning and range.

Fig. 4.26, default binning was fine to describe the low pT region, and no sys-
tematic uncertainty is assigned for pT binning and range.

Iteration and Singular value decomposition (SVD) method

The number of iterations was 3 in the Bayesian unfolding, which is the default
method of this analysis. The number of iterations varied from 2 to 6 to study the
uncertainties of the unfolding fluctuations.

The unfolding method was varied to study the uncertainties of the unfolding
fluctuations. The SVD method [195] was used to check the uncertainties of the
unfolding procedure. Unfolded spectra from the SVD unfolding were sensitive to
the d vector. The regularization number was determined as 4 and 5, following the d
vector, which is close to 1.

The systematic uncertainties were assigned as a function of pT, followed by the
RMS value.
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Figure 4.27: Top left (right): the prompt X0
c cross section for variations of the num-

ber of iterations (the unfolding method). Middle left (right): the ratios of the X0
c

spectra with variations to the standard selection for variations of the number of it-
erations (the unfolding method). Bottom left (right): the RMS deviations from 1 for
variations of the number of iterations (the unfolding method).
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4.4.8 Prompt fraction

The systematic uncertainty on the extraction of prompt fraction (see Sec. 4.3.2)
was estimated by varying the FONLL parameters, such as b-quark mass, factoriza-
tion, and the renormalization scales, and fragmentation functions, and the variation
of the ratio of X0

c and L+
c , as maximal value (x2) and minimal value (x0.05) of the

ratio, for the conservative calculation.
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Figure 4.28: Left: the prompt fraction for each variation. Right: the ratios of prompt
fractions for X0

c.

The systematic uncertainties were assigned as a function of pT, depending on
the variation to the upper and lower direction of the prompt fraction.

4.4.9 ITS-TPC matching efficiency

The systematic uncertainty on the tracking efficiency was estimated by com-
paring the probability of prolonging a track from the TPC to the ITS ("matching
efficiency") in data and simulation. Only the electron track was reconstructed us-
ing information from both ITS and TPC detectors. The assumption that the detector
response of electron and pion are similar was needed.

Systematic uncertainties of ITS-TPC matching efficiency for electron was prop-
agated to the systematic uncertainties of eX for each pT bin using Eq. 4.16.

SysteX
ITS�TPCmatching =

SN
i=1(Syste X0

c
i ⇤BCi)

SN
i=1 BCi

(4.16)

where BCi is the Bin Contents of systematic uncertainties of ITS-TPC matching
efficiency for electron.
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pT bins systematic value
1.0 - 2.0 0.018
2.0 - 4.0 0.027
4.0 - 6.0 0.023
6.0 - 8.0 0.024
8.0 - 9.0 0.030

Table 4.11: Systematic uncertainties of ITS-TPC matching efficiency for electron
taken from DPG [48] in pp collisions at

p
s = 13TeV.

eX
pT bins (GeV/c) 1-2 2-3 3-4 4-5 5-6 6-8 8-12

Systematic 2.52% 2.50% 2.50% 2.44% 2.44% 2.44% 2.50%

Table 4.12: The systematic uncertainty of peX
T propagated from pe

T at
p

s = 13TeV.

Systematic uncertainties of ITS-TPC matching efficiency for eX pair are shown
in Table 4.12. Propagating the systematic of peX

T to the systematic of pX0
c

T , similarly
as before. However, due to the missing neutrino kinematics, the response matrix
was considered to connect the peX

T with pX0
c

T , which was shown in Fig. 4.12. To get
the peX

T distributions in different pX0
c

T intervals, the response matrix was needed to
project to the x axis. Systematic uncertainties of ITS-TPC matching efficiency for
eX pair were propagated to the systematic uncertainties of e X0

c for each pT bin.

SystX
0
c

ITS�TPCmatching =
SN

i=1(SysteX X0
c

i ⇤BCi)

SN
i=1 BCi

(4.17)

where BCi is the Bin Contents of systematic uncertainties of the systematic uncer-
tainty of peX

T .
The systematic uncertainties were assigned as 2.5% for all pT bins, followed by

Table 4.13.

4.4.10 Rapidity range

The rapidity range of X0
c in the generation level of MC was varied to study the

uncertainties on the X reconstruction from the V0 and cascade.
In the left panel of Fig. 4.29, the red line shows the cross section from the cut
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X0
c

pT bins (GeV/c) 1-2 2-3 3-4 4-5 5-6 6-8 8-12
Systematic uncertainty 2.51% 2.51% 2.50% 2.50% 2.44% 2.45% 2.50%

Table 4.13: The systematic uncertainty of pX0
c

T propagated from peX
T
p

s = 13TeV.
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Figure 4.29: Left: the prompt X0
c cross section for rapidity range variations. Right:

the ratio of the X0
c spectra with variations to the standard selection.

|y| < 0.5, and the blue line shows the cross section from the cut |y| < 0.8. And in
the right panel of Fig. 4.29, the ratio of cross sections from each rapidity range.

The systematic uncertainties were assigned as 1% for all pT bins, followed by
the ratio of cross sections.
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4.4.11 Summary of systematic uncertainties

The overall systematic uncertainty was calculated by summing the different con-
tributions in quadrature, which were assumed to be uncorrelated.

pT (GeV/c) 1–2 2–3 3–4 4–5 5–6 6–8 8–12
ITS-TPC matching 2.5%

Electron reconstruction 1%
X±-daughter reconstruction 7% 8% 1% 1% 2% 1% 1%

Electron identification 12% 5% 3% 3% 2% 3% 9%
X± topological selection 6% 8% 5% 3% 2% 5% 5%

eX-pair mass 13% 7% 5% 10% 14% 9% 9%
opening angle 20% 4% 4% 3% 1% 0% 0%

Bayesian-unfolding iterations 3% 1% 1% 4% 3% 2% 2%
Unfolding method 29% 5% 2% 2% 2% 3% 2%
Over subtraction 1% 1% 2% 2% 5% 6% 6%

Generated pT shape 1% 1% 1% 1% 1% 1% 3%
Rapidity interval 1%

Feed-down subtraction (l+
c variation) +1

�1% +1
�1% +1

�1% +1
�1% +1

�2% +1
�2% +1

�2%
Feed-down subtraction ( X0

c
l+

c
variation) +2

�2% +2
�2% +2

�2% +3
�3% +4

�3% +5
�4% +4

�4%

Branching ratio [196]
Luminosity [49, 197]

Table 4.14: Contributions to the systematic uncertainty on the X0
c cross section.
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4.5 Results

4.5.1 Branching-fraction ratio

Figure 4.30: Upper panel: BR x cross sections of prompt X0
c ! X�e+ne (full red

circles) and X0
c ! X�p+(open blue circles) as a function of pT. Lower panel: ratio

of BR x cross sections of prompt X0
c ! X�e+ne and X0

c ! X�p+ as a function of
pT. Figures from [37].

The production cross section of prompt X0
c baryons without BR correction in

both the semileptonic (X0
c ! X�e+ne) and hadronic decay (X0

c ! X�p+) channels
are shown in the upper panel of Fig. 4.30. The error bars indicate the statistical
uncertainties, and the boxes indicate the statistical and systematic uncertainties. The
X0

c measurements in the two decay channels are compatible within statistical and
systematic uncertainties.

The lower panel of Fig. 4.30 shows the pT-dependent ratio of the two X0
c mea-

surements. The average of uncertainty for the pT-dependent ratio of the two X0
c

measurements was calculated as the sum in quadrature of the relative statistical
uncertainties and the weight of the pT-uncorrelated sources of the systematic un-
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certainties [198]. The systematic uncertainty of unfolding, for the X0
c ! X�e+ne,

was considered as pT uncorrelated uncertainties, and the other uncertainties were
considered as fully pT correlated uncertainties. The systematic uncertainty of the
production ratio was calculated with the quadrature sum of pT-correlated and un-
correlated systematic uncertainties. The weighted average of the production ratio
was considered to calculate the branching fraction ratio:

BR(X0
c ! X�e+ne)/BR(X0

c ! X�p+) = 1.38±0.14 (stat)±0.22 (syst). (4.18)

with an improved precision by a factor of three with respect to the global average
value reported by the PDG [49]. The branching fraction ratio which was one by
the Belle collaboration [199] shows a compatible value with the one measured by
ALICE collaboration.

4.5.2 Production cross section

The measurement of the prompt X0
c cross section at

p
s = 13TeV using the two

decay channels considering each branching ratio is shown in fig. 4.31. The cross
sections of the prompt X0

c for the two decay channels were averaged to obtain a
more precise measurements of the pT-differential X0

c production cross section. The
average of the cross sections is calculated considering as weights the inverse square
of the relative statistical uncertainties and the pT-uncorrelated systematic uncertain-
ties [198]. The cross sections of X0

c in the two decay channels and the average cross
section of X0

c are consistent within the uncertainty of the measured pT interval. The
error bars indicate statistical uncertainties, and empty boxes indicate systematic un-
certainties. The systematic uncertainties of the branching ratio are shown as shaded
boxes, and the integrated luminosity uncertainties are shown as a value in Fig. 4.31.

The cross section of prompt X0
c in pp collisions at

p
s = 13TeV, measured in

the rapidity interval |y| < 0.5 and pT range 1 < pT < 12 GeV/c, is shown in the
Fig. 4.33. The prompt X0

c cross section is compared with the prompt X+
c cross sec-

tion as shown in Fig. 4.31, which is the isospin partner. The measurements of prompt
X0

c and X+
c are compatible within uncertainties.

The prompt X0
c production at

p
s = 13TeV is compared with the inclusive X0

c
production at midrapidity in pp collisions at

p
s = 7 TeV, and the prompt X0

c produc-
tion at midrapidity in pp collisions at

p
s = 5.02 TeV [39]. The error bars indicate

statistical uncertainties, and empty boxes indicate systematic uncertainties. The sys-
tematic uncertainties of the branching ratio are shown as shaded boxes, and the in-
tegrated luminosity uncertainties are shown as a value in Fig. 4.33. The uncertainty
on the branching ratio of the prompt X0

c at
p

s = 7 TeV and
p

s = 5.02 TeV decreases
because it is constrained by the new measurement of a combination of two different
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Figure 4.31: Measurement of prompt cross sections for X0
c ! X�e+ne(empty green

squares) and X0
c!X�p+ (open blue circles), and the measurement of average of the

cross section (full red markers) as a function of the pT. The uncertainty on integrated
luminosity is not included. Figure from [37].

decay channels (X0
c! e+X�ne and X0

c! p+X�) at
p

s = 13TeV. The prompt frac-
tion in the X0

c is close to unity, as shown in Sec. 4.3.2. Therefore, the comparison
of the inclusive X0

c cross section measured at
p

s = 7 TeV with the prompt ones atp
s = 5 and 13 TeV can provide a meaningful message of the

p
s dependence for

the production. The
p

s dependence of the production indicates a hardening of the
pT-differential cross section with increasing collision energy. The trend of

p
s de-

pendence is consistent with the observation for the D-meson and L+
c at
p

s = 5.02,
7 and 13 TeV [120, 200, 156, 25, 201], and with the pQCD calculations [114].

The visible cross section of X0
c at midrapidity in pp collisions at

p
s = 13TeV

was calculated in the measured pT interval by integrating the measured X0
c produc-

tion. The branching ratio uncertainty was considered as a systematic uncertainty.
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Figure 4.32: The measurement of prompt cross sections for X0
c (full circles) and X+

c
(open circles) baryons as a function of pT in pp collisions at

p
s = 13 TeV. The

statistical and systematic uncertainties are represented by the error bars and empty
boxes. Shaded boxes represent the systematic uncertainties of the branching ratio
(BR). The boxes do not contain the integrated luminosity uncertainty.

The pT-integrated cross sections of X0
c in the measured pT interval is:

dsX0
c

pp, 13 TeV

dy

����
(1<pT<12 GeV/c)

|y|<0.5
= 148 ± 21 (stat.) ± 35 (syst.) ± 7 (lumi.) µb.

(4.19)
The pT-extrapolated X0

c cross section at midrapidity in pp collisions at
p

s = 13TeV
was extracted by extrapolating the measured cross section to the full pT range.
The Catania model [27], was used to calculate the extrapolation factor, which is
1.36+0.05

�0.15, which could better explain the measured pT shape. The systematic un-
certainty was estimated considering calculations [26, 46, 202] that describe the pT



4.5.2 Production cross section 109

0 2 4 6 8 10 12 14
)c (GeV/

T
p

1−10

1

10

210

)c -1
b 

G
eV

µ
) (yd Tp

/(d
σ2 d

ALICE
 baryon0

cΞ
| < 0.5ypp, |

 3.5% (7 TeV) lumi. unc. not shown± 2.1% (5.02 TeV), ±

 5.0% (13 TeV) lumi. unc. not shown±

 = 5.02 TeV (Prompt)s

 = 7 TeV (Inclusive)s

 = 13 TeV (Prompt)s

BR unc.

Figure 4.33: pT-differential production cross sections of prompt X0
c baryons in pp

collisions at
p

s = 5.02 TeV and 13 TeV and of inclusive X0
c baryons in pp collisions

at
p

s = 7 TeV [38]. Figure from [39].

shape of the measured cross section. The pT-extrapolated cross section of X0
c is:

dsX0
c

pp, 13 TeV

dy

����
|y|<0.5

= 201 ± 28 (stat.) ± 48 (syst.) ± 10 (lumi.) +10
�21 (extrap.) µb.

(4.20)
The production of X0

c baryons shows a sizable contribution to the cc production
cross section at midrapidity per unit rapidity in pp collisions at the LHC [203]. The
pT-integrated cross section of X0

c is used to derive the ratio of the X0
c and D0 meson,

which is measured at the same collision energy [120].
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4.5.3 Baryon-to-meson and baryon-to-baryon ratio
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Figure 4.34: X0
c/D0 ratio measured in pp collisions at

p
s = 13 TeV (green), com-

pared with the measurements at
p

s = 7 TeV [38] (red) and
p

s = 5.02 TeV [39] blue.
The uncertainty of the branching ratio (BR) of D0 is included in the point-by-point
systematic uncertainties in the empty boxes, while the BR uncertainties on the X0

c
are shown as shaded boxes. Figure from [39].

The ratio of the pT-differential X0
c and D0 yield at midrapidity measured in

pp collisions at
p

s = 13 TeV is shown in Fig. 4.34, and compared with the same
baryon-to-meson ratio at midrapidiy measured in pp collisions at

p
s = 7 [38] and

5.02 TeV [39]. The prompt D0 cross section was published in Ref. [204], which is
used to evaluate the charm baryon-to-meson ratio, matching the pT bin. The sys-
tematic uncertainties on D0 meson were propagated considering the raw yield ex-
traction uncertainty as fully uncorrelated and other sources of uncertainties as fully
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correlated in the pT intervals when rebinning the D0 cross section. The systematic
uncertainty on the X0

c/D0 ratio was calculated with the assumption that all the uncer-
tainties of the X0

c and D0 cross sections as uncorrelated. However, the ratio considers
tracking and feed-down systematic uncertainties partially canceled. The luminosity
uncertainty is fully canceled in the X0

c and D0 ratio. The X0
c/D0 ratios at the three

center-of-mass energies are compatible with uncertainties, while the prompt cross
shows the

p
s dependence. The X0

c/D0 ratio shows the values about 0.35 at low pT,
and it decreases with increasing pT, converging a value of about 0.1 for pT > 8
GeV/c. The X+

c /D0 ratio is also shown in Fig. 4.35, and the ratio is compatible with
the X0

c/D0 within uncertainties.
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Figure 4.35: X0
c/D0 (red) and X+

c /D0 (blue) ratios as a function of pT in pp colli-
sions at

p
s = 13 TeV. While the branching ratio (BR) uncertainties on the X0c are

presented as shaded boxes, the BR uncertainty of the D0 is included in the point-by-
point systematic uncertainties in the empty boxes. Figure from [37].
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The measured X0
c/D0 ratio is also compared with the model calculations. The

measured X0
c/D0 ratio is compared in Fig. 4.35 with the calculations from the differ-

ent tunes of the PYTHIA 8 event generator. The Monash tune significantly under-
estimates the data by a factor of about 23–43 in the low pT region and by a factor of
about 5 in the highest pT interval at

p
s = 13TeV in pp collisions, as also confirmed

for the L+
c /D0 ratio [191]. All three CR modes yield a similar magnitude and shape

of the X0
c/D0 ratio. Despite expecting a more considerable X0

c/D0 ratio with respect
to the Monash tune, the CR modes still underestimate the measured X0

c/D0 ratio by
a factor of about 4–9 at low pT.

The SHM calculation [46] describes the baryon formation based on the thermal
weights considering the additional excited charm-baryon states not yet observed in
pp collisions. The feed-down from the excited charm-baryon states can increase
the chance of composing the charm-baryon. The additional charm-baryon states
are counted based on the relativistic quark model (RQM) [144] and lattice QCD
calculations [205]. By varying the branching ratios of excited charm-baryon states
decaying to the ground state X0,+c, the uncertainty band of the model is evaluated.
The combined model of SHM and RQM does not describe both measurements, the
X0

c/D0, and X+
c /D0.

The production cross section of the X0
c baryon is compared with a model consid-

ering the coalescence process, QCM [202], charm quarks are combined with same
velocity hadrons. It also underestimates the measurement of the X+

c /D0 ratio by a
factor 2–3 for pT < 4 GeV/c.

The Catania model [27] considered hadronization of charm-quark via vacuum
fragmentation and coalescence in pp collisions (see Sec. 2.2.3). In this model, the
coalescence is described with the Wigner formalism, according to which the charm
coalescence produces the pT spectrum of a hadron. The Catania model describes the
X0

c/D0 ratio considering the uncertainties in the whole pT interval of the measure-
ment.

The charmed baryon-to-baryon ratio, X0
c/L+

c and X0,+
c /S0,+,++

c [156] ratios are
shown in Fig. 4.36. The tracking, feed-down, and luminosity uncertainties were con-
sidered correlated, and the rest of the uncertainties source were considered uncor-
related. The evaluation of the X0,+

c /S0,+,++
c was done by the sum of X0

c and X+
c for

pT > 4 GeV/c and scaling by a factor of two in the interval 2 < pT < 4 GeV/c. The
X0

c/L+
c ratio is around 0.5, and X0,+

c /S0,+,++
c ratio is around 2. There is no strong

pT dependence within the current uncertainties. All the PYTHIA 8 tunes, QCM, and
SHM+RQM models calculation can not describe the charmed baryon-to-baryon ra-
tio, except for the X0,+

c /S0,+,++
c ratio. The X0,+

c /S0,+,++
c ratio is compatible with

the Monash tune due to a similar amount underestimation on the X0,+
c and S0,+,++

c
cross sections [38, 156]. The PYTHIA 8 tunes with CR and the SHM+RQM calcu-
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Figure 4.36: X0
c/L+

c and X0,+
c /S0,+,++

c ratio as a function of pT at
p

s = 13TeV. The
statistical and systematic uncertainties are represented by the error bars and empty
boxes. Shaded boxes represent the systematic uncertainties of the branching ratio
(BR). The measurements and model calculations are compared. Figure from [37].

lation also underestimate the measurements of X0
c/L+

c and X0,+
c /S0,+,++

c ratios. The
QCM model shows an almost flat value at unity, significantly underestimating both
measured ratios. The Catania model describes the data within the uncertainties, as
did in X0

c/D0 ratio.
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Chapter 5

X++
cc performance in pp collisions atp
s = 14TeV with ALICE 3

All four main LHC experiments have been participating in the ultra-relativistic
heavy-ion physics program, showing the advanced properties of the QGP. Despite
the ambitious scientific program for the upcoming Run 3 and 4, crucial questions
will still need to be answered with the current detector concepts. The aims of ALICE
3 are to understand the rich phenomenology of QCD matter, connection parton en-
ergy loss, collective flow, hadronization, and electromagnetic radiation in a unified
description.

The physics goal and innovative detector concept will be introduced in Sec. 5.1,
and the analysis framework, which will handle all of ALICE 3 data analysis, will
be introduced in Sec. 5.2. One of the physics goals of ALICE 3 is searching for
multi-charm baryons. In Sec. 5.3.3, the results of the performance study for X++

cc !
X+

c p+! (pK�p+)p+ will be discussed. The performance study is done using the
machine learning technique introduced in Sec. 5.3.1.
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5.1 ALICE 3

ALICE experiment has already led to a deep understanding of the properties of
the QGP in Run 1 and 2 at LHC. Despite the considerable progress made so far (see
Sec. 1.4), several fundamental questions still remain and need to be studied. The
dynamical mechanisms, partons lose momentum, hydrodynamic, and thermalize in
dense QCD matter still need to be discovered. In particular, the hadronization of the
heavy-flavor baryons still needs to be completed, as shwon in Sec. 4.5.

ALICE 3 proposes an innovative detector concept to manage the uncovered
physics topics. It has a high-speed silicon tracker with high resolution and mini-
mum mass placed close to the collision point. The first layers are placed inside the
beam pipe and provide a very wide rapidity acceptance, complemented with hadron,
electron, muon, and photon identification performance over a near the 0 to high pT
range.

5.1.1 Physics goal

ALICE experiment aims to specify the properties of strongly interacting matter
and determine how they arise from the underlying interactions described by quan-
tum chromodynamics. Despite the expected progress in the current decade, it will
not be possible to understand the undiscovered area with the current or currently
planned detectors. Therefore, in 2035, ALICE 3 will operate with a novel experi-
mental approach to study the fundamental physics of QGP. A few key examples are
given below.

High-precision beauty measurements

Beauty quarks may be more appropriate for pQCD calculation to describe the
processes involving the QCD medium due to their significantly larger masses. The
precision measurements of the cross section and flow coefficients of beauty hadrons
are necessary down to the momenta typical of diffusion phenomena to establish a
firm connection between parton transport, collective flow, and hadronization. Also,
beauty hadrons can provide a much cleaner field of study with much fewer feed-
down contributions than charm hadrons.

DD̄ correlations

The correlations between fully reconstructed charm hadron pairs over a wide ra-
pidity range are required to distinguish between the different regimes of in-medium
energy loss and establish the onset of charm isotropization.
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Multi-charm baryons, P-wave quarkonia, exotic hadrons

The measurement of multi-heavy-flavor hadrons, P-wave quarkonia, and exotic
states will offer unprecedented sensitivity to studying the formation of hadrons from
the deconfined QGP. Comparisons between S-wave and P-wave states for charmo-
nium and bottomonium provide a more detailed characterization of dissipative ef-
fects. The production of exotic states inside a deconfined medium provides informa-
tion on the formation and interaction of exotic states, the characterization of binding
potential, and the details of their hadronization mechanisms.

Azimuthal asymmetry of electromagnetic radiation

Studying the azimuthal asymmetries of different particle species is a potent tool
to access the shear and bulk viscosities by correlating final-state anisotropies to
the geometry of the initial medium. Moreover, electromagnetic probes can offer
information on full-time evolution and their temperature dependence since they do
not have strong interaction with the medium. Therefore, azimuthal asymmetry of
the dileptons as a function of transverse momentum and mass provides a direct
connection to the emission time.

Chiral symmetry restoration

The a1 axial meson, which is the chiral partner of the r meson, does not couple
to the dilepton channel in the vacuum. However, as chiral symmetry is restored in
the deconfinement medium, a1 axial meson starts to mix with the r meson, leading
to a significant modification of the dielectron mass spectrum.

Collectivity in small systems

The finding of collective effects in small collision systems has been one of the
most exceptional LHC results. The investigation of the source of collective effects
in small collision systems will be one of the major goals in the high-multiplicity pp
program in ALICE 3.

High-statistics hadronic physics

High statistics will allow access to rare observables, such as the production of
nuclei, hypernuclei, and super-nuclei, the nuclei in which a charmed baryon re-
places a nucleon. Wide acceptance, with excellent reconstruction at low transverse
momenta, will extend the investigations of hadron-hadron potentials via two-particle
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correlations to the charm sector, providing a structure of the newly-discovered charmed
exotic states. Moreover, the detector concept in ALICE 3 allows for exploring more
complex vector meson decays in ultra-peripheral collisions and the reconstruction
of photon conversion at ultra-low transverse momenta.

5.1.2 Detector setup in ALICE 3

ALICE 3 is proposed as a novel detector with a high read-out rate, excellent
pointing resolution, and outstanding tracking and particle identification over a large
acceptance using advanced silicon detectors. This combination provides unique ac-
cess to thermal dielectron production and heavy flavor probes of the quark-gluon
plasma.

The first tracking layer will be positioned close to the interaction point for excel-
lent pointing resolution. The vertex detector will be retractable to provide the larger
aperture required for the beams at injection energy. The vertex layers are made from
wafer-scale CMOS Active Pixel Sensors thinned to 30 µm and bent into cylinders
to minimize the material. An outer tracker with barrel and endcap layers provides a
relative momentum resolution of 1-2% over a large acceptance.

Particle identification will be done by a time-of-flight detector (TOF) and a ring-
imaging Cherenkov detector (RICH) covering a wide momentum range, relying
on novel silicon timing and photon sensors. An electromagnetic calorimeter and
a muon identifier will provide photon detection and lepton identification at higher
momentum. A forward conversion tracker will measure photons at very low pT in
forward rapidity.

5.2 Analysis framework in ALICE 3

ALICE 3 detector plans to collect the extensive Pb–Pb statistics provided by the
LHC up to integrated luminosities per one month as L = 242pb�1, correspond-
ing to an interaction rate of about 93 kHz [24]. The computing model is designed
to reduce the data volume to proceed with the readout from the detector as early
as possible during the data flow, minimizing the cost, data processing, and storage.
And data analysis and MC production is done with Analysis Object Data (AOD)
files. All data processing is handled by ALICE Online-Offline (O2) analysis frame-
work [206].
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Figure 5.1: A silicon tracker made of cylinders and disks is used in the ALICE 3
detector to reconstruct tracks in the magnetic field produced by a superconducting
magnet system. The vertex tracker is included within the beam pipe. For particle
identification, a time-of-flight detector, RICH detector, photon detector, and muon
system are used. Figure from [24].

Figure 5.2: Longitudinal cross section of the ALICE 3 detector concept. Figure
from [24].
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5.2.1 Basic features of the (O2) analysis framework

The (O2) software framework is designed from the start to combine all the com-
puting functionalities needed in a HEP experiment: detector read-out, event build-
ing, data recording, detector calibration, data reconstruction, physics simulation,
and analysis [207]. In the following section, analysis workflow in (O2) will be fo-
cused on, including all the utilities needed to perform the complete analysis chain,
from processing the reconstructed events stored in AOD files to extracting the his-
tograms used in the final analysis.

5.2.2 Heavy-flavour reconstruction, skimming, and selection

A detailed sketch of the Heavy-Flavor (HF) analysis workflow in (O2) is pre-
sented in the diagram in Fig. 5.3. Details of each step are introduced in the following
subsections.

Track pre-selection

The track tables are accessed and filtered by quality and kinematic selections.
Loose selections on the track pT and DCA are applied to consider HF candidates
down to very low pT, based on the displacement from HF decays and primary vertex.

Track combination and proto-candidate pre-selection

Double and triple tracks of each event are combined to reconstruct hadrons that
decay in two or three charged particles (or prongs) by adding the 4-momenta of
the considered tracks, and selections of invariant mass or pT are applied based on
hypotheses on the daughter-track masses.

First secondary-vertex reconstruction and candidate building

The decay vertex (or secondary vertex) is reconstructed by minimizing the dis-
tance of the closest approach of the selected tracks to the vertex using the Newton-
Raphson method. If the secondary vertex is found, the composed tracks are propa-
gated to the decay vertex using a Kalman algorithm.

A first selection at the HF candidate level is applied based on its topologies like
candidate pT, cosine of the pointing angle, and product of prong impact parameters.
For the selected candidates, the indices of the decay tracks and decay channel are
stored as columns in ’TrackIndexSkim’.
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Figure 5.3: Diagram of the HF analysis framework in (O2). Figure from [40].

Candidate rebuilding and Monte-Carlo matching

The track indices stored for each candidate are used to get track and topology
parameters from the AOD track tables. The secondary vertex reconstruction is re-
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peated, and additional candidate properties are needed for the signal selection, and
cannot be calculated dynamically on-the-fly, are calculated. The list of reconstructed
candidate properties is stored in a derived table called ’CandidateSkims’.

For simulated events, reconstructed candidates are matched with their generated
partners by MC information of their identity and decay tree. At this stage, derived
tables with MC flags are used to estimate the signal efficiencies and optimize the
signal and background selections.

Final candidate selection and histogram filling

Analysis level selection criteria based on decay topology and PID information
are applied to the reconstructed candidates by the dedicated selector task for each
decay channel. The selection flag is joined with the candidate table to filter them.

The final workflow is the user analysis task, where the histograms needed for
the analysis are saved in ROOT files. Histograms of properties for generated MC
particles and MC-matched candidates are also constructed for MC events.

5.3 X++
cc ! X+

c p+! (pK�p+)p+ reconstruction

5.3.1 Machine learning

Machine learning (ML) is a branch of artificial intelligence (AI) dealing with
algorithms (models) that learn to perform a task. ML is typically used to solve clas-
sification problems, in which two or more classes of events must be distinguished,
and regression problems, in which the algorithm makes predictions based on the
input data [41]. The most common binary categorization in high-energy physics is
signal and combinatorial background separation. In supervised learning, the algo-
rithm is trained to recognize the various classes in labeled data (training sample),
also known as training. The model parameter configuration for the best event cate-
gorization, referred to as features, is established through training. The topological
and PID selections of daughter tracks are among the features used in reconstructing
the X++

cc ! X+
c p+ ! (pK�p+)p+ decays. The algorithm should ideally discover

general patterns specific to the various classes to classify unlabelled datasets. The
score, a numerical number calculated for each event in accordance with the features,
is the output of the model training. The class selection is decided by comparing this
value to a fixed threshold.

In the subsequent session of this research, Boosted Decision Tree (BDT) is used
to create a binary classification model that separates the XiccDecay signal from
the background. The X++

cc ! X+
c p+! (pK�p+)p+ signal sample is generated via
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Delphes O2 Monte Carlo simulations, and the combinatorial background sample is
generated for MB events by pK�pi+ sets for the training and testing samples. The
model is applied to the data to search for the X++

cc ! X+
c p+! (pK�p+)p+ signal.

5.3.2 Boosted Decision Trees(BDT)

Figure 5.4: Structure of a decision tree built to distinguish signal events (S) from
background ones (B). Figure from [41].

The Boosted Decision Trees (BDT), constructed from the Decision Tree (DT)
block, is a widely used approach for binary classification [41]. A DT is a sequen-
tial model that combines simple categorization to discriminate between two events
based on their features. A DT’s basic structure is sketched in Fig. 5.4. The decision
(test) determines the difference between the signal (S) and the background (B). An
initial test is run at the root node from which the tree grows. The threshold value for
a specific condition and the numeric feature are compared in the test to distinguish
the two classes. The classified event is sent in one of the two directions (left or right)
based on the test results, and the procedure is repeated with the other test condition
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until it reaches the stopping criterion established a priori by the user.
The DT construction is performed automatically during the training, and a Gini

index is commonly used in the node, defined as:

Gini = (
N

Â
i=1

wi)P(1�P) (5.1)

where wi is the weight of the i-th event, and P is the purity of the signal in the
considered node. The criterion for the best separation consists in minimizing the
Gini index difference between the parent and children nodes, represents as:

c = Gini� (Gleftchild
ini +Grightchild

ini ) (5.2)

The c minimization proceeds sequentially, searching for the features and selec-
tion criteria providing the best splitting at each node. In order to accurately classify
the training dataset, a huge number of DTs may be generated in this manner. How-
ever, there is a strong likelihood that the overall patterns defining the two classes
will be missed. Because of this, the depth of DT is typically constrained to prevent
overtraining. A small fluctuation may impact the algorithm stability in the training
dataset in the small DT scenario because the discrimination of small DT is con-
strained. In order to create a strong model with good discrimination, additional DTs
are utilized, and the final classification is obtained by merging the results of all the
DTs. Several DTs are used under the direction of a Random Forest [208], which pro-
duces a classification from the (weighted) average of the results from all the DTs in
the forest. A feature ranking was conducted based on how frequently each feature
was used throughout DT construction. In high-energy physics, feature ranking may
represent the critical variables with a precise physical meaning to separate the sig-
nal and background events. The creation of hundreds of independent DTs requires
such huge computational resources. Moreover, Adding a new DT helps to improve
the whole algorithm’s discrimination power without information from the previous
classifier, which does not improve the classification. For this reason, boosting tech-
niques are required.

In Boosted Decision Trees (BDT) methods, the DTs are built sequentially, at-
tempting to add a new DT that supplements the information of the previous clas-
sifier. BDT is based on the event re-weighting to increase the importance of the
events which is misclassified by the previous classifier. The BDT model equivalents
the ensemble of DTs, and the outcomes are more stable than a single DT to the
training-set fluctuations. The BDT provides an output score corresponding to each
DT’s outcome. The most popular BDT algorithm is XGBoost (XGBoost) [209],
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adopted in this analysis. XGBoost stands for “Extreme Gradient Boosting”, where
the term “Gradient Boosting” originates from the Ref. [210].

5.3.3 Search for X++
cc signal

The production of the multi-charm baryon is suppressed in pp collisions while
shows enhancement towards the AA collision, discussed in Sec. 2.1.2. To extract the
rare X++

cc signal in pp collisions, the BDT is adopted, showing the high separation
of signal and background performance.

The signal sample was generated by Delphes O2 Monte Carlo simulations [211],
and the background sample used for combinatorial sets was generated by Pythia 8
in inelastic pp collisions. In the signal sample, 5000 X++

cc are injected per event in pp
collisions at

p
s = 14 TeV, and the total number of events is 4000. The background

sample is configured as an MB-triggered inelastic pp collision at
p

s = 14 TeV, and
the total number of events is 2 Million.

Figure 5.5: Signal and background distributions of each feature for
0 pT(X++

cc )< 12GeV/c ranges.

In the background sets, the X++
cc candidates are selected with the sideband re-

gions of the invariant mass region. The mass of X++
cc is 3.621GeV/c. Therefore,

only the candidates with an invariant mass of 3.4 < m(X++
cc ) < 3.601GeV/c, or
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Features Cuts
|y| < 1.44

Radius from the secondary vertex < 0.3
Decay length of X++

cc < 0.5
Decay length of X++

cc in XY plane < 0.3
Normalized decay length of X++

cc < 300
Normalized decay length of X++

cc in XY plane < 150
|Impact parameter of X+

c | < 0.04
|Impact parameter of p+( X++

cc )| < 0.1
|Product of impact parameter| < 0.002

|Normalized impact parameter of X+
c | < 25

|Normalized impact parameter of p+( X++
cc )| < 300

|Error of impact parameter| < 0.02
ct of X++

cc < 0.1
c2 of X++

cc PCA < 0.001
Cosine of pointing angle to PV of X++

cc > 0.983
Cosine of pointing angle to PV of X++

cc in XY plane > 0.98
Cosine of pointing angle to PV of X+

c > 0.983
Cosine of pointing angle to PV of X+

c in XY plane > 0.98
Invariant mass of X++

cc > 3.4 and < 3.8
Decay length of X+

c < 1
Decay length of X+

c in XY plane < 0.6
Normalized decay length of X+

c < 800
ct of X+

c < 0.1
c2 of X+

c PCA < 0.0015
Invariant mass of X+

c > 2.367 and < 2.567
|nsTOF| < 3

Table 5.1: pre-selections for X++
cc reconstruction.

3.641 < m(X++
cc ) < 3.8GeV/c are considered. The background sets are built by

combining daughter particle candidates from the background sample. The pre-selections
related to the decay topology are applied to reduce the sample size and computing
time. The pre-selections are listed in Table 5.1. The pre-selections are defined based
on comparing the distributions for signal and background. Each feature’s signal and
background distributions are shown in Fig. 5.5. In Fig. 5.5, a discrepancy between
signal and background distributions on some features appears. This discrepancy is
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critical to separate signal candidates from the combinatorial background.

Figure 5.6: Left: correlations between each feature from the signal sets in 0 
pT(X++

cc ) < 12GeV/c ranges. Right: correlations between each feature from the
background sets in 0 pT(X++

cc )< 12GeV/c ranges.

A full set is built by combining the signal and the background sets. A label is
given to each candidate of the full set, 0 for background and 1 for signal. The full
set is divided into a training set and a test set. This ML aims to get an invariant
mass distribution for X++

cc as a function of transverse momentum. Therefore, both
these features, invariant mass of X++

cc and pT of X++
cc , are not considered in training.

Typically, it is also important to remove all the features that are correlated with those
of interest. However, in this case, no features are significantly correlated with the
invariant mass or the transverse momentum, as shown in Fig. 5.6.

For this ML, XGBoost is used as a classification algorithm. The hipe4m pack-
age [212] deals with the XGBoost model. The model defines the features used in
training and sets the hyperparameters, such as the number of estimators, the max-
imum depth of the trees, and the learning rate. Optimizing the hyperparameters
is crucial to get the best performance from the algorithm. In hipe4ml, the Optuna
package [213] is employed for the optimization. The Optuna package provides a
comprehensive choice of algorithms for hyperparameter optimization. The default
is TPESampler, which provides powerful performance in a few iterations because
it considers past evaluation when determining the hyperparameter set for the next
evaluation. Several sets of hyperparameters are required for test on different samples
to avoid overfitting. In this step, cross-validation proceeded for the accurate outputs.
The cross-validation confirmed the removal of the model dependence on the sam-
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ples. In the cross-validation step, the original sample is separated into n parts called
folds. For each set of hyperparameters, n-1 folds are used for the optimization in
training, and the remaining one is used for the test. This procedure is repeated after
permuting the folds, and the mean value of all the permutations becomes a final
result. In hipe4ml, the hyperparameters are automatically updated after their opti-
mization. In this analysis, the number of DTs is assigned as from 200 to 1000 with a
maximum of 5 folds, and the learning rate is assigned from 0.01 to 0.1. The training
and testing are done for each pT bin of X++

cc .
The training results can be obtained by distributions of the BDT score for the

training and the test sets for each pT bin in Fig. 5.7. The distributions of the model
scores obtained from the test set agree with the training set, indicating that model
has been appropriately trained. The result of the model, the BDT score, is applied to
the full data sets as a selection. The event is accepted if it is above a threshold value
of 0.999 for the whole pT interval in this analysis to maximize the significance of
X++

cc .
The ROC curve, the receiver operating characteristic curve, shows how a binary

classifier system’s diagnostic ability changes as its discrimination threshold change.
The performance of the algorithm can also be investigated with the ROC curve,
which characterizes a good model classifier under the large ROC curve area, as
shown in Fig. 5.8.
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Figure 5.7: BDT output score distributions for signal and background used in the
training and testing for each pT bin.
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Figure 5.8: ROC curves from the training and test of the BDT models.
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5.4 Results

The properties of the charm and multi-charm baryons considered in this study
are reported in Table 5.2.

Particle Mass (GeV/c) ct (µm) Decay channel Branching Ratio (%)
X++

cc 3.621 76 X+
c +p+ 5.0 (assumed)

X+
c 2.468 137 p+K�+p+ (6.2±3.0)⇥10�3

Table 5.2: Particles and decay channels used in the reconstruction of the X++
cc .

Where no measurement is available, a branching ratio of 5% is assumed. Numbers
from [49].

Multi-charm baryon candidates are reconstructed by combining charm baryon
candidates with pions, followed by the decay chain shown in Table 5.2. Selection
criteria described in Table 5.1 and the threshold value of BDT output (0.999) are ap-
plied to the X++

cc candidates from both signal and background samples. In particular,
pion, kaon, and proton identification are performed using the inner TOF detector for
all decay products. Effectively, separating primary and secondary pions is allowed,
as the latter arrives at the TOF detector with a delay. In this study, ML shows sig-
nificant improvements in extracting the signal and rejecting the background with
respect to the standard analysis.

5.4.1 Significance of X++
cc ! X+

c p+! (pK�p+)p+ decay

The significance optimization is finding the best settlement between rejecting
the background and keeping the signal. This study considers all prompt X++

cc baryons
since they are directly injected in the dedicated MC production. The expected signal
yield per event is calculated as follows:

Spp,14TeV
X++

cc
(3s , pT) = spp,14TeV

X++
cc

· (acc⇥ e) ·2DpTDy ·BR (5.3)

where the spp,14TeV
X++

cc
is expected cross section of X++

cc in pp collisions, based on the
Ref. [214]. Based on Pythia calculations of charm baryons, it is assumed that 33%
of the total yield is seen in the rapidity range |y| < 1.44, so additional scaling is
applied to spp,14TeV

X++
cc

. The (acc⇥ e) is the expected efficiency of X++
cc ! X+

c p+!
(pK�p+)p+ obtained from the dedicated MC simulation, shown in Fig. 5.9. The
bin width of pT and y are considered, and the branching ratio of X++

cc ! X+
c p+!

(pK�p+)p+ is multiplied, based on Table 5.2.
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Figure 5.9: Expected reconstructed efficiency of X++
cc ! X+

c p+! (pK�p+)p+ in
pp collisions at

p
s = 14 TeV.

The background yield per event within 3s (Bpp,14TeV
X++

cc
(3s , pT)) with respect to

the signal mean is estimated from the MB-triggered inelastic pp collision events.
The background sample does not include the injected X++

cc decays. The number
of background candidates is counted from the invariant mass distribution, which
is fitted with a polynomial function. In detail, the 3s is extracted from the X++

cc
injected signal sample, and the background yield is counted in the mass range of
3.591 < m(X+

c +p+) < 3.651GeV/c2. And the number of background candidates
is normalized with the number of pp collisions (2 Million) to get a background yield
per event.

The significance is calculated considering X++
cc baryons in 2 < pT < 12GeV/c

pT range assuming an integrated luminosity of pp collisions of Lint = 18fb�1 atp
s = 14 TeV with the inelastic cross section of s pp,14TeV = 70mb, as Eq. 5.4.

Signi f icance(3s) =
Spp,14TeV

X++
cc

(3s , pT)
q

Spp,14TeV
X++

cc
(3s , pT)+Bpp,14TeV

X++
cc

(3s , pT)
·
p

s pp,14TeV ·Lint

(5.4)
where the s pp,14TeV ·Lint corresponds to the number of events in pp collisions atp

s = 14 TeV.
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Figure 5.10: Expected significance of X++
cc !X+

c p+! (pK�p+)p+ in pp collisions
at
p

s = 14 TeV.

The evaluated performance study using the decay channel X++
cc ! X+

c p+ !
(pK�p+)p+ proceeds, the significance of the X++

cc ! X+
c p+! (pK�p+)p+ in pp

collisions are shown in Fig. 5.10. The significance shown in Fig. 5.10 is obtained
in the worst condition, which means consider the lowset the branching ratio of the
X+

c ! p+K�+p+ channel. The branching ratio of X+
c ! p+K�+p+ channel is

argued as 0.45±0.21±0.07% in Ref. [215], 1.135±0.002±0.387% in Ref. [216],
and as 2.2±0.8%. in Ref. [217]. Despite that, under the worst scenario, the signif-
icance of around 3 for pT > 4GeV/c is currently projected with Lint = 18fb�1 of
pp collisions.
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Chapter 6

Model calculation of bottomonium
production

Quarkonium production has been studied extensively in a relativistic heavy-ion
collision to understand the characteristic of the quark-gluon plasma, thanks to its
large mass of the constituent quarks. The response to the medium produced by the
collisions affects the physics and yield of the quarkonium state. Several models that
consider the effects of dissociation and regeneration on the quarkonium state can
explain the experimental results on the yield modification in heavy-ion collisions
relative to pp collisions. Small collision systems like p—Au and p—Pb collisions
have also shown yield modification. It can be explained by the beginning and end
state effects or by the Cold Nuclear Matter effect (CNM), according to Ref. [218].
A model study in different small collision systems, such as pp, p-Pb, p-O, and O-O
collisions, will aid in the quantitative understanding of nuclear effects on the pro-
duction of °(nS) and be used to explore the yield modification on °(nS) in a small
collision system. The suppression of °(1S) in Pb—Pb collisions is well described
by a theoretical calculation evaluating the gluo-dissociation, inelastic parton scat-
tering, and their inverse response [219].

A Monte-Carlo simulation framework was designed to integrate the medium
created in heavy-ion collisions more realistically with event-by-event initial colli-
sion geometry and hydrodynamic evolution, which is introduced in Sec. 6.1. The
Monte-Carlo framework is extended to small collision systems to study the medium
response on the °(nS) states. The nuclear modification factor of °(nS) as a function
of charged particle multiplicity (dNch/dh) and transverse momentum, and also the
elliptic flow of °(nS) will be shown in Sec. 6.2.
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6.1 Simulation for Heavy IoN Collision with Heavy-quark
and ONia (SHINCHON)

This section introduces the SHINCHON simulation framework, which is specif-
ically designed to simulate the medium response of quarkonium in the heavy-ion
collision and small collision systems. The three components that construct the SHIN-
CHON framework include the initial collision systems, which are regarded as the
background medium and is produced by the MC-Glauber and hydrodynamics sim-
ulation. And when the dissociation effect is taken into account, the second compo-
nent is regarded as the medium response of quarkonia. The modification of Upsilon
is derived in the final section while taking feed-down contributions into the account.

6.1.1 Initial collision system

The following method is taken into consideration to construct the collision sys-
tem’s initial conditions; it is explained in Ref. [220]. The MC-Glauber framework
is used to obtain the initial energy distribution in the x� y plane of a collision
system, see the Ref. [7]. The MC-Glauber setup is as follows: a nucleon-nucleon
inelastic cross section is employed for small collision systems as 72 mb [221] atp

sNN = 8 TeV, the LHC energies. Additionally, the energy deposition of each nu-
cleon involved in at least one inelastic collision is calculated using a gaussian with
a width of s = 0.4 fm. The MC-Glauber description’s finer aspects were introduced
in Sec 1.3.1. For the hydrodynamic simulation and a hadronic cascade simulation
(SONIC), the deposited energy distribution from all damaged nucleons in each event
is transformed into energy density. The scale factor is defined to match the mea-
surement of the charged particle multiplicity (dNch/dh) at mid-rapidity in p-Pb
collisions at

p
sNN = 8.16 TeV [222, 223]. The scale factor is used for all events

in a given collision system, by assuming that the scale factor does not significantly
change in the collision systems with a similar number of participants. Therefore, the
same scale factor is employed for p-Pb, p-O, and O-O collisions at

p
sNN = 8 TeV.

After the SONIC hydrodynamic simulation, the temperature information from the
collision time to the freeze-out time for each step is stored based on the energy den-
sity of the medium. And the hadronic cascade simulation generates the properties
of particles based on the final medium information after the freeze-out temperature.

The multiplicity distributions of charged particles in unbiased (0–100%) events
in p-O,O-O, and p-Pb collisions at

p
sNN = 8 TeV are shown in the left panel of

Fig. 6.1. To get multiplicity distributions for all small collision systems, the scale
factor is adjusted to correspond to the measurement of multiplicity distribution in
p-Pb collisions at

p
sNN = 8.16 TeV. Additionally, the bulk viscosity ratio is set to
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Figure 6.1: Left panel: charged particle multiplicity distribution in p-O (black), O-O
(red), and p-Pb (blue) collisions at

p
sNN = 8 TeV from MC-Glauber and SONIC.

Right panel: the elliptic flow of the charged particles as a function of pT in 0–5%
central p-O (black), O-O (red), and p-Pb (blue) collisions at

p
sNN = 8 TeV from

SONIC. The uncertainties of the calculations indicate the statistical uncertainty of
the corresponding simulated events.

be zero, and the viscosity to entropy density ratio is set to be 0.08 in the SONIC
calculations. The mean charged particle multiplicity is also shown in the left panel
of Fig. 6.1, for p-O is 10.0, for O-O is 31.2, and for p-Pb is 20.8. As seen in the right
panel of Fig. 6.1., the elliptic flow of charged particles in 0–5% high multiplicity
events is checked. In comparison to p-O and O-O collisions at higher pT, the elliptic
flow of charged particles in p-Pb collisions is slightly lower. Although there are
different frameworks for initial conditions [224, 225], MC-Glauber is used in the
SHINCHON framework in this study as an initial condition for a straightforward
case.

6.1.2 Medium response on Upsilon

Temperature distributions for the medium response of °(nS) are maintained for
each step of the SONIC simulation from the collision time to the freeze-out time. The
x and y positions of the °(nS) are established based on the initial energy density dis-
tribution at the start of the second part, where °(nS) are formed in the medium. The
measurement of the pT distribution in Pb-Pb collisions at

p
s = 5.02 [19] yields the

pT distribution of °(.S) The Tsallis function [226] is used to fit the pT distribution
of °(1S) in

p
s = 5.02 [19], and px and py are determined based on a randomly

assigned azimuthal angle. The pT distribution of °(2S) and °(3S) is assumed to be
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the same as that of °(1S). The initial pT distribution of °(nS) is assumed to be the
same for 5.02 TeV and 8 TeV. Also, possible difference in the pT shape of °(nS) is
expected to be negligible because the results are obtained in fine pT bins.

The medium response is adopted based on the procedure described in Ref. [219].
In a partonic picture, quarkonium dissociation occurs through two scattering pro-
cesses, gluo-dissociation (°+ g! b+ b̄) and inelastic parton scattering (°+ p!
b+ b̄+ p with p = g,q, q̄). The inverse process of gluo-dissociation and inelastic
parton scattering is relevant to quarkonium regeneration. Dissociation, regeneration,
and elastic scatterings describe the dynamic evolution of a quarkonium state. If the
inverse distance between a heavy quark and its antiquark is larger than the temper-
ature scale, the order of contribution of elastic collisions is higher than dissociation
and regeneration [227]. Also, the regeneration effect in the small collision systems
on the Upsilon state is expected to be negligible. Thus, neglecting these terms, the
Boltzmann equation for quarkonium is given by [111].

✓
∂
∂ t

+ v · ∂
∂x

◆
f°(t,x,q) =�Ggluo + inel

diss (t,x,q) f°(t,x,q) (6.1)

where v = q/q0 is the velocity of the Upsilon states, and the distribution functions
f° contain the fugacity factors of g2

b . The first term on the right-hand side represents
the dissociation with the thermal width Gdiss .

Using the thermal width, the fraction of survived Upsilons for a given time step
(Dt) is calculated as:

N(t +Dt, pT )

N(t, pT )
= e�

R t+Dt
t dt 0Gdiss(t 0,pT ) (6.2)

where Gdiss is the thermal width depending on the medium temperature and pT of the
Upsilon, and Dt, which is the time interval is set to 0.02 fm/c in the hydrodynamic
simulation.

The model calculation obtained the thermal width from numerical calculations
considering gluo-dissociation and inelastic parton scattering from the model calcu-
lation [219]. The medium temperature is from the SONIC simulation according to
x, y, and t values. The dissociation temperature of °(nS) states is defined as 600
MeV, 240 MeV, and 190 MeV for °(1S), °(2S), and °(3S), respectively [228, 229],
which is the in-medium binding energy of quarkonium states reaches zero.

The left column of Fig. 6.2 shows the thermal width as a function of temperature
for °(1S) (top), °(2S) (middle), and °(3S) (bottom). Each colored lines indicate a
distribution for the given different pT of the °(nS), and the black lines indicate for
intermediate pT of the °(nS). The thermal width generally increases with pT and
shows a larger value for excited states. The thermal width for °(3S) is calculated
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in the limited pT range by the model calclations, so the thermal width is estimated
using the thermal width of °(2S) for pT > 2 GeV/c as following:

G°(3S)
diss (pT ) = G°(3S)

diss (2 GeV/c)
G°(2S)

diss (pT )

G°(2S)
diss (2 GeV/c)

(6.3)

A formation time of °(nS) for each states was assigned as 0.5, 1.0, and 1.5 for
°(1S), °(2S), and °(3S), respectively, based on values in Ref. [230]. The dissoci-
ation at the pre-resonance stage is not considered, so the medium response on the
° states is turned off for t < gtform, where g is the Lorentz factor depends on the
velocity of the °(nS) states. This configuration of the medium response can well
reproduce the measurement in heavy-ion collisions and is used for small systems
consistently. After the formation time, a survival rate is calculated in each time step
for each ° based on Eq. 6.2. The ° survived when a random number from the uni-
form distribution within 0–1 is smaller than the survival rate from the Eq. 6.2. If
the ° survives, the position of the ° for the next time step is calculated based on the
momentum and time step (Dt). The calculation procedure is repeated for a decreased
temperature at the new position until the temperature reaches a critical temperature
of 170 MeV.

The number of 1000 events is generated by MC-Glauber and SONIC for the
simulation result. The number of generated °(nS) for a given event is scaled with
the number of inelastic collisions from the MC-Glauber. As mentioned before, the
contribution of the regeneration effect is not considered, which is not predicted to
be significant in small collision systems.

As a result of the medium response, the nuclear modification factor and elliptic
flow are obtained from the simulation framework. The nuclear modification factor is
used to investigate the yield modification, and the elliptic flow is used to investigate
the medium geometry effect on ° states.
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Figure 6.2: Left column: thermal width as a function of temperature for different
pT of °(1S) (top), °(2S) (middle), and °(3S) (bottom). Right column: feed-down
fraction for °(1S) (top), °(2S) (middle), and °(3S) (bottom) states.



6.1.3 Feed-down contribution 139

Nuclear modification factor

The nuclear modification factors (RpA or RAA) are defined as the ratios of the
production cross sections of ° in p-A or A–A collisions to the expected production
cross sections extrapolated from pp collisions (see Sec. 1.4.7). To make an anal-
ogous comparison, the ratio of the number of the survived °s and the number of
generated °s in the whole medium response simulation is treated as the nuclear
modification factor.

The nuclear modification factor is calculated as a function of the multiplicity of
charged particles and as a function of the pT of the °.

Elliptic flow

The elliptic flow (v2) is calculated from the azimuthal angle distribution of sur-
vived °(nS) with respect to the event plane angle (see Sec. 1.4.6).

dN
d(f �Y)

µ 1+2v2(pT)cos(2(f �Y)), (6.4)

where f is the azimuthal angle of the °(nS), and Y is the event plane angle. The
event plane angle for a given event is computed with the initial energy density in-
formation from the MC-Glauber.

The elliptic flow is calculated as a function of the pT of the ° in unbiased (0–
100%) events and in the high-multiplicity (0–5%) events.

6.1.3 Feed-down contribution

The result from the simulation is the result of the prompt °. The contributions
from feed-down decay, or decay from higher excited states, must be carefully con-
sidered in order to analyze the medium response of inclusive bottomonium produc-
tion, which is measured by experimental groups.

The feed-down decay from the strong or electromagnetic modes of excited states
is considered to evaluate the inclusive ° production. On the inclusive yields, it is
considered that the feed-down decay from the H, Z, and W bosons to ° states has
no impact. The feed-down contribution from a Qm state to a Qn state (Qm being a
higher excited state) can be calculated as:

F
Qm
Qn

= B(Qm! Qn)
sQm

sQn

(6.5)

where B indicates the branching ratio of Qm into Qn and sQ is the production cross
section of the given state.



6.2. Results 140

To estimate the feed-down contribution, the publish experimental measurements
in pp collisions at LHC energies by CMS [231] and LHCb [232, 233] are considered.
Fig. 6.2 shows the feed-down fraction from higher excited states for each °(1S),
°(2S), and °(3S) states. The feed-down fractions from CMS measurements are
estimated with the cross section ratios multiplied by the branching ratios, published
in PDG world-average [49] as in Eq. 6.5. The points from the measurements of
each feed-down contribution are fitted with an empirical function. The solid black
line shows the sum of the feed-down contribution, which is the total amount of
feed-down fraction for the given ° state. Because of the absence of experimental
measurements at low-pT for °(2S) and °(3S), the fit function is assumed to be the
same as for the P-wave state feed-down function of °(1S). And then, the fit function
is normalized to match the data points at high-pT for each °(2S) and °(3S) states,
respectively.

The feed-down contribution for the nuclear modification factor and elliptic flow
of inclusive °(nS) is evaluated by computing a weighted average of the quantities
for possible states as:

Rn(pT ) = Â
i

Ri(pT )F
Qi
Qn
(pT ), (6.6)

where Rn is the weighted averaged value such as modification factor and azimuthal
distribution of a given °(nS) state. Ri is the value for a given state contributing the
°(nS) state, and F

Qi
Qn

is the feed-down fraction, which is shown in the right column
of Fig. 6.2.

Given that the mother and daughter particles have similar masses and that the
daughter particle mostly carries the momentum of the mother, the possibility of pT
changes by feed-down decays is not taken into account. The measurements of the cb
states are not enough to consider the feed-down decays on °(nS) states. Therefore,
it is assumed that R°(2S) ⇡ Rcb(1P) and R°(3S) ⇡ Rcb(2P) ⇡ Rcb(3P) like the study in
Ref. [219].

6.2 Results

This section presents the obtained results of nuclear modification factors (RpA,
RAA) and elliptic flow (v2) for °(1S), °(2S), and °(3S) mesons in p-Pb, p-O, and
O-O collisions at

p
sNN = 8 TeV. The contribution from the feed-down decays is

corrected in all calculations as described in Sec. 6.1.3.
The performance of our framework is demonstrated in Pb-Pb collisions and

compared with the experimental measurements at LHC as described in Sec. 6.2.1.
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The results of the nuclear modification factors and v2 in the three small collision
systems are described in Sec. 6.1.2. Also, The comparison of the experimental mea-
surements in p-Pb collisions at

p
sNN = 5.02 TeV and the result of model calculation

in a small collision system for nuclear modification factor is described.

6.2.1 Framework demonstration in Pb-Pb collisions
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Figure 6.3: Calculated RAA for ° states as a function of hNparti in Pb-Pb collisions atp
sNN = 5.02 TeV from the simulation. The uncertainties of the calculations indicate

the statistical uncertainty of the corresponding simulated events. The data points are
taken from [19, 42].

The medium response on ° in full simulation is demonstrated in Pb-Pb colli-
sions at

p
sNN = 5.02 TeV. Fig. 6.3 shows the RAA distributions for °(1S), °(2S),

and °(3S) as a function of hNparti in Pb-Pb collision at
p

sNN = 5.02 TeV. The
simulation result is compared with the measurements from CMS [19, 42] in Pb-Pb
collision at

p
sNN = 5.02 TeV. The calculation from the simulation well describes

the experimental measurement for °(1S) after applying feed-down corrections in
all hNparti region and for °(2S) and °(3S) in small hNparti region. However, the
calculations from the simulation underestimate the experimental measurements for
°(2S) and °(3S) in large hNparti region. Therefore, the excited ° calculations show
consistency with the measurements in peripheral collisions, although discrepancy is
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found towards central Pb-Pb collisions. The discrepancy in central collisions might
come from the exclusion of regeneration processes, which is expected to be more
noticeable in the large hNparti region.
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Figure 6.4: Calculated v2 for °(1S) state as a function of pT in Pb-Pb collisions atp
sNN = 5.02 TeV. The uncertainties of the curves represent the statistical uncertainty

of the corresponding simulated events. The data points are taken from results by
ALICE [43] and CMS [44].

Fig. 6.4 shows the calculations from the simulation of v2, as a function of pT
for °(1S) mesons. The v2 result is obtained under the same conditions for the Pb-Pb
RAA mensuration. The v2 result shows very small v2 values in Pb-Pb collisions for
°(1S) mesons, which is consistent with the measurements from ALICE [43] and
CMS [44]. The small v2 values might suggest that the °(1S) meson is not largely
affected by the medium pressure due to its large mass.

The results from the SHINCHON framework well describe the experimental
measurements in Pb-Pb collisions at

p
sNN = 5.02 TeV even without the regener-

ation processes of medium response. In small collision systems, the regeneration
processes can be negligible. Therefore, calculations from the SHINCHON frame-
work in small collision systems can derive reasonable results.
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6.2.2 Nuclear modification factor in small collision systems
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Figure 6.5: Left column: nuclear modification factor of °(1S), °(2S), °(3S) as a
function of dNch/dh in p-Pb (top), p-O (middle), and O-O (bottom) collisions atp

sNN = 8 TeV. Right column: nuclear modification factor of °(1S) (top), °(2S)
(middle), °(3S) (bottom) as a function of dNch/dh in p-Pb, p-O, and O-O collisions
at
p

sNN = 8 TeV. The uncertainties represent the statistical uncertainty.
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The calculated nuclear modification factor as a function of dNch/dhfor °(1S),
°(2S), and °(3S) mesons in p-Pb, p-O, and O-O collisions at

p
sNN = 8 TeV are

shown in the left column of Fig. 6.5. For each collision system, the black line repre-
sents the RpA of °(1S), and the blue and green line represents the RpA of °(2S) and
°(3S), respectively. The RpA of ° gradually decreases with increasing event multi-
plicity for all three ° states in all three small collision systems. This behavior sug-
gests that there is more suppression in high multiplicity events than low multiplicity
events due to the higher density of the medium. Also, the amount of suppression
towards higher multiplicity events is sequentially ordered following the according
to the related ° binding energy (E(°(1S)) > E(°(2S)) > E(°(3S))). The probabil-
ity of interaction breaking in ° states increases when the binding energy decreases.
Therefore, there is more suppression in °(3S) states compare with °(1S) and °(2S).

To investigate the amount of modification among different small collision sys-
tems, the nuclear modification factors are separately shown for each ° state as
shown in the right column of Fig. 6.5. For each ° states, the black line represents the
RpA in p-Pb collisions, and the blue and green line represents the RpA in p-O colli-
sions and in O-O collisions, respectively. In the low multiplicity region (dNch/dh<
25), the suppression of all ° states is similar in p-Pb and p-O collisions, while a
slightly less suppression is shown in O-O collisions in particular for °(2S) and
°(3S). This trend stands out in the high multiplicity region. At the higher multiplic-
ity region, where the results in p-Pb and O-O collisions are compared, ° states are
more robustly suppressed in p-Pb collisions than in O-O collisions which is consis-
tent with the finding at low multiplicity. The system size of the medium is the largest
in O-O collisions and smallest in p-O and p-Pb collisions. The SHINCHON simu-
lation results show that the suppression amount is not proportional to the size of the
created system. Even though, the system size is larger in a given multiplicity event
in O-O collision. However, on the other hand, the energy density of the medium in
O-O collision is lower than p-Pb collision. Therefore, it can be concluded that the
weaker suppression observed in O-O collisions is due to the smaller energy density
compared to p-O and p-Pb collisions.

Fig. 6.6 shows the same quantities as a function of pT. In the left column of
Fig. 6.6, the ordering of the nuclear modification factors for all collision systems is
similar at low-pT for all ° states as in Fig. 6.5 while reversed RpA between °(2S)
and °(3S) states is found at high-pT region. For each collision system, the black
line represents the RpA of °(1S), and the blue and green line represents the RpA
of °(2S) and °(3S), respectively. Similarly, In the right column of Fig. 6.6, the
ordering of the nuclear modification factors for all ° states is similar at low-pT in
all small collision systems as in Fig. 6.5 while reversed RpA between p-Pb and O-O
collisions is found at high-pT region. For each ° state, the black line represents
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Figure 6.6: Left column: nuclear modification factor of °(1S), °(2S), °(3S) as a
function of pT in p-Pb (top), p-O (middle), and O-O (bottom) collisions at

p
sNN =

8 TeV. Right column: nuclear modification factor of °(1S) (top), °(2S) (middle),
°(3S) (bottom) as a function of pT in p-Pb, p-O, and O-O collisions at

p
sNN = 8

TeV. The uncertainties represent the statistical uncertainty.
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the RpA in p-Pb collisions, and the blue and green line represents the RpA in p-O
collisions and in O-O collisions, respectively. The formation time of the ° states
is delayed towards the higher pT region due to relativistic motion. Therefore, each
state’s effective interaction time decreases between medium and °, reminding that
the formation time of ° states is determined as 0.5, 1.0, and 1.5 for °(1S), °(2S),
and °(3S), respectively. This behavior is more promising in p-Pb collisions because
of the smaller initial medium size and the largest medium energy density.

The ° suppression is affected by the medium size and energy density in the
opposite direction for low- and high-pT. These results suggest that the trend of the
pT-dependent nuclear modification factor is sensitive to the formation time and ini-
tial collision geometry.
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Figure 6.7: Calculated nuclear modification factor for °(1S), °(2S), and °(3S) as a
function of pT in p-Pb collisions at

p
sNN = 8 TeV compared with the CMS results

at
p

sNN = 5.02 TeV.

The results from the SHINCHON simulation in p-Pb collisions at
p

sNN = 8 TeV
are compared with the measurements of RpA as a function of pT measured by CMS
in p-Pb collisions at

p
sNN = 5.02 TeV [234] as shown in Fig. 6.7. The results agree

with the measurements for °(1S), while the discrepancies are observed for °(2S)
and °(3S). The average multiplicity at

p
sNN = 8 TeV is about 15% higher than that

at 5.02 TeV [222]. At low-pT, when ° mainly experiences the entire medium evo-
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lution, the multiplicity dependence of collision energy has a greater impact on the
modification of ° yields. Our calculations still overestimate the measurements even
if the mean pT of the highest pT bin of the CMS data for the °(2S) and °(3S) meson
is expected to be slightly lower than the center of the bin. These inconsistencies are
possibly related to the formation time of ° states and the initial collision geometry
of the collision systems, as discussed in Fig. 6.6 According to model calculations
for an initial-state model that takes energy loss and modified nuclear parton distri-
bution functions into account, °(1S) is suppressed about 10% suppression of °(1S)
at mid-rapidity [222, 235, 218].

6.2.3 Anisotropic flow in small collision systems

The v2 is calculated in the same configuration as in the calculation for the nu-
clear modification factors in Sec. 6.1.2 and shown in Fig. 6.8. For all three ° states,
the v2 values are consistent with zero in the overall pT region in p-Pb, p-O, and O-O
collisions. Also, their v2 are very similar among the three small collision systems.
It may suggest that the extended formation time of °s towards high-pT is not as
significant as implemented in the operated model.

To investigate the relation between v2 and the amount of suppression, the v2
values were computed using the azimuthal angle distribution of °(nS) in the 0–5%
high-multiplicity events. For all ° states, the v2 values are more considerable at high
multiplicity events only with a small magnitude.

Even while excited states and higher multiplicity events have more suppression
for ° meson yields, their v2 values remain constant. Due to the low-pT U psilon
mesons’ slow traversal, they are unable to leave the medium before they reach
the chemical freeze-out temperature. Despite their considerable suppression, such
U psilon mesons are unable to capture the anisotropy of the initial collision geome-
try. It is known that the path-length dependent suppression may result in a non-zero
v2 that can be investigated for ° mesons at high pT. However, with current simu-
lation configurations, there is no significant non-zero v2 that deviates from that at
low-pT in small collision systems for all ° states.
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Figure 6.8: Left coloum: calculated v2 in p-Pb, p-O, and O-O collisions as a function
of pT for °(1S) (top), °(2S) (middle), °(3S) (bottom) at

p
sNN = 8 TeV. Right

column: calculated v2 in p-Pb, p-O, and O-O collisions as a function of pT for °(1S)
(top), °(2S) (middle), °(3S) (bottom) at

p
sNN = 8 TeV in 0–5% high multiplicity

events. The uncertainties come from the fitting procedure which is affected by the
fluctuation of the angular distribution.
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Chapter 7

Summary and outlook

The measurement of the prompt charm-strange baryons X0
c at midrapidity in pp

collisions at
p

s = 13 TeV is introduced in Chapter 4. The transverse momentum
(pT) dependence of the ratio of X0

c and the D0, and ratio of the X0
c and the S0,+,++

c
and L+

c is discussed. The charming baryon-to-meson ratio increases towards low
pT up to around 0.3, and converges to 0.1, which is consistent with model calcu-
lations considering the fragmentation function measured in e+e� and ep collisions.
The X0

c/L+
c ratio is approximately 0.5, and X0,+

c /S0,+,++
c ratio is approximately 2,

showing no strong pT dependence within the current uncertainties. Model calcula-
tion considering the coalescence mechanism near the pT = 0 describes better the
charmed baryon-to-hadron ratio yield in measured pT interval. The branching frac-
tion ratio BR(X0

c!X�e+ne)/BR(X0
c!X�p+)= 1.38 ± 0.14 (stat) ± 0.22 (syst) is

obtained with a total uncertainty reduced by a factor 3 concerning the global average
reported by the PDG [49]. The measurement of X0

c can provide strong constraints
to the model calculations, comparing with the model calculations, and also provide
evidence that different charm hadronization processes e+e� and pp collisions.

The evaluated performance study using the decay channel X++
cc ! X+

c p+ !
(pK�p+)p+ in Run 5 with ALICE 3 proceeds in Chapter 5. The significance of
the X++

cc ! X+
c p+ ! (pK�p+)p+ in pp collisions is discussed. A significance of

around 3 for pT > 4GeV/c is currently projected with Lint = 18fb�1 of pp col-
lisions. The multi-charm baryon, such as X++

cc can be observed in Run 5, a novel
detector with a high read-out rate, excellent pointing resolution, and outstanding
tracking and particle identification over a large acceptance using advanced silicon
detectors. The new area of charm hadronization will be accessed with the measure-
ments of multi-charm baryons, such as X++

cc .
Monte Carlo simulation study for the medium response of bottomonia in p-A

and A+A collisions is described in Chapter 6. To characterize the initial condition
and evolution of the collision, the public MC framework, such as MG-Glauber and
SONIC, are used, and the simulation framework has been developed based on the
theoretically calculated thermal width of the °(nS) [219]. Only the dissociation
effect is considered for calculating small collision systems, pp, p-Pb, and O-O colli-
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sions at
p

sNN = 8 TeV. The feed-down contributions from higher excited states are
taken into account. The nuclear modification factor and elliptic flow of °(nS) are
evaluated and compared to experimental measurements in Pb-Pb collisions at

p
sNN

= 5.02 TeV. The results from the SHINCHON show good agreement with the mea-
surements. The sequential suppression for °(1S), °(2S), and °(3S) is shown in the
nuclear modification factor as a function of the number of participants in all small
collision systems. In all small collision systems, the model predicts v2 < 0.01 for
°(nS), which is also consistent with the measurements in p-Pb collisions [43, 44].
The results from the SHINCHON can suggest the reference for the upcoming LHC
run with the oxygen ion and can offer useful information on nuclear effects on the
production of bottomonia in small systems.
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[72] M. Petrán, J. Letessier, V. Petráček and J. Rafelski, Hadron production and
quark-gluon plasma hadronization in Pb-Pb collisions at

p
sNN = 2.76 TeV,

Phys. Rev. C 88 (2013) 034907 [1303.2098].

[73] S. Wheaton and J. Cleymans, THERMUS: A Thermal model package for
ROOT, Comput. Phys. Commun. 180 (2009) 84 [hep-ph/0407174].

https://doi.org/10.1103/PhysRevD.27.140
https://doi.org/10.1088/1367-2630/10/7/073028
https://arxiv.org/abs/2209.08828
https://doi.org/10.22323/1.347.0151
https://doi.org/10.22323/1.347.0151
https://doi.org/10.1016/j.nuclphysa.2009.05.138
https://doi.org/10.1103/PhysRevC.94.034903
https://arxiv.org/abs/1603.04775
https://doi.org/10.1038/s41586-018-0491-6
https://doi.org/10.1038/s41586-018-0491-6
https://arxiv.org/abs/1710.09425
https://arxiv.org/abs/hep-ph/0407360
https://doi.org/10.1103/PhysRevC.88.034907
https://arxiv.org/abs/1303.2098
https://doi.org/10.1016/j.cpc.2008.08.001
https://arxiv.org/abs/hep-ph/0407174


References 157

[74] P. Braun-Munzinger, K. Redlich and J. Stachel, Particle production in heavy
ion collisions, [nucl-th/0304013].

[75] Y. Pan and S. Pratt, Baryon Annihilation in Heavy Ion Collisions,
[1210.1577].

[76] AACHEN-BERLIN-BONN-CERN-CRACOW-HEIDELBERG-LONDON-
VIENNA-WARSAW collaboration, Transverse spectra in pi+- p and K- p
interactions between 8-GeV/c and 16-GeV/c, Nucl. Phys. B 70 (1974) 189.

[77] L. AltenkÃ¤mper, F. Bock, C. Loizides and N. Schmidt, Applicability of
transverse mass scaling in hadronic collisions at energies available at the
CERN Large Hadron Collider, Phys. Rev. C96 (2017) 064907
[1710.01933].

[78] ALICE collaboration, Pion, Kaon, and Proton Production in Central
Pb–Pb Collisions at

p
sNN = 2.76 TeV, Phys. Rev. Lett. 109 (2012) 252301

[1208.1974].

[79] E. Schnedermann, J. Sollfrank and U.W. Heinz, Thermal phenomenology of
hadrons from 200-A/GeV S+S collisions, Phys. Rev. C 48 (1993) 2462
[nucl-th/9307020].

[80] C.O. Escobar, Direct Production of Photons with Large Transverse
Momentum in Proton Proton Collisions, Phys. Rev. D 15 (1977) 355.

[81] T. Ferbel and W.R. Molzon, Direct Photon Production in High-Energy
Collisions, Rev. Mod. Phys. 56 (1984) 181.

[82] A. Bazavov et al., The chiral and deconfinement aspects of the QCD
transition, Phys. Rev. D85 (2012) 054503 [1111.1710].

[83] STAR collaboration, Strangeness Enhancement in Cu+Cu and Au+Au
Collisions at

p
sNN = 200 GeV, Phys. Rev. Lett. 108 (2012) 072301

[1107.2955].

[84] ALICE collaboration, Multi-strange baryon production at mid-rapidity in
Pb-Pb collisions at

p
sNN = 2.76 TeV, Phys. Lett. B 728 (2014) 216

[1307.5543].

[85] ALICE collaboration, Enhanced production of multi-strange hadrons in
high-multiplicity proton-proton collisions, Nature Phys. 13 (2017) 535
[1606.07424].

https://arxiv.org/abs/nucl-th/0304013
https://arxiv.org/abs/1210.1577
https://doi.org/10.1016/0550-3213(74)90473-8
https://doi.org/10.1103/PhysRevC.96.064907
https://arxiv.org/abs/1710.01933
https://doi.org/10.1103/PhysRevLett.109.252301
https://arxiv.org/abs/1208.1974
https://doi.org/10.1103/PhysRevC.48.2462
https://arxiv.org/abs/nucl-th/9307020
https://doi.org/10.1103/PhysRevD.15.355
https://doi.org/10.1103/RevModPhys.56.181
https://doi.org/10.1103/PhysRevD.85.054503
https://arxiv.org/abs/1111.1710
https://doi.org/10.1103/PhysRevLett.108.072301
https://arxiv.org/abs/1107.2955
https://doi.org/10.1016/j.physletb.2014.05.052
https://arxiv.org/abs/1307.5543
https://doi.org/10.1038/nphys4111
https://arxiv.org/abs/1606.07424


References 158

[86] B. Alver and G. Roland, Collision geometry fluctuations and triangular flow
in heavy-ion collisions, Phys. Rev. C 81 (2010) 054905 [1003.0194].

[87] P. Kovtun, D.T. Son and A.O. Starinets, Viscosity in strongly interacting
quantum field theories from black hole physics, Phys. Rev. Lett. 94 (2005)
111601 [hep-th/0405231].

[88] S. Cremonini, The Shear Viscosity to Entropy Ratio: A Status Report, Mod.
Phys. Lett. B 25 (2011) 1867 [1108.0677].

[89] S. Voloshin and Y. Zhang, Flow study in relativistic nuclear collisions by
Fourier expansion of Azimuthal particle distributions, Z.Phys. C70 (1996)
665 [hep-ph/9407282].

[90] B.H. Alver, C. Gombeaud, M. Luzum and J.-Y. Ollitrault, Triangular flow in
hydrodynamics and transport theory, Phys. Rev. C 82 (2010) 034913
[1007.5469].

[91] PHOBOS collaboration, Importance of correlations and fluctuations on the
initial source eccentricity in high-energy nucleus-nucleus collisions, Phys.
Rev. C 77 (2008) 014906 [0711.3724].

[92] D. Teaney and L. Yan, Non linearities in the harmonic spectrum of heavy
ion collisions with ideal and viscous hydrodynamics, Phys. Rev. C 86 (2012)
044908 [1206.1905].

[93] ALICE collaboration, Linear and non-linear flow modes in Pb-Pb collisions
at
p

sNN = 2.76 TeV, Phys. Lett. B 773 (2017) 68 [1705.04377].

[94] ATLAS collaboration, Measurement of the Azimuthal Angle Dependence of
Inclusive Jet Yields in Pb+Pb Collisions at

p
sNN = 2.76 TeV with the

ATLAS detector, Phys. Rev. Lett. 111 (2013) 152301 [1306.6469].

[95] W. Zhao, H.-j. Xu and H. Song, Collective flow in 2.76 A TeV and 5.02 A
TeV Pb+Pb collisions, Eur. Phys. J. C 77 (2017) 645 [1703.10792].

[96] ALICE collaboration, Azimuthal anisotropy of charged jet production inp
sNN = 2.76 TeV Pb-Pb collisions, Phys. Lett. B 753 (2016) 511

[1509.07334].

[97] CMS collaboration, Azimuthal anisotropy of charged particles with
transverse momentum up to 100 GeV/ c in PbPb collisions at

p
sNN=5.02

TeV, Phys. Lett. B 776 (2018) 195 [1702.00630].

https://doi.org/10.1103/PhysRevC.82.039903
https://arxiv.org/abs/1003.0194
https://doi.org/10.1103/PhysRevLett.94.111601
https://doi.org/10.1103/PhysRevLett.94.111601
https://arxiv.org/abs/hep-th/0405231
https://doi.org/10.1142/S0217984911027315
https://doi.org/10.1142/S0217984911027315
https://arxiv.org/abs/1108.0677
https://doi.org/10.1007/s002880050141
https://doi.org/10.1007/s002880050141
https://arxiv.org/abs/hep-ph/9407282
https://doi.org/10.1103/PhysRevC.82.034913
https://arxiv.org/abs/1007.5469
https://doi.org/10.1103/PhysRevC.77.014906
https://doi.org/10.1103/PhysRevC.77.014906
https://arxiv.org/abs/0711.3724
https://doi.org/10.1103/PhysRevC.86.044908
https://doi.org/10.1103/PhysRevC.86.044908
https://arxiv.org/abs/1206.1905
https://doi.org/10.1016/j.physletb.2017.07.060
https://arxiv.org/abs/1705.04377
https://doi.org/10.1103/PhysRevLett.111.152301
https://arxiv.org/abs/1306.6469
https://doi.org/10.1140/epjc/s10052-017-5186-x
https://arxiv.org/abs/1703.10792
https://doi.org/10.1016/j.physletb.2015.12.047
https://arxiv.org/abs/1509.07334
https://doi.org/10.1016/j.physletb.2017.11.041
https://arxiv.org/abs/1702.00630


References 159

[98] ALICE collaboration, Energy dependence and fluctuations of anisotropic
flow in Pb-Pb collisions at

p
sNN = 5.02 and 2.76 TeV, JHEP 07 (2018) 103

[1804.02944].

[99] S. McDonald, C. Shen, F. Fillion-Gourdeau, S. Jeon and C. Gale,
Hydrodynamic predictions for Pb+Pb collisions at 5.02 TeV, Phys. Rev. C
95 (2017) 064913 [1609.02958].

[100] WUPPERTAL-BUDAPEST collaboration, The QCD equation of state with
dynamical quarks, JHEP 11 (2010) 077 [1007.2580].

[101] NA50 collaboration, Latest results from NA50 on J / psi suppression in Pb
Pb collisions, Nucl. Phys. A 661 (1999) 93.

[102] PHENIX collaboration, J / psi production in Au Au collisions at
s(NN)**(1/2) = 200-GeV at the Relativistic Heavy Ion Collider, Phys. Rev.
C 69 (2004) 014901 [nucl-ex/0305030].

[103] P. Braun-Munzinger and J. Stachel, (Non)thermal aspects of charmonium
production and a new look at J / psi suppression, Phys. Lett. B 490 (2000)
196 [nucl-th/0007059].

[104] R.L. Thews, M. Schroedter and J. Rafelski, Enhanced J/y production in
deconfined quark matter, Phys. Rev. C 63 (2001) 054905
[hep-ph/0007323].

[105] X. Du and R. Rapp, Sequential Regeneration of Charmonia in Heavy-Ion
Collisions, Nucl. Phys. A 943 (2015) 147 [1504.00670].

[106] J.C. Collins, D.E. Soper and G.F. Sterman, Factorization of Hard Processes
in QCD, Adv. Ser. Direct. High Energy Phys. 5 (1989) 1
[hep-ph/0409313].

[107] J. Pumplin, D.R. Stump, J. Huston, H.L. Lai, P.M. Nadolsky and W.K. Tung,
New generation of parton distributions with uncertainties from global QCD
analysis, JHEP 07 (2002) 012 [hep-ph/0201195].

[108] S. Dulat, T.-J. Hou, J. Gao, M. Guzzi, J. Huston, P. Nadolsky et al., New
parton distribution functions from a global analysis of quantum
chromodynamics, Phys. Rev. D 93 (2016) 033006 [1506.07443].

[109] NNPDF collaboration, Parton distributions from high-precision collider
data, Eur. Phys. J. C 77 (2017) 663 [1706.00428].

https://doi.org/10.1007/JHEP07(2018)103
https://arxiv.org/abs/1804.02944
https://doi.org/10.1103/PhysRevC.95.064913
https://doi.org/10.1103/PhysRevC.95.064913
https://arxiv.org/abs/1609.02958
https://doi.org/10.1007/JHEP11(2010)077
https://arxiv.org/abs/1007.2580
https://doi.org/10.1016/S0375-9474(99)85012-X
https://doi.org/10.1103/PhysRevC.69.014901
https://doi.org/10.1103/PhysRevC.69.014901
https://arxiv.org/abs/nucl-ex/0305030
https://doi.org/10.1016/S0370-2693(00)00991-6
https://doi.org/10.1016/S0370-2693(00)00991-6
https://arxiv.org/abs/nucl-th/0007059
https://doi.org/10.1103/PhysRevC.63.054905
https://arxiv.org/abs/hep-ph/0007323
https://doi.org/10.1016/j.nuclphysa.2015.09.006
https://arxiv.org/abs/1504.00670
https://doi.org/10.1142/9789814503266_0001
https://arxiv.org/abs/hep-ph/0409313
https://doi.org/10.1088/1126-6708/2002/07/012
https://arxiv.org/abs/hep-ph/0201195
https://doi.org/10.1103/PhysRevD.93.033006
https://arxiv.org/abs/1506.07443
https://doi.org/10.1140/epjc/s10052-017-5199-5
https://arxiv.org/abs/1706.00428


References 160

[110] V.G. Kartvelishvili, A.K. Likhoded and V.A. Petrov, On the Fragmentation
Functions of Heavy Quarks Into Hadrons, Phys. Lett. B 78 (1978) 615.

[111] M. Cacciari, P. Nason and C. Oleari, A Study of heavy flavored meson
fragmentation functions in e+ e- annihilation, JHEP 04 (2006) 006
[hep-ph/0510032].

[112] M. Benzke, M.V. Garzelli, B. Kniehl, G. Kramer, S. Moch and G. Sigl,
Prompt neutrinos from atmospheric charm in the general-mass
variable-flavor-number scheme, JHEP 12 (2017) 021 [1705.10386].

[113] G. Kramer and H. Spiesberger, Study of heavy meson production in p–Pb
collisions at

p
sNN = 5.02 TeV in the general-mass variable-flavour-number

scheme, Nucl. Phys. B 925 (2017) 415 [1703.04754].

[114] M. Cacciari, M. Greco and P. Nason, The pT spectrum in heavy flavor
hadroproduction, JHEP 05 (1998) 007 [hep-ph/9803400].

[115] M. Cacciari, S. Frixione, N. Houdeau, M.L. Mangano, P. Nason and
G. Ridolfi, Theoretical predictions for charm and bottom production at the
LHC, JHEP 10 (2012) 137 [1205.6344].

[116] D. d’Enterria and A.M. Snigirev, Triple parton scatterings in high-energy
proton-proton collisions, Phys. Rev. Lett. 118 (2017) 122001
[1612.05582].

[117] D. d’Enterria and A.M. Snigirev, Triple-parton scatterings in
proton–nucleus collisions at high energies, Eur. Phys. J. C 78 (2018) 359
[1612.08112].

[118] S. Catani, S. Devoto, M. Grazzini, S. Kallweit and J. Mazzitelli,
Bottom-quark production at hadron colliders: fully differential predictions
in NNLO QCD, JHEP 03 (2021) 029 [2010.11906].

[119] ALICE collaboration, Charm-quark fragmentation fractions and
production cross section at midrapidity in pp collisions at the LHC, Phys.
Rev. D 105 (2022) L011103 [2105.06335].

[120] ALICE collaboration, Measurement of beauty and charm production in pp
collisions at

p
s = 5.02 TeV via non-prompt and prompt D mesons, JHEP 05

(2021) 220 [2102.13601].

https://doi.org/10.1016/0370-2693(78)90653-6
https://doi.org/10.1088/1126-6708/2006/04/006
https://arxiv.org/abs/hep-ph/0510032
https://doi.org/10.1007/JHEP12(2017)021
https://arxiv.org/abs/1705.10386
https://doi.org/10.1016/j.nuclphysb.2017.10.016
https://arxiv.org/abs/1703.04754
https://doi.org/10.1088/1126-6708/1998/05/007
https://arxiv.org/abs/hep-ph/9803400
https://doi.org/10.1007/JHEP10(2012)137
https://arxiv.org/abs/1205.6344
https://doi.org/10.1103/PhysRevLett.118.122001
https://arxiv.org/abs/1612.05582
https://doi.org/10.1140/epjc/s10052-018-5687-2
https://arxiv.org/abs/1612.08112
https://doi.org/10.1007/JHEP03(2021)029
https://arxiv.org/abs/2010.11906
https://doi.org/10.1103/PhysRevD.105.L011103
https://doi.org/10.1103/PhysRevD.105.L011103
https://arxiv.org/abs/2105.06335
https://doi.org/10.1007/JHEP05(2021)220
https://doi.org/10.1007/JHEP05(2021)220
https://arxiv.org/abs/2102.13601


References 161

[121] LHCB collaboration, Measurements of prompt charm production
cross-sections in pp collisions at

p
s = 13 TeV, JHEP 03 (2016) 159

[1510.01707].

[122] ATLAS collaboration, Measurement of the differential cross-section of B+

meson production in pp collisions at
p

s = 7 TeV at ATLAS, JHEP 10 (2013)
042 [1307.0126].

[123] CMS collaboration, Measurement of B0
s meson production in pp and PbPb

collisions at
p

sNN = 5.02 TeV, Phys. Lett. B 796 (2019) 168
[1810.03022].

[124] LHCB collaboration, Study of the doubly charmed tetraquark T+
cc , Nature

Commun. 13 (2022) 3351 [2109.01056].

[125] LHCB collaboration, Observation of an exotic narrow doubly charmed
tetraquark, Nature Phys. 18 (2022) 751 [2109.01038].

[126] LHCB collaboration, Observation of the doubly charmed baryon X++
cc ,

Phys. Rev. Lett. 119 (2017) 112001 [1707.01621].

[127] QUARKONIUM WORKING GROUP collaboration, Heavy quarkonium
physics, [hep-ph/0412158].

[128] C. Quigg and J.L. Rosner, Quantum Mechanics with Applications to
Quarkonium, Phys. Rept. 56 (1979) 167.

[129] W.E. Caswell and G.P. Lepage, Effective Lagrangians for Bound State
Problems in QED, QCD, and Other Field Theories, Phys. Lett. B 167 (1986)
437.

[130] B.A. Thacker and G.P. Lepage, Heavy quark bound states in lattice QCD,
Phys. Rev. D 43 (1991) 196.

[131] G.T. Bodwin, E. Braaten and G.P. Lepage, Rigorous QCD analysis of
inclusive annihilation and production of heavy quarkonium, Phys. Rev. D 51
(1995) 1125 [hep-ph/9407339].

[132] J.M. Carmona and J.L. Cortes, Infrared and ultraviolet cutoffs of quantum
field theory, Phys. Rev. D 65 (2002) 025006 [hep-th/0012028].

[133] N. Tetradis, Effective Field Theory with a Variable Ultraviolet Cutoff, J.
Math. Phys. 50 (2009) 013522 [0805.1840].

https://doi.org/10.1007/JHEP03(2016)159
https://arxiv.org/abs/1510.01707
https://doi.org/10.1007/JHEP10(2013)042
https://doi.org/10.1007/JHEP10(2013)042
https://arxiv.org/abs/1307.0126
https://doi.org/10.1016/j.physletb.2019.07.014
https://arxiv.org/abs/1810.03022
https://doi.org/10.1038/s41467-022-30206-w
https://doi.org/10.1038/s41467-022-30206-w
https://arxiv.org/abs/2109.01056
https://doi.org/10.1038/s41567-022-01614-y
https://arxiv.org/abs/2109.01038
https://doi.org/10.1103/PhysRevLett.119.112001
https://arxiv.org/abs/1707.01621
https://arxiv.org/abs/hep-ph/0412158
https://doi.org/10.1016/0370-1573(79)90095-4
https://doi.org/10.1016/0370-2693(86)91297-9
https://doi.org/10.1016/0370-2693(86)91297-9
https://doi.org/10.1103/PhysRevD.43.196
https://doi.org/10.1103/PhysRevD.55.5853
https://doi.org/10.1103/PhysRevD.55.5853
https://arxiv.org/abs/hep-ph/9407339
https://doi.org/10.1103/PhysRevD.65.025006
https://arxiv.org/abs/hep-th/0012028
https://doi.org/10.1063/1.3054272
https://doi.org/10.1063/1.3054272
https://arxiv.org/abs/0805.1840


References 162

[134] E. Gamiz, J. Shigemitsu and H. Trottier, Four Fermion Operator Matching
with NRQCD Heavy and AsqTad Light Quarks, Phys. Rev. D 77 (2008)
114505 [0804.1557].

[135] B. Andersson, S. Mohanty and F. Soderberg, The Lund fragmentation
process for a multigluon string according to the area law, Eur. Phys. J. C 21
(2001) 631 [hep-ph/0106185].

[136] G. Gustafson, Dual Description of a Confined Color Field, Phys. Lett. B 175
(1986) 453.

[137] T. Sjostrand and M. van Zijl, A Multiple Interaction Model for the Event
Structure in Hadron Collisions, Phys. Rev. D 36 (1987) 2019.

[138] S. Gieseke, C. Rohr and A. Siodmok, Colour reconnections in Herwig++,
Eur. Phys. J. C 72 (2012) 2225 [1206.0041].

[139] CMS collaboration, Charged Particle Multiplicities in pp Interactions atp
s = 0.9, 2.36, and 7 TeV, JHEP 01 (2011) 079 [1011.5531].

[140] ATLAS collaboration, Charged-particle multiplicities in pp interactions
measured with the ATLAS detector at the LHC, New J. Phys. 13 (2011)
053033 [1012.5104].

[141] ALICE collaboration, Multiplicity dependence of the average transverse
momentum in pp, p-Pb, and Pb-Pb collisions at the LHC, Phys. Lett. B 727
(2013) 371 [1307.1094].

[142] CMS collaboration, Strange Particle Production in pp collisions at sqrt(s)
= 0.9 and 7 TeV, .

[143] ALICE collaboration, L+
c production in pp collisions at

p
s = 7 TeV and in

p-Pb collisions at
p

sNN = 5.02 TeV, JHEP 04 (2018) 108 [1712.09581].

[144] D. Ebert, R. Faustov and V. Galkin, Spectroscopy and Regge trajectories of
heavy baryons in the relativistic quark-diquark picture, Phys. Rev. D 84
(2011) 014025 [1105.0583].

[145] A. Bazavov et al., The melting and abundance of open charm hadrons, Phys.
Lett. B 737 (2014) 210 [1404.4043].

[146] ALICE collaboration, L+
c production in pp and in p-Pb collisions atp

sNN=5.02 TeV, Phys. Rev. C 104 (2021) 054905 [2011.06079].

https://doi.org/10.1103/PhysRevD.77.114505
https://doi.org/10.1103/PhysRevD.77.114505
https://arxiv.org/abs/0804.1557
https://doi.org/10.1007/s100520100757
https://doi.org/10.1007/s100520100757
https://arxiv.org/abs/hep-ph/0106185
https://doi.org/10.1016/0370-2693(86)90622-2
https://doi.org/10.1016/0370-2693(86)90622-2
https://doi.org/10.1103/PhysRevD.36.2019
https://doi.org/10.1140/epjc/s10052-012-2225-5
https://arxiv.org/abs/1206.0041
https://doi.org/10.1007/JHEP01(2011)079
https://arxiv.org/abs/1011.5531
https://doi.org/10.1088/1367-2630/13/5/053033
https://doi.org/10.1088/1367-2630/13/5/053033
https://arxiv.org/abs/1012.5104
https://doi.org/10.1016/j.physletb.2013.10.054
https://doi.org/10.1016/j.physletb.2013.10.054
https://arxiv.org/abs/1307.1094
https://doi.org/10.1007/JHEP04(2018)108
https://arxiv.org/abs/1712.09581
https://doi.org/10.1103/PhysRevD.84.014025
https://doi.org/10.1103/PhysRevD.84.014025
https://arxiv.org/abs/1105.0583
https://doi.org/10.1016/j.physletb.2014.08.034
https://doi.org/10.1016/j.physletb.2014.08.034
https://arxiv.org/abs/1404.4043
https://doi.org/10.1103/PhysRevC.104.054905
https://arxiv.org/abs/2011.06079


References 163

[147] CMS collaboration, Measurement of long-range near-side two-particle
angular correlations in pp collisions at

p
s =13 TeV, Phys. Rev. Lett. 116

(2016) 172302 [1510.03068].

[148] R.D. Weller and P. Romatschke, One fluid to rule them all: viscous
hydrodynamic description of event-by-event central p+p, p+Pb and Pb+Pb
collisions at

p
s = 5.02 TeV, Phys. Lett. B 774 (2017) 351 [1701.07145].

[149] C. Shen, J.-F. Paquet, G.S. Denicol, S. Jeon and C. Gale, Collectivity and
electromagnetic radiation in small systems, Phys. Rev. C 95 (2017) 014906
[1609.02590].

[150] M. Greif, C. Greiner, B. Schenke, S. Schlichting and Z. Xu, Importance of
initial and final state effects for azimuthal correlations in p+Pb collisions,
Phys. Rev. D 96 (2017) 091504 [1708.02076].

[151] Y. Sun, S. Plumari and V. Greco, Study of collective anisotropies v2 and v3
and their fluctuations in pA collisions at LHC within a relativistic transport
approach, Eur. Phys. J. C 80 (2020) 16 [1907.11287].

[152] C.-W. Hwang, Charge radii of light and heavy mesons, Eur. Phys. J. C 23
(2002) 585 [hep-ph/0112237].

[153] C. Albertus, J.E. Amaro, E. Hernandez and J. Nieves, Charmed and bottom
baryons: A Variational approach based on heavy quark symmetry, Nucl.
Phys. A 740 (2004) 333 [nucl-th/0311100].

[154] C. Peterson, D. Schlatter, I. Schmitt and P.M. Zerwas, Scaling Violations in
Inclusive e+ e- Annihilation Spectra, Phys. Rev. D 27 (1983) 105.

[155] M. Lisovyi, A. Verbytskyi and O. Zenaiev, Combined analysis of
charm-quark fragmentation-fraction measurements, Eur. Phys. J. C 76
(2016) 397 [1509.01061].

[156] ALICE collaboration, Measurement of Prompt D0, L+
c , and S0,++

c (2455)
Production in Proton–Proton Collisions at

p
s = 13 TeV, Phys. Rev. Lett.

128 (2022) 012001 [2106.08278].

[157] A. Bottino and C.W. Kim, Quarkonium Decays and QCD, in 6th Biennial
Study Session on Nuclear Physics, 1981.

[158] M.B. Einhorn and S.D. Ellis, Hadronic Production of the New Resonances:
Probing Gluon Distributions, Phys. Rev. D 12 (1975) 2007.

https://doi.org/10.1103/PhysRevLett.116.172302
https://doi.org/10.1103/PhysRevLett.116.172302
https://arxiv.org/abs/1510.03068
https://doi.org/10.1016/j.physletb.2017.09.077
https://arxiv.org/abs/1701.07145
https://doi.org/10.1103/PhysRevC.95.014906
https://arxiv.org/abs/1609.02590
https://doi.org/10.1103/PhysRevD.96.091504
https://arxiv.org/abs/1708.02076
https://doi.org/10.1140/epjc/s10052-019-7577-7
https://arxiv.org/abs/1907.11287
https://doi.org/10.1007/s100520200904
https://doi.org/10.1007/s100520200904
https://arxiv.org/abs/hep-ph/0112237
https://doi.org/10.1016/j.nuclphysa.2004.04.114
https://doi.org/10.1016/j.nuclphysa.2004.04.114
https://arxiv.org/abs/nucl-th/0311100
https://doi.org/10.1103/PhysRevD.27.105
https://doi.org/10.1140/epjc/s10052-016-4246-y
https://doi.org/10.1140/epjc/s10052-016-4246-y
https://arxiv.org/abs/1509.01061
https://doi.org/10.1103/PhysRevLett.128.012001
https://doi.org/10.1103/PhysRevLett.128.012001
https://arxiv.org/abs/2106.08278
https://doi.org/10.1103/PhysRevD.12.2007


References 164

[159] S.D. Ellis, M.B. Einhorn and C. Quigg, Comment on Hadronic Production
of Psions, Phys. Rev. Lett. 36 (1976) 1263.

[160] C.E. Carlson and R. Suaya, Hadronic Production of psi/J Mesons, Phys.
Rev. D 14 (1976) 3115.

[161] J.H. Kuhn, Hadronic Production of P Wave Charmonium States, Phys. Lett.
B 89 (1980) 385.

[162] T.A. DeGrand and D. Toussaint, The Decay of b Quarks Into ys, Phys. Lett.
B 89 (1980) 256.

[163] M.B. Wise, An Estimate of J/y Production in B Decays, Phys. Lett. B 89
(1980) 229.

[164] LHCB collaboration, Beauty to charmonium decays at LHCb, PoS
ICHEP2020 (2021) 390.

[165] P. Artoisenet, J.P. Lansberg and F. Maltoni, Hadroproduction of J/y and °
in association with a heavy-quark pair, Phys. Lett. B 653 (2007) 60
[hep-ph/0703129].

[166] F. Halzen, Cvc for Gluons and Hadroproduction of Quark Flavors, Phys.
Lett. B 69 (1977) 105.

[167] M. Gluck, J.F. Owens and E. Reya, Gluon Contribution to Hadronic J/psi
Production, Phys. Rev. D 17 (1978) 2324.

[168] R.E. Nelson, R. Vogt and A.D. Frawley, Narrowing the uncertainty on the
total charm cross section and its effect on the J/y cross section, Phys. Rev.
C 87 (2013) 014908 [1210.4610].

[169] PHENIX collaboration, Ground and excited charmonium state production
in p+ p collisions at

p
s = 200 GeV, Phys. Rev. D 85 (2012) 092004

[1105.1966].

[170] LHCB collaboration, Measurement of y(2S) meson production in pp
collisions at

p
s=7 TeV, Eur. Phys. J. C 72 (2012) 2100 [1204.1258].

[171] R. Vogt, Quarkonium Production and Polarization in an Improved Color
Evaporation Model, Nucl. Phys. A 982 (2019) 751.

[172] Y. Makris and I. Vitev, An Effective Theory of Quarkonia in QCD Matter,
Nucl. Phys. A 1005 (2021) 121848 [1912.08008].

https://doi.org/10.1103/PhysRevLett.36.1263
https://doi.org/10.1103/PhysRevD.14.3115
https://doi.org/10.1103/PhysRevD.14.3115
https://doi.org/10.1016/0370-2693(80)90149-5
https://doi.org/10.1016/0370-2693(80)90149-5
https://doi.org/10.1016/0370-2693(80)90024-6
https://doi.org/10.1016/0370-2693(80)90024-6
https://doi.org/10.1016/0370-2693(80)90017-9
https://doi.org/10.1016/0370-2693(80)90017-9
https://doi.org/10.22323/1.390.0390
https://doi.org/10.22323/1.390.0390
https://doi.org/10.1016/j.physletb.2007.04.031
https://arxiv.org/abs/hep-ph/0703129
https://doi.org/10.1016/0370-2693(77)90144-7
https://doi.org/10.1016/0370-2693(77)90144-7
https://doi.org/10.1103/PhysRevD.17.2324
https://doi.org/10.1103/PhysRevC.87.014908
https://doi.org/10.1103/PhysRevC.87.014908
https://arxiv.org/abs/1210.4610
https://doi.org/10.1103/PhysRevD.85.092004
https://arxiv.org/abs/1105.1966
https://doi.org/10.1140/epjc/s10052-012-2100-4
https://arxiv.org/abs/1204.1258
https://doi.org/10.1016/j.nuclphysa.2018.08.003
https://doi.org/10.1016/j.nuclphysa.2020.121848
https://arxiv.org/abs/1912.08008


References 165

[173] M. Butenschoen, Z.-G. He and B.A. Kniehl, hc production at the LHC
challenges nonrelativistic-QCD factorization, Phys. Rev. Lett. 114 (2015)
092004 [1411.5287].

[174] S. van der Meer, Calibration of the Effective Beam Height in the ISR, .

[175] J. Alme et al., The ALICE TPC, a large 3-dimensional tracking device with
fast readout for ultra-high multiplicity events, Nucl. Instrum. Meth. A 622
(2010) 316 [1001.1950].

[176] ALICE COLLABORATION collaboration, C.W. Fabjan, L. Jirdén,
V. Lindestruth, L. Riccati, D. Rorich, P. Van de Vyvre et al., ALICE trigger
data-acquisition high-level trigger and control system: Technical Design
Report, Technical design report. ALICE, CERN, Geneva (2004).

[177] “Root.” https://root.cern.ch.

[178] “Python.” https://www.python.org.

[179] “R.” https://www.r-project.org.

[180] P. Skands, S. Carrazza and J. Rojo, Tuning PYTHIA 8.1: the Monash 2013
Tune, Eur. Phys. J. C 74 (2014) 3024 [1404.5630].

[181] “Herwig7.” https://herwig.hepforge.org.

[182] R. Brun, R. Hagelberg, M. Hansroul and J.C. Lassalle, Geant: Simulation
Program for Particle Physics Experiments. User Guide and Reference
Manual, .

[183] S. Agostinelli et al., Geant 4 simulation toolkit , Nuclear Instruments and
Methods in Physics Research Section A: Accelerators, Spectrometers,
Detectors and Associated Equipment 506 (2003) 250 .

[184] “Worldwide lhc computing grid.” http://wlcg.web.cern.ch.

[185] S. Bagnasco, L. Betev, P. Buncic, F. Carminati, C. Cirstoiu, C. Grigoras
et al., AliEn: ALICE Environment on the GRID, J. Phys. Conf. Ser. 119
(2008) 062012.

[186] I. Kisel, I. Kulakov and M. Zyzak, Standalone first level event selection
package for the CBM experiment, IEEE Transactions on Nuclear Science 60
(2013) 3703.

https://doi.org/10.1103/PhysRevLett.114.092004
https://doi.org/10.1103/PhysRevLett.114.092004
https://arxiv.org/abs/1411.5287
https://doi.org/10.1016/j.nima.2010.04.042
https://doi.org/10.1016/j.nima.2010.04.042
https://arxiv.org/abs/1001.1950
https://root.cern.ch
https://www.python.org
https://www.r-project.org
https://doi.org/10.1140/epjc/s10052-014-3024-y
https://arxiv.org/abs/1404.5630
https://herwig.hepforge.org
https://doi.org/http://dx.doi.org/10.1016/S0168-9002(03)01368-8
https://doi.org/http://dx.doi.org/10.1016/S0168-9002(03)01368-8
https://doi.org/http://dx.doi.org/10.1016/S0168-9002(03)01368-8
http://wlcg.web.cern.ch
https://doi.org/10.1088/1742-6596/119/6/062012
https://doi.org/10.1088/1742-6596/119/6/062012
https://doi.org/10.1109/TNS.2013.2265276
https://doi.org/10.1109/TNS.2013.2265276


References 166

[187] V. Karimaki, Effective Vertex Fitting, Tech. Rep. 0, CERN, Geneva (1997).

[188] CMS collaboration, Measurement of the Lb cross section and the L̄b
to Lb

ratio with J/YL decays in pp collisions at
p

s = 7 TeV, Phys. Lett. B 714
(2012) 136 [1205.0594].

[189] K. Bierwagen, U. Blumenschein and A. Quadt, Bayesian Unfolding, in
PHYSTAT 2011, (Geneva), pp. 260–263, CERN, 2011, DOI.

[190] ALICE collaboration, ALICE 2016-2017-2018 luminosity determination for
pp collisions at

p
s = 13 TeV, .

[191] ALICE collaboration, L+
c production and baryon-to-meson ratios in pp and

p-Pb collisions at
p

sNN = 5.02 TeV at the LHC, [2011.06078].

[192] T. Sjöstrand, S. Ask, J.R. Christiansen, R. Corke, N. Desai, P. Ilten et al., An
introduction to PYTHIA 8.2, Comput. Phys. Commun. 191 (2015) 159
[1410.3012].

[193] ALICE collaboration, L+
c production in pp and in p-Pb collisions atp

sNN = 5.02 TeV, [2011.06079].

[194] R.J. Barlow, Practical statistics for particle physics, CERN Yellow Rep.
School Proc. 5 (2020) 149 [1905.12362].

[195] T. Adye, Unfolding algorithms and tests using RooUnfold, in PHYSTAT
2011, (Geneva), pp. 313–318, CERN, 2011, DOI [1105.1160].

[196] ALICE collaboration, luminosity measuremments in pp collisions at
p

s =
13 TeV at the LHC, in preparation, to be updated when submitted to the
journal .

[197] BELLE collaboration, First measurements of absolute branching fractions of
the X+

c baryon at Belle, Phys. Rev. D 100 (2019) 031101.

[198] M. Bonamente, Statistics and Analysis of Scientific Data, Graduate Texts in
Physics, Springer-Verlag New York (2013),
https://doi.org/10.1007/978-1-4614-7984-0.

[199] BELLE collaboration, Measurements of the branching fractions of
semileptonic decays X0

c ! X�`+n` and asymmetry parameter of
X0

c ! X�p+ decay, [2103.06496].

https://cds.cern.ch/record/687531
https://doi.org/10.1016/j.physletb.2012.05.063
https://doi.org/10.1016/j.physletb.2012.05.063
https://arxiv.org/abs/1205.0594
https://doi.org/10.5170/CERN-2011-006.260
https://arxiv.org/abs/2011.06078
https://doi.org/10.1016/j.cpc.2015.01.024
https://arxiv.org/abs/1410.3012
https://doi.org/10.23730/CYRSP-2021-005.197
https://doi.org/10.23730/CYRSP-2021-005.197
https://arxiv.org/abs/1905.12362
https://doi.org/10.5170/CERN-2011-006.313
https://arxiv.org/abs/1105.1160
https://doi.org/10.1103/PhysRevD.100.031101
https://doi.org/https://doi.org/10.1007/978-1-4614-7984-0
https://arxiv.org/abs/2103.06496


References 167

[200] S. Acharya, D. Adamová, A. Adler, J. Adolfsson, G. Aglieri Rinella,
M. Agnello et al., Measurement of beauty and charm production in pp
collisions at

p
s = 5.02 TeV via non-prompt and prompt D mesons, JHEP

2021 (2021) .

[201] ALICE collaboration, L+
c production in pp collisions at

p
s = 7 TeV and in

p-Pb collisions at
p

sNN = 5.02 TeV, JHEP 04 (2018) 108 [1712.09581].

[202] J. Song, H.-h. Li and F.-l. Shao, New feature of low pT charm quark
hadronization in pp collisions at

p
s = 7 TeV, Eur. Phys. J. C 78 (2018) 344

[1801.09402].

[203] ALICE collaboration, Charm-quark fragmentation fractions and production
cross section at midrapidity in pp collisions at the LHC, [2105.06335].

[204] ALICE collaboration, Measurement of prompt D0, L+
c , and S0,++

c (2455)
production in pp collisions at

p
s = 13 TeV, [2106.08278].

[205] R.A. Briceno, H.-W. Lin and D.R. Bolton, Charmed-Baryon Spectroscopy
from Lattice QCD with N_f=2+1+1 Flavors, Phys. Rev. D 86 (2012)
094504 [1207.3536].

[206] M. Richter, G. Eulisse, sawenzel, M. Al-Turany and fuhlig1,
Aliceo2group/aliceo2: First stable release, Nov., 2018.
10.5281/zenodo.1493334.

[207] P. Buncic, M. Krzewicki and P. Vande Vyvre, Technical Design Report for
the Upgrade of the Online-Offline Computing System, Tech. Rep. 0 (2015).

[208] F. Pedregosa, G. Varoquaux, A. Gramfort, V. Michel, B. Thirion, O. Grisel
et al., Scikit-learn: Machine learning in Python, Journal of Machine
Learning Research 12 (2011) 2825.

[209] T. Chen and C. Guestrin, Xgboost: A scalable tree boosting system, in
Proceedings of the 22nd ACM SIGKDD International Conference on
Knowledge Discovery and Data Mining, KDD ’16, (New York, NY, USA),
p. 785–794, Association for Computing Machinery, 2016, DOI.

[210] J.H. Friedman, Greedy function approximation: a gradient boosting
machine, Annals of statistics (2001) 1189.

[211] “Delpheso2.” https://github.com/AliceO2Group/DelphesO2.

https://doi.org/10.1007/jhep05(2021)220
https://doi.org/10.1007/jhep05(2021)220
https://doi.org/10.1007/JHEP04(2018)108
https://arxiv.org/abs/1712.09581
https://doi.org/10.1140/epjc/s10052-018-5817-x
https://arxiv.org/abs/1801.09402
https://arxiv.org/abs/2105.06335
https://arxiv.org/abs/2106.08278
https://doi.org/10.1103/PhysRevD.86.094504
https://doi.org/10.1103/PhysRevD.86.094504
https://arxiv.org/abs/1207.3536
https://cds.cern.ch/record/2011297
https://doi.org/10.1145/2939672.2939785
https://github.com/AliceO2Group/DelphesO2


References 168

[212] L. Barioglio, F. Catalano, M. Concas, P. Fecchio, F. Grosa, F. Mazzaschi
et al., hipe4ml/hipe4ml, Apr., 2022. 10.5281/zenodo.7014886.

[213] T. Akiba, S. Sano, T. Yanase, T. Ohta and M. Koyama, Optuna: A
next-generation hyperparameter optimization framework, CoRR
abs/1907.10902 (2019) [1907.10902].

[214] A.V. Berezhnoy, V.V. Kiselev, A.K. Likhoded and A.I. Onishchenko,
Doubly charmed baryon production in hadronic experiments, Phys. Rev. D
57 (1998) 4385 [hep-ph/9710339].

[215] BELLE collaboration, First measurements of absolute branching fractions of
the X+

c baryon at Belle, Phys. Rev. D 100 (2019) 031101 [1904.12093].

[216] LHCB collaboration, First branching fraction measurement of the
suppressed decay X0

c ! p�L+
c , Phys. Rev. D 102 (2020) 071101

[2007.12096].

[217] F.-S. Yu, H.-Y. Jiang, R.-H. Li, C.-D. Lü, W. Wang and Z.-X. Zhao,
Discovery Potentials of Doubly Charmed Baryons, Chin. Phys. C 42 (2018)
051001 [1703.09086].

[218] F. Arleo and S. Peigné, Quarkonium suppression in heavy-ion collisions
from coherent energy loss in cold nuclear matter, JHEP 10 (2014) 073
[1407.5054].

[219] J. Hong and S.H. Lee, °(1S) transverse momentum spectra through
dissociation and regeneration in heavy-ion collisions, Phys. Lett. B 801
(2020) 135147 [1909.07696].

[220] S.H. Lim, J. Carlson, C. Loizides, D. Lonardoni, J.E. Lynn, J.L. Nagle et al.,
Exploring New Small System Geometries in Heavy Ion Collisions, Phys.
Rev. C 99 (2019) 044904 [1812.08096].

[221] ATLAS collaboration, Measurement of the total cross section from elastic
scattering in pp collisions at

p
s = 8 TeV with the ATLAS detector, Phys.

Lett. B 761 (2016) 158 [1607.06605].

[222] CMS collaboration, Pseudorapidity distributions of charged hadrons in
proton-lead collisions atpsNN = 5.02 and 8.16 TeV, JHEP 01 (2018) 045
[1710.09355].

https://arxiv.org/abs/1907.10902
https://doi.org/10.1103/PhysRevD.57.4385
https://doi.org/10.1103/PhysRevD.57.4385
https://arxiv.org/abs/hep-ph/9710339
https://doi.org/10.1103/PhysRevD.100.031101
https://arxiv.org/abs/1904.12093
https://doi.org/10.1103/PhysRevD.102.071101
https://arxiv.org/abs/2007.12096
https://doi.org/10.1088/1674-1137/42/5/051001
https://doi.org/10.1088/1674-1137/42/5/051001
https://arxiv.org/abs/1703.09086
https://doi.org/10.1007/JHEP10(2014)073
https://arxiv.org/abs/1407.5054
https://doi.org/10.1016/j.physletb.2019.135147
https://doi.org/10.1016/j.physletb.2019.135147
https://arxiv.org/abs/1909.07696
https://doi.org/10.1103/PhysRevC.99.044904
https://doi.org/10.1103/PhysRevC.99.044904
https://arxiv.org/abs/1812.08096
https://doi.org/10.1016/j.physletb.2016.08.020
https://doi.org/10.1016/j.physletb.2016.08.020
https://arxiv.org/abs/1607.06605
https://doi.org/10.1007/JHEP01(2018)045
https://arxiv.org/abs/1710.09355


References 169

[223] ALICE collaboration, Charged-particle pseudorapidity density at
mid-rapidity in p-Pb collisions at

p
sNN = 8.16 TeV, Eur. Phys. J. C 79

(2019) 307 [1812.01312].

[224] J.S. Moreland, J.E. Bernhard and S.A. Bass, Alternative ansatz to wounded
nucleon and binary collision scaling in high-energy nuclear collisions,
Phys. Rev. C 92 (2015) 011901 [1412.4708].

[225] B. Schenke, P. Tribedy and R. Venugopalan, Fluctuating Glasma initial
conditions and flow in heavy ion collisions, Phys. Rev. Lett. 108 (2012)
252301 [1202.6646].

[226] C. Tsallis, Possible Generalization of Boltzmann-Gibbs Statistics, J. Statist.
Phys. 52 (1988) 479.

[227] X. Yao and B. Müller, Quarkonium inside the quark-gluon plasma:
Diffusion, dissociation, recombination, and energy loss, Phys. Rev. D 100
(2019) 014008 [1811.09644].

[228] A. Mocsy, P. Petreczky and M. Strickland, Quarkonia in the Quark Gluon
Plasma, Int. J. of Mod. Phys. A 28 (2013) 1340012 [1302.2180].

[229] H. Satz, Colour deconfinement and quarkonium binding, J. Phys. G: Nucl.
Part. Phys. 32 (2006) R25 [hep-ph/0512217].

[230] X. Du, R. Rapp and M. He, Color screening and regeneration of bottomonia
in high-energy heavy-ion collisions, Phys. Rev. C 96 (2017) 054901
[1706.08670].

[231] CMS collaboration, Measurements of the °(1S), °(2S), and °(3S)
differential cross sections in pp collisions at

p
s = 7 TeV, Phys. Lett. B 749

(2015) 14 [1501.07750].

[232] LHCB collaboration, Forward production of ° mesons in pp collisions atp
s = 7 and 8 TeV, JHEP 11 (2015) 103 [1509.02372].

[233] LHCB collaboration, Study of cb meson production in pp collisions at
p

s =
7 and 8 TeV and observation of the decay cb(3P)! °(3S)g , Eur. Phys. J. C
74 (2014) 10 [1407.7734].

[234] CMS collaboration, Nuclear modification of ° states in pPb collisions atp
sNN = 5.02 TeV, [2202.11807].

https://doi.org/10.1140/epjc/s10052-019-6801-9
https://doi.org/10.1140/epjc/s10052-019-6801-9
https://arxiv.org/abs/1812.01312
https://doi.org/10.1103/PhysRevC.92.011901
https://arxiv.org/abs/1412.4708
https://doi.org/10.1103/PhysRevLett.108.252301
https://doi.org/10.1103/PhysRevLett.108.252301
https://arxiv.org/abs/1202.6646
https://doi.org/10.1007/BF01016429
https://doi.org/10.1007/BF01016429
https://doi.org/10.1103/PhysRevD.100.014008
https://doi.org/10.1103/PhysRevD.100.014008
https://arxiv.org/abs/1811.09644
https://doi.org/10.1142/S0217751X13400125
https://arxiv.org/abs/1302.2180
https://doi.org/10.1088/0954-3899/32/3/R01
https://doi.org/10.1088/0954-3899/32/3/R01
https://arxiv.org/abs/hep-ph/0512217
https://doi.org/10.1103/PhysRevC.96.054901
https://arxiv.org/abs/1706.08670
https://doi.org/10.1016/j.physletb.2015.07.037
https://doi.org/10.1016/j.physletb.2015.07.037
https://arxiv.org/abs/1501.07750
https://doi.org/10.1007/JHEP11(2015)103
https://arxiv.org/abs/1509.02372
https://doi.org/10.1140/epjc/s10052-014-3092-z
https://doi.org/10.1140/epjc/s10052-014-3092-z
https://arxiv.org/abs/1407.7734
https://arxiv.org/abs/2202.11807


References 170

[235] R. Vogt, Shadowing effects on J/y and ° production at energies available
at the CERN Large Hadron Collider, Phys. Rev. C 92 (2015) 034909
[1507.04418].

https://doi.org/10.1103/PhysRevC.92.034909
https://arxiv.org/abs/1507.04418

	Introduction
	1 High-energy nuclear physics
	1.1  Quantum Chromo-Dynamics
	1.2  Deconfinement and Quark-Gluon Plasma
	1.3  Heavy-ion collisions 
	1.3.1 The Glauber model
	1.3.2 Space-time evolution of Heavy-ion collisions

	1.4 Signature of Quark-Gluon Plasma
	1.4.1 Chemical freeze-out temperature
	1.4.2 Kinetic freeze-out temperature
	1.4.3 Electromagnetic emissivity
	1.4.4 Charged particle multiplicity and energy density
	1.4.5 Strangeness enhancement
	1.4.6 Azimuthal anisotropy
	1.4.7 Jet quenching
	1.4.8 Quarkonia suppression


	2 Physics of heavy-flavor production
	2.1  Heavy-flavor production 
	2.1.1 Single charm hadron in pp collisions
	2.1.2 Multi-charm hadron in pp collisions
	2.1.3 Quarkonium Production 

	2.2  Charm hadron production mechanisms
	2.2.1  PYTHIA CR Mode 0,2,3
	2.2.2  Statistical Hadronization Model with Relativistic Quark Model states
	2.2.3  Catania coalescence model
	2.2.4  Quark(re-)Combination Mechanism

	2.3  Quarkonium production mechanisms
	2.3.1 Color-Singlet Model 
	2.3.2 Color-Evaporation Model
	2.3.3 Non-Relativistic QCD


	3 Experimental setup
	3.1  The Large Hadron Collider
	3.2  ALICE: A Large Ion Collider Experiment
	3.2.1 Inner Tracking System
	3.2.2 Time Projection Chamber
	3.2.3 Time-Of-Flight
	3.2.4 T0
	3.2.5 V0
	3.2.6 The trigger and data acquisition 

	3.3 The ALICE offline framework
	3.4 Vertex and track reconstruction
	3.4.1 Preliminary determination of the primary vertex
	3.4.2 Track reconstruction 
	3.4.3 Final determination of the interaction vertex
	3.4.4 Secondary vertex finding using weak decay topology

	3.5 Particle identification 
	3.5.1 Particle identification in the TPC
	3.5.2 Particle identification in the TOF


	4 Ξ0c production in pp collisions at √s  13 TeV
	4.1 Data sample and events election 
	4.1.1 Data sample
	4.1.2 Event selection

	4.2 Raw yield extraction 
	4.2.1 Electron identification
	4.2.2 Ξ reconstruction 
	4.2.3 Raw yield estimation
	4.2.4 Prefilter correction
	4.2.5 Over-subtraction correction 
	4.2.6 Unfolding

	4.3 Mote Carlo correction
	4.3.1 Efficiency and acceptance correction
	4.3.2 Prompt fraction estimation

	4.4 Systematic uncertainties 
	4.4.1 Electron reconstruction
	4.4.2 Electron identification
	4.4.3 Ξ reconstruction 
	4.4.4 Ξ topology
	4.4.5 eΞ pair cut
	4.4.6 Over-subtraction 
	4.4.7 Unfolding
	4.4.8 Prompt fraction
	4.4.9 ITS-TPC matching efficiency
	4.4.10 Rapidity range
	4.4.11 Summary of systematic uncertainties

	4.5 Results
	4.5.1 Branching-fraction ratio 
	4.5.2 Production cross section 
	4.5.3 Baryon-to-meson and baryon-to-baryon ratio


	5 Ξcc++ performance in pp collisions at √s  14 TeV with ALICE 3
	5.1 ALICE3
	5.1.1 Physics goal 
	5.1.2 Detector setup in ALICE3

	5.2 Analysis framework in ALICE3 
	5.2.1 Basic features of the (O2) analysis framework
	5.2.2 Heavy-flavour reconstruction, skimming, and selection

	5.3 Ξcc++→Ξc+π+→(pK−π+)π+ reconstruction
	5.3.1 Machine learning
	5.3.2 Boosted Decision Trees (BDT)
	5.3.3 Search for Ξcc++ signal

	5.4 Results
	5.4.1 Significance of Ξcc++ →Ξc+π+ →(pK−π+)π+ decay


	6 Model calculation of bottomonium production
	6.1 Simulation for Heavy IoN Collision with Heavy-quark and ONia (SHINCHON)
	6.1.1 Initial collision system
	6.1.2 Medium response on Upsilon
	6.1.3 Feed-down contribution 

	6.2 Results
	6.2.1 Framework demonstration in Pb-Pb collisions
	6.2.2 Nuclear modification factor in small collision systems
	6.2.3 Anisotropic flow in small collision systems


	7 Summary and outlook
	References

