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Abstract

Quantum Chromodynamics (QCD) processes both involve hard- and soft-scale components. In-

vestigating the interplay between these processes can lead to interesting new insights on parti-

cle production and strengthen the understanding of the strong interaction. One way to do so is

to analyze the production of charmonium, which is primarily driven by hard-scale perturbative

Quantum Chromodynamics (pQCD) processes as a function of the charged-particle multiplicity,

which originates primarily from soft processes. High multiplicity proton-proton collisions are

of particular interest, because of the increased chances for mechanisms like multi-parton in-

teractions and saturation effects to occur, which may be linked to the emergence of collective

behavior in small system collisions.

This thesis aims to contribute to the research effort made in this direction by investigating the

self-normalized inclusive J/ψ yield at mid-rapidity as a function of the self-normalized charged-

particle multiplicity in |η| < 0.8 with the A Large Ion Collider Experiment (ALICE) at the Large

Hadron Collider (LHC). The analysis was performed in pp collisions at
√
s = 13.6 TeV for a pT

integrated J/ψ production as well as J/ψ with low-, mid-, and high transverse momentum. The

multiplicity was estimated using two different track-types: Global tracks and Primary Vertex (PV)

contributors.

A stronger-than-linear increaseof the self-normalizedJ/ψ yieldwith the self-normalized charged-

particle multiplicity was observed for both estimators in all selected bins of the transverse mo-

mentum. With increasing pT, the slope of the stronger-than-linear becomes larger. All results

are qualitatively in agreement with measurements from previous experiments and theoretical

model predictions.
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Zusammenfassung

Prozesse der Quantenchromodynamik (QCD) beinhalten sowohl Komponenten auf harten als

auch auf weichen Skalen. Die Untersuchung des Zusammenspiels dieser Prozesse kann zu

neuen, aufschlussreichen Erkenntnissen über die Teilchenproduktion führen und das Verständ-

nis der starkenWechselwirkung vertiefen. EineMöglichkeit, dieses Zusammenspiel zu analysieren,

besteht in der Untersuchung der Produktion vonQuarkonium, welche hauptsächlich durch harte

Prozesseder perturbativenQCD (pQCD)dominiertwird, inAbhängigkeit vonder geladenen Teilchen-

multiplizität, die primär ausweichenProzessenhervorgeht. InsbesondereProton-Proton-Kollisionen

mit vielen erzeugten Teilchen sind von Interesse, da in diesen vermehrt MechanismenwieMulti-

Parton-WechselwirkungenundSättigungseffekte auftreten können, diemöglicherweisemit dem

Auftreten kollektiven Verhaltens in Kollisionen kleiner Systeme in Verbindung stehen.

Diese Arbeit leistet einen Beitrag zu den laufenden Forschungsbemühungen in diesem Bere-

ich durch die Untersuchung der selbst-normalisierten, inklusiven J/ψ-Erzeugung bei mittlerer

Rapidität als Funktion der selbst-normalisierten geladenen Teilchenmultiplizität in |η| < 0, 8mit

demALICE-Experiment amLHC. DieAnalysewurde für Proton-Proton-Kollisionenbei
√
s = 13.6 TeV

sowohl für die pT-integrierte J/ψ-Produktion als auch für J/ψ mit niedrigem, mittlerem und ho-

hem transversalem Impuls durchgeführt. Die Multiplizität wurde mittels zweier verschiedener

Track-Typen bestimmt: Global tracks und PV contributor.

Für beide Track-Typen wurde in allen gewählten pT-Intervallen ein nicht-linearer Anstieg des

selbst-normalisiertenJ/ψ-Ertragsmit der selbst-normalisierten geladenen Teilchenmultiplizität

beobachtet. Mit zunehmendem pT nimmt die Steigung dieses Anstiegs weiter zu. Alle Ergeb-

nisse stehen qualitativ im Einklang mit Messungen vorheriger Experimente sowie mit theoretis-

chen Modellvorhersagen.
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Introduction 1
Under extreme conditions, matter is no longer confined to hadrons but instead transitions into a

loosely bound collection of quasi-free quarks and gluons, called theQuark-Gluon-Plasma (QGP).

In the early moments of the Big Bang, the universe was sufficiently hot and dense for a brief pe-

riod to exist entirely in this QGP phase. Today, only cores of super-dense neutron stars naturally

produce such state of matter.

On earth, humanity can reproduce a QGP with the help of particle accelerators like the LHC and

specializedexperiments likeALICEby collidingheavynuclei. However, it is yet unknownwhether

the QGP may also be created in smaller collision systems, which is a key open question in to-

day’s research of the strong interaction.

Earlier studies revealed that in high-multiplicity proton-proton collisions, effects appear that

may be attributed to a QGP. Such collisions at LHC energies reach amounts of produced par-

ticles that are comparable to less central Pb–Pb collisions. They are associated with the ap-

pearance of multiple hard and soft scatterings within a single collision, called Multi-Parton In-

teraction (MPI). Thus, a dense partonic environment is created that enables the possibility of

Color Reconnection (CR) that reflect QGP-like recombinations in dense pp collisions. A promis-

ing probe for investigations related to this is the study of the self-normalized J/ψ yield as a

function of the self-normalized charged-particle multiplicity. This observable depends on the

hard perturbative production mechanisms of the cc̄ states as well as the soft-scale hadroniza-

tion mechanisms, allowing for the study of the interplay between the two scales and may help

to disentangle whether the QGP formation is driven by multiplicity or the collision system itself.

Measurements performed by several collaborations like ALICE, PHENIX, andSTAR demonstrated

a stronger-than-linear increase of the J/ψ yield with multiplicity when both observables were

measured in the same rapidity region. It was found that the increase is stronger with higher

transverse momentum of the charmonium [1].

This thesis acts as a follow-up to these measurements by employing the upgraded ALICE de-

tector in LHC run 3 at the currently largest center-of-mass energy of
√
s = 13.6 TeV. The self-

normalized J/ψ yield will be extracted in the e+e− decay channel as a function of the self-

normalized charged-particle multiplicity at mid-rapidity for pT integrated J/ψ as well as in three

pT bins with pT < 4 GeV/c, 4 < pT < 8 GeV/c, and pT > 8 GeV/c. It is aimed to show the

stronger-than-linear increase of the J/ψ yield in the mentioned pT bins and reduce the amount

of statistical uncertainties compared to previous results. Such results may help to constraint

theoretical models.
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1 Introduction 2

This thesis is structured as follows: Chapter 2 provides an overview of the theory of QCD physics

to place the analysis on a solid foundation. The production mechanisms of charmonium and

their dependency on the event multiplicity are given in chapter 3. Afterward, the detector setup

and experimental methods are explained in chapter 4. The general analysis procedure is de-

scribed in chapter 5 and results are presented in chapter 6 and summarized in chapter 7, with

an outlook on further proceedings to this analysis. As well, AI tools for grammar and spell check-

ing were utilized during the preparation of this thesis.



Theoretical Background 2
This chapter discusses the necessary theoretical background for understanding quarkonium

production and its context in QCD. A brief overview of the standard model of particle physics

and the related collider and QGP physics is provided.

2.1 The Standard Model

Standard Model of Elementary Particles
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Figure 2.1: The standard model of particle physics listing all fundamental particles known up to

date with their properties. [2]

Matter in the universe is composed of several fundamental particles called fermions. They in-

teract via four fundamental forces: The Electromagnetic (EM) force, strong force, weak force,

and gravity. Aside from gravity, where it is currently unknown, all forces are mediated via gauge

bosons. Photons are responsible for the EM interaction, gluons for the strong force and W±

and Z bosons for the weak force. Within the scales covered by particle physics, gravity can be

neglected. Forces act on fermions and couple to the charge they carry. Coupling is described by

3



2 Theoretical Background 4

so-called coupling constants, often denoted as α, that provide a measure for the strength of the

interaction. The EM interaction has a coupling constant of αem ≈ 1/137. Photons are massless

anddo not carry any charge, leading to an infinite range of the interaction. Gluons are alsomass-

less but carry the charge of their interaction, which effectively reduces their range. The bosons

of the weak interaction are massive, which limits the range of the interaction. All particles have

an antiparticle that carries the same mass, but inverted charge and quantum numbers.

Fermions can be further classified into three generations, with each generation containing two

quarks and two leptons. Quarks1 participate in the strong interaction and carry color-charge

as well as the electromagnetic charge. The group of leptons consists of electrons, muons, and

tauons, all of which carry electromagnetic charges, and their corresponding neutrinos, which

are neutral particles. Fermions participate in theweak interaction and carry aweak hypercharge.

Quarks of the first and second generations have comparable masses, while the third generation

exhibits significantly larger masses. A similar hierarchy is also apparent for charged leptons.

Neutrinos are considered as massless, although it is evident that neutrinos carry a nonvanish-

ing rest mass [3].

This picture of the theoretical background is called the StandardModel (SM) of particle physics.

It is a Quantum Field Theory (QFT) that can be mathematically described by a Lagrangian LSM,

from which equations of motions can be derived via Euler-Lagrange-Equations. A QFT describes

the physics as a gauge field, and the observed particles are excitations of their corresponding

fields, providing an elegant description of the physical effects of particles and antiparticles. Fig-

ure 2.1 shows this scene comprehensively in a single picture with all particle properties. The

SM Lagrangian [4] is given by the following equation:

LSM = −1
4FµνF

µν + iψ̄γµDµψ + h.c. + ψiyijψjφ+ h.c. + |Dµφ|2 − V (φ). (2.1)

Here, Fµν is the field strength tensor, ψ the fermion field,Dµ the covariant derivative, γ
µ are the

Dirac gamma matrices and φ is the scalar Higgs field, yij denotes the Yukawa coupling matrix

and V (φ) is the Higgs potential. The summation convention is used in this equation, as well as

natural units. − 1
4FµνF

µν describes the interaction of the gauge bosons. The interactions be-

tween fermions and gauge bosons are described by the second term iψ̄γµDµψ + h.c., which is

also the Lagrangian of the Dirac equation. All remaining terms belong to the Higgs mechanism,

which gives the particles their mass via the interaction with the Higgs field. In the absence of

any excitations (i.e., particles), the field is in the vacuum state and the expectation value of that

field vanishes. The Higgs mechanism relies on the assumption that a field with a non-vanishing

vacuum expectation value exists, where the quarks, charged leptons, and gauge bosons of the

weak interaction couple to. This non-vanishing vacuum expectation value leads to the observed

particle mass.

The standard model does not include all our current knowledge about particle physics. Obser-

vations of the orbital velocity of stars in galaxies provide evidence of the existence of a large

1Quarks were first introduced in 1964 by Murray Gell-Mann and George Zweig independently.



5 2.2 Quantum Chromodynamics

amount of mass around galaxies [5]. Stars in the outer regions of the galaxy move with a higher

relative velocity than the predicted velocity, but the visible mass cannot explain this discrep-

ancy. One approach to resolve this issue is to predict a new type of particle that is not part of

the SM so far.2

2.2 Quantum Chromodynamics

QCD3 is a QFT that describes the behavior of the observed strong force between quarks q and

gluons g. Color is the charge of the strong interaction4 and appears in three variants: red, blue,

and green. Antiparticles carry the corresponding anticolor: antired, antiblue, and antigreen5.

The appearance of three types of colors is represented by a SU(3) group structure of the inter-

action. Quarks carry two distinct colors, and gluons carry a color and its anticolor. In this fact

lies one significant difference between the strong and the EM force: The interaction charge is

carried by the exchange boson itself. Therefore, gluons can participate in the interaction simi-

larly to quarks. Mathematically, this results in an additional interaction term in the Lagrangian

theory, which is given by [6]

LQCD = −1
4F

a
µνF

aµν + ψ̄j(iγµDµ −mj)ψj + gsf
abcAbµA

c
ν . (2.2)

Here, F aµν denotes the gluon field strength tensor, with µ, ν = 0 . . . 3 representing spacetime in-

dices and a = 1 . . . 8 representing the color index. ψ̄j(iγµDµ−mj)ψj , similar to equation (2.1),

is the interaction term for the quarks. The covariant derivative is defined viaDµ = ∂µ−igsT aAaµ
with T a being the eight generators of the SU(3) group and Aaµ the eight gluon fields, where in-

dex j = 1, . . . 6 runs over all quark types. gsf
abcAbµA

c
ν last term in the equation describes the

gluon self-interaction with the structure constants fabc of the SU(3) group. This complicated

mathematical structure arises because the SU(3) group is non-abelian, meaning that the gen-

erators of the group do not commute. An important effect of this structure is the short range

of the interaction and the confinement into color neutral particles, called hadrons. The former

refers to being in a color singlet state. Physically, this corresponds to a potential between two

quarks that increases linearly with a larger distance between them. This can be pictured with a

flux tube, which arises between the quarks, as shown in figure 2.2. When the potential energy

is above the threshold to create new qq̄ states, it becomes energetically favorable to break the

flux tube and create new particles that conserve the quantum numbers of the state before the

string breaking. This process is called hadronization.

Increasing energy with distance corresponds to an increasing interaction coupling. This is de-

noted as running coupling and ismathematically put in place byαs = αs(Q2) being a function of
2Candidate particles for dark matter are so-called Weakly Interacting Massive Particles (WIMPs) or the hypothetical

Axions. Other types of neutrinos are also discussed as candidates.
3Chromo comes from the Greek word χρω̃µα, which translates to color.
4The name color for the charge is misleading and must not be confused with optical color. Quarks and gluons do not

have a color in the optical sense.
5Sometimes the anticolors are denoted as cyan, magenta, and yellow.



2 Theoretical Background 6

Figure 2.2: Schematic view of a color flux tube between a qq̄ pair. Curled lines denote gluons

that exhibit self-interaction. [7, p. 249]

the momentum transferQ2 of the interaction. In first order of perturbation theory, the following

expression is found for the coupling constant [8, 9]

αs(Q2) ≈ 4π
β0 ln

(
Q2

Λ2
QCD

) . (2.3)

Here, β0 = 11
3 nc− 2

3nf is the first-order term in the perturbation series of the QCD β function, nc

denotes thenumber of colors,nf thenumber of flavors at themomentumscale. ΛQCD ≈ 200 MeV
is a constant called QCD scale parameter and describes a threshold up to which perturbative

methods are reasonable approximations. Its value depends on the renormalization6 scheme.

However, when the process occurs at higher energies (or equivalently smaller distances), the

coupling constant decreases. This process is called asymptotic freedom. A further effect of this

behavior is the emergence of a new state of matter, called QGP, which will be discussed in sec-

tion 2.4. Latest experimental results and theoretical predictions of the strong coupling constant

are shown in figure 2.3. Due to confinement, only color-neutral configurations of hadrons ap-

pear in nature. These are either mesons, which are built of quarks and antiquarks, or baryons,

made of three quarks or antiquarks. Combinations with more quarks, such as tetra- or pen-

taquarks, as well as combinations of gluons (glueballs) are also theoretically possible and were

denoted as exotic mesons. Evidence for their existence was found in earlier reviews [10, 11].

Quarks and Gluons are collectively called partons7. Hadrons, as spatially extended structures,

are composed of partons, and their structure has an eminent influence on the interactions in

QCD. This structure can be quantified by Parton Distribution Functions (PDF’s) xf(x,Q2), where
x is the momentum fraction of the parton and Q2 is the momentum transfer. Those PDF’s are

probability density functions that describe the probability density of a parton carrying a specific

momentum fraction of the hadron. The momentum transfer also determines the resolution of

the PDF: the lower the Q2 is, the more low-momentum partons can be distinguished. In partic-

ular, gluons appear at low momentum fractions with an order of magnitude higher probability

density than other partons. Figure 2.4 shows pictures of the proton PDF at a momentum transfer

ofQ2 = 10 GeV2 and 104 GeV2, where the valence quarks are denoted with the subscript v and

the others are sea-quarks.

6In renormalization, parameters of the theory will be redefined with respect to an energy scale. This removes terms

that diverge under integration when calculations are performed.
7This name was historically proposed by Richard Feynman as the main component of the hadrons. Instead, the name

quarks had prevailed itself over Feynman’s proposal.
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αs(mZ
2) = 0.1180 ± 0.0009

August 2023
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Figure 2.3: TheQCD running coupling constantαs as a function of the energy scaleQdetermined

with various methods compared to the current Particle Data Group (PDG) average

αs(m2
Z). [12]

Experimentally, PDF’s can be investigated by Deep Inelastic Scattering (DIS), where a lepton is

scattered off a proton, providing insights into the momentum transfer dynamics of the collision.

Measured quantities are the structure functions from which one obtains parameterized PDF’s

that are then evolved in the momentum transfer Q2 according to the DGLAP equations [13, 14,

15].

QCD is a non-abelian and non-linear theory, which results in many equations that cannot be

solved analytically. At high-energy transfers, approximately when the condition Q2 > Λ2
QCD is

fulfilled, the coupling between quarks is sufficiently weak such that perturbation theory can

be applied. This regime is denoted as pQCD or hard QCD. When the condition is not fulfilled

and the momentum transfer is below the pQCD threshold, the regime is called soft QCD and

only computer simulations are applicable to perform calculations. These simulations rely on

the discretization of the four-dimensional space-time into a 4D-lattice, hence the name lattice

Quantum Chromodynamics (lQCD). The lattice sites play the role of quarks, and the edges the

role of the gluons. This method requires a vast amount of computing power, making it suitable

only when high-performance computing farms are available. For the final result, the continuum

limit of the distinct lattice is taken. At non-vanishing baryochemical potential, lQCD cannot be

applied. In these cases, Effective Field Theories (EFT’s) or potentialmethods8 have to be used.

8Effective Field Theories are simplifiedmodels of full theories at specific energy scales. Potential Methods on the other

hand approximate theories by finding potentials that describe the system on the desired energy scale, and use e.g.,

the Hamilton formalism to yield solutions.
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(a) (b)

Figure 2.4: Parton Distribution Functions of protons at energy scales of (a) 10 GeV and (b)

104 GeV. In both cases, the gluon PDF is scaled by a factor of 1/10 to reach the same

range as the other PDF’s for visual comparison. [16]

2.3 Hadron-Hadron Collisions

Experimental access to QCD processes can be gained by colliding hadrons in processes like pp,

pp̄, p–A, or A–A collisions, where p refers to protons and A is a placeholder for possible heavier

elements with mass number A. An example of a pp collision is shown in figure 2.5. Interac-

tions in such collisions produce new particles that traverse a detection system. Measuring their

properties provides insights into the processes that occurred during the collision (also called

event). Kinematics of hadron-hadron collisions are quantified by two variables. The transverse

momentum pT is defined as the momentum fraction transverse to the beam direction (typically

the z-axis)

pT =
√
p2
x + p2

y. (2.4)

Here, px and py are the first and second Cartesian coordinates of the three-momentum vector

~p = (px, py, pz). The longitudinal part of the momentum vector is pz, such that p =
√
p2
T + p2

z .

As second kinematic variable, the rapidity y is used, which is a measure of the velocity of the

particle. It is defined via

y = 1
2 ln

(
E + pz
E − pZ

)
. (2.5)
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Figure 2.5: Schematic picture of a proton-proton collision with several partonic processes and

electromagnetic interactions. [17]

E is the particle energy. Using rapidity as a kinematic variable has the advantage that differ-

ences in rapidity are invariant under Lorentz transformations and are thus suitable for calcula-

tions in a relativistic environment [7]. For highly energetic particles, the mass is usually negligi-

ble compared to the energy. This results in the rapidity being only dependent on the polar angle

θ between the particle and the longitudinal axis, because pz ≈ E cos(θ). The rapidity y is then

approximately equal to another quantity called the pseudorapidity η with

y ≈ η = − ln
(

tan
(
θ

2

))
. (2.6)

Particle production in hadron-hadron collisions is a statistical process. One cannot calculate

with absolute certainty that a process will occur under given conditions. Instead, only proba-

bilities for certain processes are accessible quantities. Experimentally, those probabilities are

encoded in differential cross-sections dσ that can be determined in a mathematical framework

in QFT that is based on perturbation theory. For pp collisions, one finds the following expression

for the total hadronic cross-section for a process AB → X under the condition that Q � ΛQCD

[12]:

dσAB→X (Q2) =
∑
i,j,X′

fAi (Q2) ⊗ dσ̂ij→X′
(Q2) ⊗ fBj (Q2) + O(1/Q2). (2.7)

A is the projectile proton andB the target proton, with fA,Bi/j being the corresponding PDF’s. The

sum runs over all possible partons i and j involved at the given momentum scaleQ2 as well as

over all possible final statesX ′ and dσ̂ is the hard partonic scattering cross-section, calculable

via pQCD. Expressing equation (2.7) in this way is called collinear factorization. To abstract

from this formalism from pp collisions to heavy-ion collisions, different models are available. A

very successful approach is to treat AA collisions as an independent sum of pp collisions.
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Distributions of the above discussed kinematic variables and cross-sections build the experi-

mental foundation of investigations of QCD processes. A fundamental and experimentally eas-

ily accessible quantity, though theoretically very hard to describe9, is the number of produced

charged-particles Nch in a collision. The number of charged-particles in an event is counted

and filled into a histogram, which is then divided by the number of events, leading to a prob-

ability distribution P (Nch) that tells the probability of finding an event with Nch particles with

the probability P (Nch). It was proposed by Richard Feynman, that particle production becomes

independent of collision energy. However, observations at the Relativistic Heavy Ion Collider

(RHIC) showed that the proposed behavior is violated [18]. The mean multiplicity 〈Nch〉 was

found to scale logarithmically with the collision energy 〈Nch〉 ∝ ln(
√
s). The proportionality

implies that the rapidity density dNch / dy is constant because y scales with the same logarith-

mic rule. This behavior was also not observed. Later, a similar concept called KNO scaling was

proposed, where the multiplicity distributions, normalized to the average number of particles

P (Nch)/ 〈Nch〉 is independent of the collision energy. KNO scaling succeeds at energies below
√
s ≈ 200 GeV, whereas it is violated for higher energies. Such a violation is expected to result

from the occurrence of multiple partonic interactions in the collision.

In addition to the charged-particle multiplicity, the distribution of transverse momentum pro-

vides important insights into the dynamics of a collision. The probability of producing a particle

with three momentum p can be expressed as follows:

E
d3σ

dp3 = 1
2πpT

d2σ

dpT dy . (2.8)

The azimuthal part of the cross-section is integrated over the full angle. To convert a cross-

section to a probability distribution d2Nch/ dpT dy, one has to multiply equation (2.8) with the

total inelastic cross-section σINEL

σINEL
2πpT

d2σ

dpT dy = 1
2πpT

d2Nch

dpT dy (2.9)

This transversemomentum distribution provides insight into several effects that arise fromQCD

and will be discussed in section 2.4. Throughout the collision, thematter passes through differ-

ent stages. Initially, the state of the collision is primarily determined by the hadron PDF’s before

the collision. When sufficient energy densities are reached, a QGP forms after about 1 fm/c.
After the fireball cools down, the hadronization process occurs where most of the particles are

formed and hadronic rescattering processes take place until the freeze-out is reached. This is

pictured in figure 2.6. Typically, a time of about 10 fm/c has passed. Particles created during

the process can be investigated using a detector. The physical processes behind the QGP and

how to identify whether it has been created will be discussed in the next section.

9The reason for this is that the production of particles is mainly driven by soft processes that cannot be evaluated with

perturbative methods.
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Figure 2.6: Evolution of a heavy-ion collision with an impact parameter b in the ALICE detector

with the corresponding timescale, ranging from 0 fm/c to 1 · 1015 fm/c.[19]

2.4 Quark-Gluon-Plasma

The previously described behavior of QCDmatter at high-energy transfers has an important con-

sequence, considering that in the early universe, the density, and temperature had to be high

enough to reduce the coupling between strongly interacting particles down to a level where the

quarks and gluons behave as quasi-free particles. Possibilities for the existence of such a state

of matter were first theorized in 1975 by John C. Collins and M.J. Perry in their work [20] and

independently by Cabibbo and Parisi in [21]. They proposed that in the super-dense cores of

neutron stars, the matter exhibits a phase transition from regular nuclear matter into an asymp-

totically free state of quarks and gluons. Already in 1977 Edward Shuryak proposed the theory

that the universe was also in this kind of state just moments after the big bang [22]. This new

state of matter was then QGP [23].

Creating this type ofmatter experimentally is only possible under extreme conditions. The use of

heavy-ion collisions as a tool to create a QGP and study its properties is currently the only avail-

able option. Measurements performed by the NA50 experiment at the Super Proton Synchro-

ton (SPS) thatwas operatedby the EuropeanOrganization for Nuclear Research (CERN) indicated

first QGP-like structures in the year 1994. CERN announced that a new state of matter was found

in collisions of lead ions just six years later. To create a QGP, certain conditions must be satis-

fied. The system’s temperature must surpass a critical threshold of Tc ≈ 150 MeV to 160 MeV10,

beyondwhichquark andgluon confinement is lifted. A temperature this high canonly be reached

10The temperature is given in energy units per Boltzmann constant kB . A critical temperature of 150 MeV corresponds

to approximately 1.8 · 1012 K.
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with a certain energy density ε above a critical value of εc ≈ 0.3 GeV fm−3 to 0.4 GeV fm−3, de-

pending on the precise definition of Tc [24]. The energy density is generally given by the Bjorken

formula

εBj = 1
S⊥τ

dET

dη

∣∣∣
η=0

. (2.10)

WhereS⊥ is the transverse overlap area of both nuclei and τ is the formation timeof themedium.

The value dET / dη corresponds to the transverse energy per pseudorapidity and is an experi-

mentally available quantity.

To achieve these critical values, it is required to have a system that is large enough. Typically,

heavier elements such as gold or lead have a sufficiently high volume. In central Pb–Pb colli-

sions at
√
sNN = 2.76 TeV performed at the LHC, the ALICE collaboration measured an energy

density up to 12.3 ± 1.0 GeV fm−3 [25, 26]. Via the concept of the grandcanonical ensemble,

the temperature of a system is related to a quantity called the chemical potential µ11. One finds

via lQCD calculations that the phase transition from regular matter to a QGP can happen at dif-

ferent temperatures, depending on the value of the baryochemical potential µB of the system.

The baryochemical potential is a special kind of chemical potential that is related to the matter-

antimatter asymmetry and baryon number of the systems. It provides a measure of how the en-

ergy of the system changes when the number of baryons is varied. In the schematic representa-

tion shown in figure 2.7, knownas theQCDphasediagram,matter exists in a confined (hadronic)

state below the transition line T = T (µB). A phase transition to the QGP occurs. Depending on

the value of µB, different types are possible. For values of µB ≈ 0, a crossover-type phase tran-
sition is expected, indicating that there is no sharp boundary between two phases but rather a

smooth transition. This condition was probably fulfilled in the early universe, and it is currently

studied in the LHC at CERN. For intermediate values between µB ≈ 100 MeV to 500 MeV a crit-

ical point is expected where the phase transition type changes and becomes first-order type.

This means that the order parameter is not continuos anymore and experiences a jump. 12 To

date, it is not known whether a critical point exists. Experiments like the future Compressed

Baryonic Matter (CBM) experiment at the Facility for Antiproton and Ion Research (FAIR) complex

will evaluate other regions of the QCD phase diagram to answer this question. To experimen-

tally identify a QGP, different probes are available. A recently published review [24] describes

the signatures in detail. A short overview will be provided here. Historically, one of the first

proposed signatures was the measurement of an energy density and temperature above the

critical values, but it is not sufficient to identify whether the QGP was really created. With time

moving on, more and more signatures were proposed. The increased production of antibaryons

containing strange quarks was an early prediction as a signature for creating deconfined mat-

ter. Strange particles are rarely created in regular nuclear matter interactions due to the larger

11It has to be noted that in statistical physics, systems with the order of 1022 particles or more are the subject of inter-

est, while in QCD one typically deals with a few hundreds up to a few thousand. Despite this drastic difference in

numbers, the statistical approach is still very successful.
12The order parameter of QCD matter is the so-called Polyakov loop P . This is a theoretical quantity that measures

whether quarks are deconfined or not.
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Figure 2.7: Sketch of the QCD phase diagram with the temperature T as a function of the bary-

ochemical potential µB with notations on different phases of QCD matter. [27]

energy production threshold than up and down quarks. When the partons in the QGP reach ther-

mal equilibrium, deconfined thermal13 gluons can interact more easily with one another. This

results in an enhanced yield of baryons containing strange quarks, which cannot be produced

without the hot QGP phase.

With sufficiently high energies, also heavier quarks like the charm c, bottom b, and top t can be

produced. The c and b quarks can form special kinds of mesons, called quarkonia14, where they

bind with their corresponding antiparticle to form a positronium-like structure. The cc̄ states are

called charmonium and bb̄ states bottomonium. Detecting a J/ψ meson (cc̄ state with quantum

numbers JPC = 1−−) in 1974 by Burton Richter and Samuel Ting led to a November revolution

in particle physics, where many new mesons were found15. Later, the J/ψ became an interest-

ing subject in QGP studies. Due to the charm quark, the constituents of the J/ψmust be created

in the initial collision. The binding energy of the J/ψ within heavy-ion collisions is in the range

of 600 MeV to 700 MeV, depending on the coupling between the quarks [28]. Because they carry

a large mass compared to the other quarks, they move in a non-relativistic regime and exhibit

the potential of the form

V (r) = −αS
r

+ κr. (2.11)

This potential is named theCornell-Potential and is shown in figure2.8. αS is the strong coupling

constant at the given momentum transfer and κ ≈ 1.0 GeV fm−1 is the string-tension [7]. One

notices that the first term −αS/r corresponds to a coulomb-like repelling force, while the term

κr leads to an increase in energy above a certain distance. However, in a QGP the J/ψ meson

13Thermal in this sense means that the energy distribution in the deconfined matter does not change anymore.
14Top quarks are in general not able to bind into quarkoniumstates, because their lifetime is shorter than the hadroniza-

tion time of the bound state.
15The group of Richter named the new particleψ, while the group of Ting proposed the name J . This led to the confusing

and unique double-name of the particle.
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exhibits color screening16 due to the free moving color charges around the particle. Because

Figure 2.8: The QCD potential between two heavy quarks with comparison to the Quantum Elec-

trodynamics (QED) potential. Adopted from [7]

of the interactions of the quasi-free quarks and gluons, the effective binding force between the

c and c̄ quarks are decreased exponentially [29]. This process is also called J/ψ melting and

can be measured by determining the nuclear modification factorRAA(J/ψ), which is defined as

the ratio of the J/ψ transverse momentum spectrum in heavy-ion collisions to the one in pp

collisions, where the pp spectrum is scaled by the number of binary nucleon-nucleon collisions

Ncoll, determined with the Glauber model [30]:

RAA(J/ψ) = 1
Ncoll

dNAA
J/ψ /dy

dNpp

J/ψ /dy
. (2.12)

The experimental results on the RAA of J/ψ mesons are shown in figure 2.9. A value of RAA < 1
value indicates suppressionof theJ/ψ yield. Measurements performed inprevious experiments

agree with this theory and show similar results for bottomonium.

When particles traverse the hot, deconfinedmedium, they interact with the surrounding charges

and begin to radiate gluon bremsstrahlung. When particle jets17 move through the QGP, their

constituents lose energy by the bremsstrahlung process. On average, after moving the path

length L, a high-energy parton loses the energy ∆E ≈ q̂L2, where q̂ is the transport coefficient

defined by q̂ = d
〈
p2
T

〉
/dL. Measuring the charged-particle yield dNch / dη in heavy-ion colli-

sions and pp collisions and calculating the nuclear modification factor provides insides into jet

quenching.

16A similar mechanism exists in classical electrodynamics, called Debye-screening.
17Jets are collimated sprays of partons, created by other partons when they scatter off other particles. The partons start

to radiate more quarks and gluons, which hadronize and are correlated with each other.
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Figure 2.9: Nuclear modification factor of inclusive J/ψ mesons, reconstructed in the µ+µ−

decay channel at forward rapidity in Pb–Pb collisions at
√
sNN = 2.76 TeV and√

sNN = 5.02 TeV as a function of pT compared to predictions from the Transport

Model. [31]

Although the QGP is defined as a state of deconfined matter and the Quarks and Gluons are

asymptotically free, they are still loosely coupled by the strong force of the other charges around

them. This rest-interaction results in new phenomena that cannot be explained without the pic-

ture of theQGP. Themotion of the particles starts to showcollective behavior, meaning that their

movement is correlated instead of independent to each other, resulting in themediumbehaving

like a perfect relativistic fluid with low viscosity18. QGP as a name has a historical background,

today it is known that the medium behaves more like a fluid rather than a plasma. Such perfect-

fluid-like behavior is accompanied by several hydrodynamic effects. Due to a non-vanishing

pressure gradient in the medium, the particles are pushed outwards in the radial direction. An

outcome of this radial flow effect is an increase in the average transverse momentum 〈pT〉. An-
other type of flow is the elliptic flow, which is caused by the spatial anisotropy that non-central

collisions exhibit. It can be quantified by the second Fourier coefficient v2 of the azimuthal mo-

mentum distribution v2 = 〈cos(2φ)〉, where φ is the azimuthal angle of the particles. The flow

effect results in measurable long-range correlations, revealing an unexpected ridge in the two-

particle correlation function. Particles are created together in the medium and are separated by

radial flow, indicating a collective behavior that would not be possible without a QGP.

Generally, the previously described phenomenawere not observed in pp collisions. However, in

the current generation of particle accelerators, pp collisions can reach multiplicities similar to

those in heavy-ion collisions. Investigations of such high-multiplicity pp collisions showed that

18This is in contrast to the name Quark-Gluon-Plasma, which indicates a medium of free moving and loosely interacting

particles.
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collective effects generally occur from a thermalizedQCDmedium. The emergence of long-range

correlations was already observed in 2010 by the CMS collaboration [32]. Abundant production

of strange particles as a function of the charged-particle density, which fits results from p–A

and A–A collisions, was then found by the ALICE collaboration in 2017 [33]. The interpretation of
these results is far from clear. Two possible explanations are currently discussed, one of which

relates the uprising collective phenomena to the same effects as in nucleus-nucleus collisions.

The other explanation relies on the assumption that a proton-proton collision is more than the

sum of the independent parton-parton interactions. Strangeness enhancement may also be ex-

plained within the rope hadronization model [34], where overlapping color strings may shove

each other and fuse into ropes. This has a notable effect on the hadronization procedure in pp

collisions. Collective effects may be associated to a concept called CR [35], where strings in

the initial state are rearranged. Saturation effects in the initial state or interference effects of

the parton wave functions may also cause the flow-like effects [36, 37]. This topic is still under

theoretical investigation and is important for the future understanding of QCD and heavy-ion

collisions.

2.5 Interaction of Charged Particles with Matter

Particle detection relies on the interaction between the particles of interest and the detector

material. Among the various interaction types, the EM interaction is the most favorable be-

cause of its long-range nature. When charged particles traverse a medium, they interact with

the surrounding atoms. On this scale, the atoms do not appear neutral anymore. Instead, the

interactions occur by ionizing the surrounding atoms, meaning they deposit a certain amount

of energy in the detector. This energy loss can be quantified using the Bethe-Bloch-Equation.

Different forms of the equation exist for different energy scales and types of particles. At an

intermediate energy scale (0.1 < βγ < 1000), relativistic heavy charged particles deposit an

average energy loss −E per unit length x according to [12]〈
−dE

dx

〉
= Z

A

Kz2

β2

[
1
2 ln

(
2mec

2β2γ2Wmax

I2

)
− β2 − δ(βγ)

2

]
. (2.13)

Here, z is the charge number of the incident particles,Z andA are the atomic number andatomic

mass of the detectionmaterial, β = v/c is the velocity of the particle, and γ is the Lorentz factor.

All remaining constants are material-specific types and are discussed in [12].

The description above relies on the assumption that the incident particles are considered to be

heavy charged particles. To describe the energy loss of electrons in a medium, modifications

have to be made to equation (2.13). One has to consider Møller-Scattering19 between the inci-

dent electrons and the shell electrons of the absorber. The cross-section of Møller-Scattering

19Møller-Scattering is the name for the QED process of e−e− → e−e− scattering
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Figure 2.10: Average energy-loss per unit length of muons, pions, and protons in different stop-

ping materials.[12]

is proportional to the inverse square of the energy σ ∝ E−2. Also, the maximum energy trans-

ferWmax has to be modified because an electron can transfer much more of its total energy to

the scattering partner than a heavy particle can do. Because of the inverse square law for the

Møller cross-section, other processes become more significant at higher energies. Above a cer-

tain threshold of approximately 800/Z MeV [12], the electrons start to radiate bremsstrahlung,

which becomes the dominant energy loss mechanism.





Charmonium Production in Proton-

Proton Collisions 3
The following chapter first provides an overview of current theories of charmonium production

mechanisms for prompt- and non-prompt charmonium. This discussion is extended by describ-

ing the multiplicity dependence of charmonium production and is concluded by an overview of

the current experimental status on this topic.

3.1 Prompt and Non-Prompt Charmonium Production

Figure 3.1: Left: Invariant mass distribution of the J/ψ resonance from 242 p–Be events, recon-

structed via the e+e− decay channel at Brookhaven National Laboratory. [38] Right:

Cross-section e+e− → hadrons with the J/ψ detected at the Stanford Linear Accel-

erator Center (SLAC). [39]

During the early stages of the development of the standard model, only three light quarks u, d,

and s were proposed. Although major successes in the description of particle production were

achieved, the introduction of a fourth quark, the charm c, enabled more accurate theoretical

predictions of the known meson masses at the time. Additional experimental lack of evidence

for previously predicted flavor-changing neutral currents in weak interactions led to the estab-

lishment of the GIM-mechanism in 1970 by Glashow, Iliopoulos, and Maiani, as it is described

19
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in [40]. By introducing a fourth, significantly heavier quark, the GIM-mechanism can describe

the observed suppression of certain decay modes of K mesons. In 1974, the desired charm

quark was then found almost simultaneously by the two independent groups of Burton Richter

at the SLAC and Samuel Ting at the Brookhaven National Laboratory. Both groupsmeasured the

signal of a meson with a mass and lifetime corresponding to a cc̄ state, called a charmonium.

Richter’s group named the new particle ψmeson and Tings group named it J . Officially, the par-

ticle was then named J/ψmeson. The J/ψ has amass ofmJ/ψ = 3096.600±0.006 MeV/c2 with

a narrow decay width of ΓJ/ψ = 92.9±2.8 keV/c2 [12] and the quantum numbers of the photon,

with JPC = 1−−. Such a narrow width, corresponding to a long lifetime1, arises from the decay

mechanics of the J/ψ. Its mass is below the open charm threshold ofmD0 ≈ 3739 MeV/c2 and

thus a strong decay intoD0 mesons is not allowed. Since color-charge is a conserved quantity,

a decay into one gluon is not possible. Two-gluon decays are forbidden due to parity conserva-

tion. Only strong decays involving at least three gluons are allowed for which the Okubo-Zweig-

Iizuka (OZI)mechanismhas to be considered, which states that decayswith disconnected quark

lines are suppressed. This indicates that the electromagnetic decay modes are compatible with

the strong modes, having a branching ratio of Γ1(J/ψ → hadrons)/Γ = 87.7 ± 0.5 % while the

modes with electron or muon final states have branching ratios of

Γ5(J/ψ → e+e−)/Γ = 5.971 ± 0.032 % and Γ7(J/ψ → µ+µ−)/Γ = 5.961 ± 0.033 %.

Discovering the J/ψ and a fourth quark flavor provided strong evidence for the quark model and

triggered many other important discoveries in particle physics, now known as the November

revolution.

Just days after the discovery of the J/ψ, a radial excitation state called ψ(2S)2 was found. It has
amass ofmψ(2S) = 3686.093±0.034 MeV/c2 and a decaywidth ofΓψ(2S) = 286±16 keV/c2 with

similar decay modes to the J/ψmeson, with an additional τ+τ− channel3. Since the properties

are similar to the J/ψ, the ψ(2S) is more sensitive to the conditions created in a QGP, because

it is less tightly bound. The JPC = 0−+ ground state of the charmonium family is the ηc meson.

Several charmonium production mechanisms in hadronic collisions exist. Without any further

classification, measurements of all charmonium signals are called inclusive. It comprises three

main components

. Non-Prompt J/ψ: Higher-mass b-hadrons can decay via weak interactions into states con-

taining J/ψ, such as B → J/ψ + X. B mesons are long-living particles that travel dis-

tances of about 500µm before decaying. This long lifetime can be used to reject J/ψ can-

didates that were not produced in the initial collision and thus do not carry information

1Long has not to be taken literally in this sense. Other heavy mesons decay primarily via the strong interaction with

a lifetime of the order 10−23 s, but the electromagnetic decay mode of the J/ψ is comparable to the strong mode,

which increases its lifetime significantly.
2In general, the S-Wave states of this quarkonium family are denoted with ψ(nS) with ψ(1S) = J/ψ.
3The production threshold for a τ+τ− state lies at 2 ·mτ ≈ 3553.72 MeV/c2, which is more than the J/ψ mass.
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about the processes that occurred there. Particles that were not produced via weak de-

cays are referred to as prompt.

. Feed-down from higher charmonium states: Higher charmonium states can decay into

J/ψ, e.g., via χc → J/ψ + γ or ψ(2S) → J/ψ + π0 + π0. Feed-down contributions are

considered as part of the prompt productions, because the lifetime of the higher charmo-

nium states is not large enough to distinguish between directly produced J/ψ and those

from higher state decays.

. Directly produced particles (Prompt): Gluon fusion processes predominantly drive the pro-

duction of charmonium. They originate from the initial collision and carry the desired in-

formation of the relevant processes.

Prompt production mechanisms involve distinct energy scales. Because of the heavy quark

mass of m ≈ 1.5 GeV/c2 and the typical momentum scale of mv ≈ 0.9 GeV, the hadroniza-

tion process into quarkonium can be treated non-relativistically. In contrast, the production of

cc̄ pairs can be accurately described via perturbation theory [41] by considering up to next-to-

leading order (NLO) contributions. This separation of cc̄ production and binding into a quarko-

nium state is called the factorization approach. Several models are currently available that pre-

dict quarkonium production cross-sections through various scenarios.

Color Evaporation Model

In the Color Evaporation Model (CEM), [42] one assumes that any heavy-quark pair with a mass

below the open-heavy-quark thresholdMD has a certain probability of binding into a quarko-

nium state. This probability is independent of the initial state of the QQ̄ pair and is physically

processed by emitting an infrared gluon, which carries any remaining color charge and hence

evaporate the color. The production cross-section of a quarkonium state H in this scenario is

given by

d3σ(H)
dP 3 = FH

∫ 2mD

2Mc

dM dσcc̄
dM d3P

. (3.1)

FH is called hadronization factor and is assumed to be universal among all possible kinematic

and spin configurations of the quarkoniumH, a strong predictive power of the CEM.

Further developments consider that cross-sections of different quarkonia do not show the same

pT dependence. The improved model places a constraint, where the invariant mass of interme-

diate QQ̄ states have to be larger than the mass of the produced quarkonium. Additionally,

a momentum shift of the QQ̄ pair with respect to the quarkonium is introduced. It is named

Improved Color Evaporation Model (ICEM) and provides a better description of J/ψ yields than

the previous model [43].
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Figure 3.2: Left: Direct color singlet production of a J/ψ, Right: Color octet production diagram.

[44]

Color Singlet Production

The Color Singlet Model (CSM) employs a perturbative approach to compute the cross-section

of interactions that produceQQ̄ pairs. While the heavy quark pair can be produced in a singlet

or octet configuration, this model only considers the production of color singlet states. At the

LHC, these productions are mainly driven by gluon fusion, where the lowest-order contributions

are shown in figure 3.2.

Transitions from a cc̄ pair into quarkonium happen basically instantaneous and only depend on

the radial wave function R(0) for S-wave states like ψ(nS) at the origin. The value of the wave-

function can be extracted bymeasuring the branching ratio of a J/ψ decay into leptons, because

Γ(J/ψ → e+e−) ∝ |R(0)|2.
At lower collision energies, the CSM demonstrates good agreement with themeasured data, but

at higher energies, it underestimates the production cross-sections at high pT.

Non-Relativistic QCD

To overcome the issues of the CSM, one must include color octet production mechanisms. This

is naturally done in the NRQCD effective field theory, in which all relevant energy scales are fac-

torized. Production cross-sections for producing a quarkoniumH in this scenario only depend

on the probability to create a heavy-quark pair with the quantum state k = 2S+1L
[c]
j . The cross-

section can be written as follows:

dσ (H) =
∑
k

dσk
〈
OH
k

〉
. (3.2)

Here, dσk is the pQCD cross-section and
〈
OH
k

〉
is the probability that a QQ̄ binds into a color-

less quarkonium state. The transition probabilities
〈
OH
k

〉
are called long-distance matrix ele-

ments (LDMEs) andare assumed tobeuniversal among all production processes. This universal-

ity allows the experimental determination of values and predictions for other collision energies

or systems. Numerical values for LDMEs can be extracted e.g., from fits to experimental mea-

surements of charmonium cross-sections or scaling of transverse momentum distributions. By
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Figure 3.3: Production cross-section of inclusive J/ψmesons at forward rapidity in pp collisions

at
√
s = 13 TeV as a function of transverse momentum, compared to predictions

from Non-Relativistic Quantum Chromodynamics (NRQCD) and NRQCD + Color Glass

Condensate (CGC) EFT’s. [45]

considering only k = 2S+1L
[1]
j , the CSM is reproduced. In all color octet configurations, a tran-

sition into colorless J/ψ states occur via the emission of a bremsstrahlung gluon. Figure 3.3

shows the production cross-section of J/ψ measured by ALICE in comparison to predictions

from NRQCD.

3.2 Theoretical Models of the Multiplicity Dependence

In a naive interpretation of pp collisions as a sumof independent partonic scatterings onewould

expect a linear dependence between the number of produced J/ψ as a function of charged-

particlemultiplicity to increase. However, these expectations seemingly only hold for low-multiplicity

events. As discussed in the next section 3.3, previous experimental results hint at a nonlinear

behavior of the J/ψ yield as a function of multiplicity. This chapter discusses some currently

available models for describing this nonlinear behavior.

Percolation Model

Production of particles in pp collisions is mainly driven by breaking color strings. In the per-

colation model, one assumes that these strings have a finite, non-zero, transverse size. Their

effective number is reduced in regions with high string density compared to regions with low

density. Since the production of particles like J/ψ is dominated by gluon fusion processes,
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(a) (b)

Figure 3.4: (a) Self-normalized J/ψ yield as a function of the self-normalized multiplicity. The

dashed line is the prediction of the percolationmodel in |y| < 0.9 and the dotted line
in 2.5 < y < 4 compared to measurements of the ALICE collaboration. (b) Minimum-

bias P (Nch) distribution from experimental data (solid line) compared to the perco-

lation model (dashed line) and PYTHIA (dotted line). [46]

which can be effectively modeled as color strings, the number of produced J/ψ mesons NJ/ψ

is directly proportional to the number of strings NS . However, the number of charged particles

produced per unit pseudorapidity region, dN ch / dη, depends linearly on NS but experiences

damping, described by a factor F (ρ), due to the surrounding color charges. Here, ρ = NSσ0
σ

is the string density as a function of NS , the transverse area of a string σ0 and the transverse

area of the collision σ. With µ1 being the average number of charged-particles produced by one

string, the multiplicity can be expressed as follows:

dN ch / dη = F (ρ)NSµ1, where F (ρ) =

√
1 − e−ρ

ρ
. (3.3)

Considering the relative value of NJ/ψ and NS and divide them by their averages over a sig-

nificant number of events, where nJ/ψ = dNJ/ψ / dy /
〈
dNJ/ψ / dy

〉
and ns = NS/ 〈NS〉, one

finds the equation nJ/ψ = ns. Combining the above equations by plugging in the expressions

for F (ρ) as well as 〈ρ〉 = nJ/ψ · ρ, gives a functional dependence of the self-normalized J/ψ

yield and the self-normalized charged-particle yield

nch = n
1/2
J/ψ

[
1 − exp

(
−nJ/ψ 〈ρ〉

)
1 − exp(− 〈ρ〉)

]1/2

. (3.4)
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For lower multiplicities, the string density is small and the expression can be approximated as

nch = nJ/ψ, thus showing a linear dependency. At higher multiplicities, where 〈ρ〉 � 1, the
bracket can be approximated as 〈ρ〉−1/2

which leads to nJ/ψ = 〈ρ〉n2
ch, and thus a quadratic

dependency. Combining these equations yields

nJ/ψ = (1 − 〈ρ〉)nch + 〈ρ〉n2
ch. (3.5)

Anaccurate descriptionof the increaseofJ/ψ production as a functionofmultiplicity is provided

by the percolation model, as it can be seen in figure 3.4 (a). The model was introduced by E.G.

Ferreiro and C. Pajares for J/ψ in 2012 in [46] and for open charm hadrons in 2015 in [47].

Higher Fock States Model

Figure 3.5: Prediction of the multiplicity dependence of J/ψ production from the Higher

Fock States Model compared to data from ALICE at mid- and forward rapidity at√
s = 7 TeV. [48]

In p–A collisions, the proton interacts multiple times with nucleons inside a nucleus with mass

number A. Each of these interactions involves gluon exchange, resulting in a gluon-rich proton

configuration that enhances the likelihood of gluon fusion processes. The higher Fock states

model constructs a relation between p–A and pp collisions. In the latter case, rare events occur

with a substantial amount of charged-particles produced, several times higher than the average

multiplicity. These events are attributed to protons whose wave function includes components
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with a large amount of gluons, the higher Fock states. Additional gluons lead to more charged

final-state particles and an extended amount of charmonium.

To capture this mathematically, one first defines the ratio of the average hadron multiplicities

per rapidity in p–A, as well as in pp collisions as RpAh ≡
〈

dNpA
h /dy

〉
/ 〈dNpp

h / dy〉. This ratio

scaleswith the number of collisionsNcoll
4 likeRpAh = 1+β(Ncoll−1). The parameterβ considers

the difference from solely Ncoll scaling due to cold nuclear matter effects. On the other hand,

the ratio of the average J/ψ yieldRpAJ/ψ =
〈

dNpA
J/ψ / dy

〉
/
〈

dNpp
J/ψ /dy

〉
scales as a function of

Ncoll likeR
pA
J/ψ = NcollA

α−1, with α being a parameter that depends on the collision energy and

the rapidity. Within a geometrical approach,Ncoll can be approximated by the geometric cross-

section of inelastic pp collisionsσppinel asNcoll ≈ σppinelA
1/3/πr2

0. Combining these equations leads

to the following:

RpAJ/ψ =
(
RpAh − 1

β
+ 1
)3α−2(

σppinel
πr2

0

)3(1−α)

. (3.6)

The higher Fock states model now relates this equation, which was derived for p–A collisions,

to the case of high-multiplicity and minimum-bias pp collisions

RpAh ↔ Rpph ≡ dNpp
h / dy / 〈dNpp

h / dy〉

RpAJ/ψ ↔ RppJ/ψ ≡ dNpp
J/ψ / dy /

〈
dNpp

J/ψ / dy
〉

This model [48] created by B. Z. Kopeliovich, H. J. Pirner, I. K. Potashnikova, K.Reygers and I.

Schmidt showed good agreement between the prediction and the data, as shown in figure 3.5.

Color Glass Condensate

The outcome of an event depends heavily on the incoming protons’ initial state before the col-

lision. At LHC energies, this initial state can be described by an EFT, called the CGC. Looking

at the PDF, introduced in chapter 2, one finds that the gluons dominate the proton composition

at small-x. This is caused by a process called gluon splitting, where a single gluon can radiate

one or more gluons, increasing its number rapidly. Gluon splitting itself is a consequence of the

gluon self-interaction in QCD and occurs when the proton is probed, where the virtual gluons in

this splitting process become observable particles. At a certain number, the amount of gluons

does not increase further, and they start to overlap in the phase space5, which is finite. Over-

lapping gluons recombine via inverse gluon splitting. This natural limit to the number of gluons

in the initial state of the protons is called gluon saturation. At a certain saturation scaleQs, the

number of gluons does not increase anymore, but only their density becomes larger.

4This number of collisions has to be taken in the sense of produced parton showers by the partonic interactions of the

proton components with the nucleus.
5The phase space is spanned over several observables, primarily the Bjorken-x, transverse momentum pT, spatial
separation r and rapidity y.
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As described in section 3.1, the main production mechanism for J/ψ is via the gg → J/ψ + X

process. In the CGC approach, the cross-section can be described in pp collisions via [49]

dσk ∝
∫

dx1 dx2 fg(x1, Q
2)fg(x2, Q

2) dσkgg→cc̄ . (3.7)

Here, fg(xi, Q2) is the gluon PDF of the respective proton i = 1, 2 at themomentum scaleQ2 and

xi is themomentum transfer integrated over the entire phase space. The dσkgg→cc̄ are the values

of the pQCD cross-sections for the color singlet and octet productions. To calculate the entire

J/ψ cross-section, this expression for dσk can be used as an input for models that describe the

production of charmonium states like NRQCD or the ICEM. Both approaches agree well with the

currently available data, as shown in figure 3.6. Within the CGC +NRQCD approach, the different

production channels show a versatile multiplicity dependency, which provides the possibility

to extract the LDMEs from such multiplicity measurements of J/ψ production. This model was

introduced 2018 by Ma, Tribedy, Venugopalan, and Watanabe in [50].

(a) (b)

Figure 3.6: (a) Model prediction of full CGC + ICEM at
√
s = 0.5 TeV, 7 TeV and 13 TeV in mid-

rapidity compared to data from the ALICE experiment at 7 TeV and 13 TeV (b) Multi-

plicity dependence of different production channels and the pure ICEM model. [50]

PYTHIA Event Generator

ThePYTHIAmodel is historically based on the Lund stringmodel [51] which describes hadroniza-

tion of partons after a high-energetic particle collision. This model is implemented in a general

purpose Monte-Carlo event generator with the same name, originally developed at the Univer-

sity of Lund [52]. In its current version 8.3, PYTHIA implements a complex physical behavior that

can treat various processes, frombasic hadronization to BeyondStandardModel (BSM) physics.

To generate events, PYTHIA relies on both well-understood theoretical derivations of processes

andphenomenologicalmodelswith free parameters, whichmust be chosen via comparisonwith
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data. These parameters are set in a so-called tune, which the user can choose from a wide va-

riety of available tunes. The default is called Monash 2013 and uses data from HEP-DATA and

the PDG, produced by experiments like Large Electron-Positron Collider (LEP), the Tevatron, and

LHC to generate minimum-bias events for general purpose studies in particle physics.

An event is generated in a time-ordered way from processes with the shortest timescale, or

largest energy, to longer timescales. A collision begins with the initial hard scattering of two

partons from the incoming hadrons into outgoing particles. The selection of these partons is

based of the PDF’s of the collision partners, and kinematics are based on calculations from per-

turbation theory. From such hard scatterings, short-lived resonances like the Z orW± bosons

or the top quark may occur, which will decay first. Initial-state radiation, composed of quarks

and gluons, is emitted prior to the scattering process and modifies the resulting kinematics.

Similarly, the final state radiation emitted by the outgoing partons of the hard scattering can

lead to jets. Both types of radiation are collectively referred to as parton showers and consti-

tute an additional source of heavy-flavored QQ̄ pairs in PYTHIA. Within this model, the partons

may interact with each other several times, which are commonly named as MPI. Some partons

may remain in a colored state after the interaction when they did not participate in the interac-

tion. These are called beam remnants and may form hadrons or serve as endpoints of strings in

the upcoming reconnection process. In the event, strings are rearranged between the partons,

which reduces the total string length and total multiplicity, because the abundance of particles

is created via the string breaking mechanism in the Lund string model. This rearrangement is

called CR.

In general, the production of quarkonium in PYTHIA is governed by the NRQCD framework. Addi-

tional quarkoniummaybeproduced via CRof remnant quarks in thebeam. Creatingheavy-quark

pairs via string breaking is theoretically possible but strongly suppressed and thus neglected in

PYTHIA. However, charmonium states may have been produced via the reconnection of formerly

independent c and c̄ quarks with very short string lengths. When this string length is too short,

the potential energy is not large enough to produce new qq̄ pairs and instead the heavy quark

pair directly hadronizes into a quarkonium. This production mechanism is named cluster col-

lapse.

First, the stronger-than-linear increase of the J/ψ yield with the event multiplicity was assumed

to be attributed to a combination of MPI and CR and auto-correlation effects. Auto-correlation in

this sensemeans, that an artificial correlation between the J/ψ yield and themultiplicity arises.

Several causes can lead to the observed auto-correlation effects. The first reason is that the J/ψ

were reconstructed via their decay into e+e− pairs, which means that two additional charged-

particles may enter the multiplicity. Additionally, when a cc̄ pair is created in the color-octet

channel, the hadronization requires the emission of an additional gluon, which may produce

charged particles. For a J/ψ produced via cluster collapse, the individual c (c̄) quarks were ini-

tially produced with other charm quarks, which may be rearranged into charged hadrons and

thus enter the multiplicity. Lastly, although the decays of beauty hadrons may produce J/ψ,

but often other particles that decay further into more charged-hadrons.
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Removing the auto-correlation in PYTHIA by measuring the multiplicity in different azimuthal re-

gions to the J/ψ shows that the auto-correlations are the only cause for the stronger-than-linear

increase the J/ψ yield with multiplicity [53]. MPI and CR cannot be the cause of the increase in

PYTHIA.

3.3 Experimental Status of Charmonium Production as a

Function of Multiplicity

(a) (b)

Figure 3.7: (a) Multiplicity dependence of inclusive J/ψ production at mid-rapidity in pp colli-

sions at
√
s = 13 TeV in comparison to several theoretical predictions. (b) Multiplic-

ity dependence of J/ψ production in four pT bins in comparison to predictions from

PYTHIA8.3. [1]

The first measurements of the event-activity dependencies of charm production were performed

by the NA27 at CERN and published in 1988 [54]. The average charged-particle multiplicity in

events with open charm hadrons6 was found to be 20 % larger than in events without. Addition-

ally, the shape of the P (Nch) distribution becomes narrower when only considering events with

open charm hadrons. The ALICE collaboration performed first such measurements in pp colli-

sions at
√
s = 7 TeV for J/ψ produced at forward (2.5 < y < 4.0) and mid-rapidity (|y| < 0.9)

and later at mid-rapidity at
√
s = 13 TeV, with the latter results shown in figure 3.7 (a). The self-

normalized J/ψ yield increases stronger-than-linear when the signal and multiplicity are mea-

sured atmid- and forward rapidity, respectively, in the same region. In contrast to that, figure 3.8

shows that a linear increase is observed at
√
s = 5.02 TeV, when the J/ψ signal is measured in

mid-rapidity and the multiplicity in the forward rapidity range (blue boxes). At
√
s = 13 TeV, a

6Particles that contain a charm quark and have a non-zero net charmness are called open charm. For examples, theD0

meson with the quark content cū as the lightest open-charm hadron. Charmonium, like the J/ψ, are called hidden

charm, because they have zero charmness, albeit being composed only of charm quarks.
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slightly stronger-than-linear increase is observed when the J/ψ signal is measured in the µ+µ−

decay channel at forward rapidity and the multiplicity is measured in mid-rapidity (green boxes)

[55]. Previously, measurements in the different rapidity regions showed a different multiplicity
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Figure 3.8: Multiplicity dependence of J/ψ production in pp collisions at
√
s = 13 TeV for the

µ+µ− decay channel with multiplicity estimators in different regions of rapidity. [55]

dependence. This could now be attributed to the effect of autocorrelations in the regions. In

figure 3.8, no significant difference in the dependence in the rapidity channels is observed any-

more. In these measurements, the decay daughters (here the µ+µ− pair) are removed from the

multiplicity estimation, thus removing a large fraction of the auto-correlations.

To experimentally subtract the auto-correlation effects, it was proposed in [53] to measure the

multiplicity in different azimuthal regions with respect to the J/ψ flight direction. In this study,

it was found that the stronger-than-linear increase is entirely attributed to the auto-correlations

effects. PYTHIA 8 does not include any additional effects, such as overlapping strings or a CGC.

At the time of writing this thesis, the ALICE collaboration is performing an analysis that disentan-

gles the prompt and non-prompt components of J/ψ production and performs the experimental

study within the azimuthal regions as described in [53]. Preliminary results of this analysis are

shown in chapter 6.

Earlier analyses also investigated the pT dependence of the inclusive J/ψ yield versusmultiplic-

ity. The increase is stronger with higher pT, see figure 3.7 (b). This effect can be attributed to an

increased chance for MPI with higher pT.
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This chapter describes the utilized experimental apparatus, starting with the LHC and followed

by the ALICE detector, and its sub-detectors. An elucidation of the most important experimental

methods concerned with this analysis concludes the chapter.

4.1 The Large Hadron Collider

CMS

ALICE
ATLAS

LHCb
LHC

SPS

PS
p

Pb

Figure 4.1: Accelerator complex at CERN showing the LHC, the pre-accelerators Proton Synchro-

ton (PS) and SPS and the four main experiments. Adopted from [56]

Up to now, CERN in Geneva hosts the largest particle accelerator built, called LHC. In its current

run 3, it reaches a collision energy of up to
√
s = 13.6 TeV in pp collisions and

√
sNN = 5.36 TeV

in Pb–Pb collisions. In earlier runs, p–Pb and Xe–Xe collisions were also performed. The ring

collider itself has a circumference of 26.7 km and is hosted in the tunnel that was used by the

LEP before its decommissioning. Several pre-accelerators are used to inject the desired colli-

sion partners. Figure 4.1 visualizes the accelerator complex at CERN.

Run 1, being the first LHC operational period, began in 2009 and finished 2013. During this pe-

riod, a major goal in physics was achieved. In 2012, the A Toroidal LHC Apparatus (ATLAS) and

Compact Muon Solenoid (CMS) collaborations published the discovery of the Higgs boson, up

to this date the last missing particle in the SM. Peter Higgs and François Englert were awarded

31
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the Nobel Prize in physics in 2013 for predicting the Higgs boson.

After a maintenance phase from 2013 to 2015, called Long Shutdown 1, a second run period was

initiated with an upgraded collider and improved detectors. During run 2, a collision energy of

13 TeV was reached in pp collisions and 5.02 TeV in Pb–Pb collisions. In addition, Xe ions were

delivered to the LHC for a short time. Run 2 ended in 2018, and a second maintenance and up-

grade period, Long Shutdown 2, began and concluded in 2022. The third and currently ongoing

data-taking period started afterward and will last until 2026. During the four-year shutdown,

major upgrades were implemented to the LHC and the experiments to enable interaction rates

of 200 kHz up to 1 MHz in pp collisions and 50 kHz in Pb–Pb collisions, corresponding to an in-

crease of a factor of 50 compared to run 2.
CERN operates seven experiments at the LHC, with four large, general purpose detectors and

dedicated physics goals, and three smaller and specialized experiments:

. ATLAS (A Toroidal LHC ApparatuS) [57] is the largest experiment and currently the largest

detector ever built. It is a general-purpose detector that is designed for measurements of

the Higgs boson properties and searches for physics beyond the standard model.

. CMS (Compact Muon Solenoid) [58] is the second-largest experiment and follows similar

physics goals as ATLAS, but with a different detector approach.

. ALICE (A Large Ion Collider Experiment) [59] is the third-largest general-purpose detector

designed for the study of heavy-ion collisions, especially the properties of the QGP. A

detailed description is given in section 4.2.

. Large Hadron Collider beauty (LHCb) (Large Hadron Collider beauty) [60] is the smallest of

the four large experiments focusing on the study of CP violation in heavy-flavored hadrons.

Located inside the caverns of the larger experiments, Total Elastic and diffractive cross section

measurement (TOTEM) [61], Large Hadron Collider forward (LHCf) [62], and Monopole and Ex-

otics Detector at the LHC (MoEDAL) [63], complete the LHC detector family.

4.2 A Large Ion Collider Experiment

ALICE is a large experiment at the LHC, being a general-purpose detector specialized to study

heavy-ion collisions with a good capability to track particles over a broad kinematic range. A

schematic view of the detector is given in figure 4.2. Subdetectors are placed inside a giant

solenoid magnet, called L3, creating a homogenous magnetic field of up to 0.5 T. Tracks of

charged-particles are bent through the magnetic field, enabling momentum and charge mea-

surements within ALICE central barrel, that consists of Inner Tracking System (ITS), Time Projec-

tion Chamber (TPC), Transition Radiation Detector (TRD), Time-of-flight Detector (TOF),

Electromagnetic Calorimeter (EMCal), Photon Spectrometer (PHOS), Di-jet Calorimeter (DCal),

and High Momentum Particle Identification (HMPID). Additional forward detectors are used for
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Figure 4.2: Schematic picture of the current run 3 ALICE detector setup with an overview of the

installed sub-detectors and their location inside the detector. [64]

dedicated purposes: Fast Interaction Trigger (FIT), consisting of FT0, FV0, and FDD, are the main

triggering and luminosity monitoring devices. Muon tracking in the forward region is provided

by three dedicated detectors: Muon Tracking Chamber (MCH), Muon Forward Tracker (MFT), and

Muon Identifier (MID). Covering thebackward and forward region, ALICEDiffractiveDetector (AD)

and Zero Degree Calorimeter (ZDC) are placed along the beam-line outside the detector, select-

ing diffractive events, and measuring the energy of forward particles. Above L3, ALICE Cosmic

Rays Detector (ACORDE) is positioned to detect high-energy cosmic radiation.

4.2.1 Inner Tracking System

ITS [65] is the innermost detector of ALICE central barrel, directly positioned around the beam

pipe. Seven cylindrical layers of Monolithic Active Pixel Sensors (MAPs) with the first three

layers, called Inner Barrel (IB), having a length of 271 mm and a radial position ranging from

22.4 mm to 42.1 mm around the beam pipe, cover a pseudorapidity range of |η| < 2.0. All re-

maining layers are called Outer Barrel (OB) with a length of 1475 mm and a radial position of

194.4 mm to 394.9 mm, covering a range of |η| < 1.3. In total, ITS covers a transversemomentum

range from 0.05 GeV/c to 20.0 GeV/c with a material budget of 0.3 %X0 in the IB and 0.8 %X0 in

the OB.

The main purposes of the ITS are: precise determination of the PV1 with a resolution of up to

100µm, secondary vertex reconstruction for charm and hyperon decays, charged-particle track-

ing, and improvement of the TPC momentum and angular resolution.

1A vertex is a distinct point in space where particles interact. In this sense, a primary vertex is the initial interaction

point of the event. Secondary vertices occur when particles decay into charged hadrons.
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4.2.2 Time Projection Chamber

The TPC [66] is ALICEmain tracking andParticle Identification (PID) device, capable of performing

a three-dimensional reconstruction of tracks produced by charged particles. It has a cylindrical

volume of 90 m3 with a length of 5 m that covers |η| < 0.9 in pseudorapidity. The detector vol-

ume is filled with a Ne–CO2–N2 gas mixture of a 90:10:5 composition2, separated by a central

electrode in the axial center. Along the z-Axis, a uniform electric field is applied, ranging from

the central electrode to both end plates, which are themselves divided into 18 sectors, each

consisting of two inner and outer readout chambers.

When charged-particles traverse the gas, they ionize Ne atoms, leaving free electrons in the vol-

ume. The electrons drift with a constant velocity of 2.58 cm µs−1 toward the readout chambers,

where their ionization signal is amplified via Gas Electron Multipliers (GEMs). Drift electrons ex-

hibit an avalanche effect, which can be detected as a current. During an avalanche, ultraviolet

radiation is emitted that causes further ionization in the active TPC gas. A quenching mixture of

CO2 and N2 is used that absorbs secondary photons to prevent such radiation.

A total of 3276 Front-End Cards (FEC) are used to read the signal, where each card consists of

160 front-end channels. Over these front-end channels, a total of 524160 pads are distributed

that form theGEMchambers anode plane. The collected detector hits are transformed into semi-

Gaussian voltage signals and digitized for further processing. Thismethod provides capabilities

for 3D flight path reconstruction of particles. The peak voltage of a signal from a readout pad

is proportional to the local energy loss of the tracked particles. Using reconstructed track in-

formation, one can extract the energy loss per path length dE / dx of particles as a function of

velocity β, and thus perform PID via comparison of measured energy loss signals with an ex-

pected Bethe-Bloch signal, determined by equation (2.13).

4.2.3 Time-of-Flight Detector

The TOF [67] detector encapsulates the TRD at a distance of around 3.7 m from the nominal in-

teraction point. Employing an active area of 141 m2 and pseudorapidity coverage of |η| < 0.9, it
is used to measure the time a particle needs to travel from the PV to the TOF detector, allowing

for precise velocity measurements of tracked particles. Including momentum information of the

particle, e.g., from the TPC, one can specify the particle mass via βγ = p/(mc), thus identifying
particles. This PID procedure works particularly well at intermediate momentum ranges, where

the time of flight of different particle species differs the most. At higher momenta, particles

move closer to the speed of light, resulting in indistinguishable flight times for different particle

species. ALICE TOF consists of 1593 Multigap Resistive Plate Chambers (MRPCs) with an active

area of 888 cm2, which are divided into 18 azimuthal sections. The MRPCs detects charged par-

ticles using multiple thin gaps filled with gas between resistive electrodes. Electron avalanches

create fast, localized signals with a time resolution of σTOF ≈ 68 ps in run 3 [68].

2The numbers do not refer to a percentage of the gas in the mixture but rather refers to relative parts per unit volume.
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4.2.4 Fast Interaction Trigger

The FIT [69] consists of three sub-detectors: FT0, FV0, and FDD. In total, FIT provides minimum

bias triggering information and measures luminosity, as well as a precise collision time to cal-

culate an initial indication of the PV z position.

FT0 involves two arrays of quartz Cherenkov radiators coupled to microchannel plate photo-

multipliers that detect Cherenkov light produced by traversing particles. These plates are posi-

tioned at opposite sides of the nominal interaction point. FT0-A covers a pseudorapidity range

of 3.8 < η < 5.0 and is placed 3.3 m away from the nominal interaction point in the forward

direction. FT0-C is placed just 0.8 m away from the nominal interaction point and covers a pseu-

dorapidity range of −3.4 < η < −2.3. Such asymmetric positioning is a result of the spatial

constraints placed on the detector by the existing infrastructure for other detectors and previous

experiments. Despite these constraints, FT0 achieves a one-MIP time resolution of about 25 ps
and provides timing information for minimum bias triggering and acts as a multiplicity counter.

FV0 is a plastic scintillator disk divided into five concentric rings with an outer circumference

of 144 cm. It is positioned in the forward direction at a distance of 3.2 m with a coverage of

2.2 < η < 5.1 and encapsulates the FT0-A detector, which has a one-MIP time resolution of

200 ps and provides additional minimum bias trigger information and monitors the luminosity.

FDD consists of two nearly identical scintillator pads with an active volume of 977 cm3, placed

on opposite sides of the interaction point. FDD-A is positioned in the forward direction at a

distance of 17 m and FDD-C is positioned in the backward direction at 19.5 m distance. They

cover a very narrow pseudorapidity range of 4.7 < η < 6.3 and −6.9 < η < −4.9 and are used

to measure diffractive cross-sections and ultra-peripheral collisions, as well as to monitor the

beam-quality.

4.3 Tracking and Vertex Reconstruction
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Figure 4.3: Global track reconstruction procedure in run 3. Adopted from [70]
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The physical properties of the particles aremeasured by determining the properties of the tracks

inside the detector. A central reconstruction algorithm was applied during earlier runs, employ-

ing a Kalman filter approach for track finding and fitting. Several steps must be performed to

find all tracks and vertices in an event. A detailed explanation of the procedure is given in [71].

This reconstruction strategy relied on the triggered read-out of all detectors. However, this pro-

cedure is not applicable anymore in run 3 due to the different detector readout environments.

Instead of a triggered read-out, ITS, TPC, TOF, and ZDC are operated in a continuous data-taking

mode without hardware triggers. A continuous readout mode is mandatory to process all the

information due to the increased interaction rates.

The new procedure starts with a preliminary vertex reconstruction in the ITS by clustering track-

lets in the IB and extrapolate them back to the assumed vertex. Subsequently, the short track

segments are clustered into ITS tracks, which are then fitted to obtain the track parameters. Si-

multaneously, track finding,merging, and fitting in the TPC is performed. When standalone track

reconstruction in bothdetectors is performed, the tracks arematched from ITS to TPC. A global fit

over the entire reconstructed track is performed after all individual track segments are matched

between the detectors. With information from the last step, the PV can be reconstructed and

secondary vertices are found by propagating tracks back to their origin. Additionally, PV recon-

struction using ITS and TPC matched tracks is assisted by the FT0 detector by measuring the

arrival time in both sides FT0-A and C and calculating z = c · |tA − tB |/2. Figure 4.3 shows an

overview of the entire global track reconstruction procedure.

In addition to the new track reconstruction procedure, the continuous data-taking mode im-

poses several new challenges for data analysis. Instead of distinct events, data is stored in

several so-called Heart Beat Frames (HBFs), where two consecutive heart beats (also called OR-

BIT) mark the beginning and end of one (arbitrarily sized) data sample. The time of one orbit is

typically determined at the software level. A typical duration from one beat to the next is 89.4µs.
HBFs are determined at the level of the Front-End Readouts of the detectors and are entirely in-

dependent of ongoing physical processes. All data from heart beat frames are further processed

by the First-level processor (FLP), which groups ≈ 256 consecutive heart beats from one FLP into

Sub-Time Frames (STFs). This data is passed to several Event Processing Nodes, where the on-

line track reconstruction is performed as described above. All STFs from all FLPs of one period

are stored into Time Frames (TFs), with one TF containing again approximately 256 heart-beat

frames. The concept is visualized in figure 4.4.

4.4 Track to Collision Association

At an interaction rate of 500 kHz, collisions occur approximately every 2µs. One HBF contains

on average 45 collisions. Even though the readout of the detectors is much faster, there is still

an overlap of tracks to which collision they might belong. To solve this issue, the approximate

time of detector crossing ttrack and collision time tcoll is stored for each collision. At the analy-

sis level, a so-called track-to-collision-association is performed, which uses previously stored
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Figure 4.4: Description of division of the continuous read data into HBFs, STFs, and TFs. [72]

timing information to reject incompatible collisions. One loops over all tracks and collisions to

reject for each track every collision candidate outside a predefined time window and different

Bunch Crossings (BCs) 3. Subsequently, one loop is made over all remaining collisions, and for

each collision, every track produced inside a possible time window, is investigated.

Let BCtrack = NBC+ttrack/tspacing be the index of a BC of tracks in themiddle of readout frames and

BCcoll the index of the BC of the collision. Here,NBC is the BC index and tspacing = 24.95 ns is the
time between two BCs in ns. If |BCtrack − BCcoll| < C, collisions are considered time-compatible.

C = n∆BC1σ + τ/tBunch is a user-defined constant that depends on several values. An allowed

BC time interval accepted for 1σ of the Gaussian distributed time resolution, called ∆BC1σ is in-

troduced, with a possibility to select broader BC time compatibility windows by changing n. The

timemargin τ that an analysis wants to allow for compensates for uncertainties in timemeasure-

ments caused by uncalibrated TPC values. Default values for these parameters are∆BC1σ = 60,
n = 4 and τ = 0.0. A time margin is not necessary during this analysis because only calibrated

data is used.

If more than one time-compatible collision is found, further steps are needed. To associate a

track to its correct collision, the difference in track time ttrack at the middle of the BC and the col-

lision time tcoll is calculated by defining ttrack, BC = ttrack+NBC ·tBunch. When |ttrack, BC − tcoll| < T ,

the collision is considered compatible. If more than one compatible collision is found with this

procedure, the collision with the lowest ∆t is considered the correct collision.

T depends on whether the track time error is box-like or Gaussian distributed. Detectors that

perform tracking inside of readout frames, such as ITS, exhibit box-like time uncertainties. In

this case, the track time uncertainty is defined as σtrack, box = (∆tROF · ttrack)/2, where ∆tROF is
the duration of the Read-out Frame (ROF). For other detectors, the time resolution is Gaussian

distributed, and the uncertainty is the standard deviation σtrack, gaus of this distribution. One

defines the threshold T via

3In the LHC, protons are delivered within larger packages, so-called bunches, with each containing on average 1011
protons. Bunch crossing refers to the passage of two bunches.
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. Box-like uncertainty: T = σtrack, box + nσcoll + τ

. Gaussian-like uncertainty: T = n
√
σ2
track, gaus + σ2

coll + τ .

Here, n and τ are both user defined variables from the previous step and σcoll is the standard

deviation of the (always) Gaussian distributed collision time resolution. Ambiguous tracks may

still be possible, depending on the chosen values.

4.5 Particle Identification

ALICE sub-detectors provide several ways to identify particles in different momentum ranges.

Identifying a particle essentially means determining a signal in a detector that can be solely at-

tributed to a specific type of particle, e.g. Pions (π±), Kaons (K±) or Protons (p). Direct identifi-

cation is restricted to charged particles because all employed techniques rely on the production

of ionization signals. This analysis uses PID especially via the TPC. Here, the specific energy

loss signal dE / dx over 160 pad rows and the momentum over charge ratio p/Z of a track are

measured. The energy-loss is described by the Bethe-Bloch curve in equation (2.13). For each

TPC pad row, a truncated mean is calculated which represents a specific energy loss signal of

the track. To identify a particle via that signal, one has to take into account the velocity depen-

dence of the energy loss. Proposed by the ALEPH collaboration, a parameterized version of the

Bethe-Bloch formula [73] can be used to fit the measured curves. It depends on β = v/c, the

Lorentz factor γ and five distinct fit parameters P1, . . . , P5

dE
dx = P1

βP4

(
P2 − βP4 − ln

(
P3 + 1

(βγ)P5

))
. (4.1)

Figure 4.5 shows the experimentally measured values of the TPC energy loss in a range from

|p/Z| < 3 together with several fits with the parameterization in equation (4.1). The energy loss

is a statistical process and can only be described on average. At low signals and small p/Z, the

curves start tomerge, making the particle species distinction impossible. At a given velocity βγ,

the energy loss calculated as truncated mean of a specific particle i is approximately Gaussian

distributed. The standard deviation σi of this distribution is used to calculate the track-specific

value nσTPC,i via

nσTPC,i =
dE / dxmeasured − dE / dxexpected,i

σi
. (4.2)

By putting cuts on the nσTPC,i for different particle species, a particle can be identified. For

example, if the value fulfills −3 < nσTPC,π < 3 for a pion π and at the same time |nσTPC,i| > 3.5
for every other species, the track was most likely to be produced by a π.

Neutral particles can be identified via their (charged) decay products. The invariant mass of a

particle, defined as m =
√

(E/c)2 − p2/c, is conserved through a decay process. Using the

methods described above, one can identify decay products, calculate their invariant mass, and
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Figure 4.5: Bethe-Bloch energy loss signal in TPC from pp collisions at
√
s = 13.6 TeV within a

p/Z range of −3 GeV/c to 3 GeV/c with the ALEPH Bethe-Bloch fits to signals from

different particle species. [74]

fill a distribution. If done correctly and the decay daughters are selected carefully, a peak is

found around the rest mass of the desired particle in the distribution.

4.6 Analysis Software

The analysis of data from the ALICE experiment depends on several software stacks that con-

sider the special needs created by the continuous readout. Due to the large amount of recorded

events, the analysis must be performed in a highly parallelized environment to produce results

in a reasonable amount of time. Especially for this purpose, the new ALICE O2 and O2Physics

framework was developed. O2 consists of several codes that define a general data model to

analyze run 3 and later run 4 data. O2Physics is a software stack that is split into several smaller

programs that perform desired tasks, so-called analysis tasks. Both, O2 and O2Physics is writ-

ten in C++. The research program of ALICE is split into several Physics Working Groups (PWGs),

which are divided into different Physics Analysis Groups (PAGs). All follow their own physics

goals and have their own analysis tasks.

However, every analysis needs different general purpose analysis tasks that perform operations

on data necessary for a full physics analysis. One of the tasks discussed above is the so-called

track-to-collision-association task explained in section 4.4. Because in the data model, tracks

are stored at the innermost update4. For various analysis cases, it might be necessary to know

the track parameters at the PV. The track-propagation task calculates track parameters at the

4Innermost update refers to points in the detector where tracks first hit one of the sub-detectors. For a track with ITS,

this is one of the IB layers, for track only with TPC, this is the inner wall of the TPC. Other radial positions may also

be possible.
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PV. In case of Monte Carlo (MC) data it is often necessary to smear the reconstructed track pa-

rameters tomatch differences between reconstructedMC and real data. This is performed by the

track-tuner task, which is part of the track-propagation. To properly select events and tracks,

there exist respective tasks called event-selection and track-selection. Additionally, tasks for

PID with TPC and TOF exists. Special tasks for the presented analysis are the multiplicity-table

task, that creates relevant multiplicity values of the detectors in an event. Dq-table-maker-with-

assoc selects events and tracks based on user-defined cuts for the analysis of Di-Quark (DQ)

analysis processes, such as J/ψ → e+e− that is investigated in this analysis. It uses the track-

to-collision association. To read data created by this task, the dq-table-reader-with-assoc task

is used, which creates histograms such as invariant mass distributions, pT distributions or else.

Both tasks have equivalents for the analysis of MC data, denoted with the suffix -mc.

To create histograms and for general data analysis, the package ROOT6, developed by CERN

is used. Data is stored in so-called AO2Ds as ROOT trees. Collisions and tracks are stored in

separate arrays and are connected through an index to effectively process data in a memory ef-

ficient way. Apache Arrow Tables are used as definition for this data model. This results in an

unintuitive way of how data is represented: Instead of a hierarchical event-to-track order, data

is now stored in a relational database structure. However, the usual event loop approach is still

possible inside an analysis, despite being much slower in terms of computing time.

To correct for acceptance and efficiency and several background estimation processes as well

as calibration and estimation of systematic uncertainties, MC datasets are necessary. In gen-

eral, the raw MC output is produced via PYTHIA8.3 and then propagated virtually through the

ALICE detector via GEANT4. Using other MC generators is, however, possible.



Analysis of Multiplicity Dependence

of J/ψ Production 5
This chapter describes the strategy used to analyze the multiplicity dependence of J/ψ pro-

duction in pp collisions at
√
s = 13.6 TeV. An introduction of the general analysis strategy is

provided first, followed by an explanation of event- and track selection criteria. The multiplicity

estimation with iterative Bayesian unfolding is then presented, followed by a description of how

to extract a J/ψ signal.

5.1 Analysis Strategy

This analysis estimates the self-normalized J/ψ yieldNJ/ψ/
〈
NJ/ψ

〉
within |y| < 0.9, as a func-

tion of the self-normalized charged-particle multiplicityNch/ 〈Nch〉1 in the pseudorapidity range
of |η| < 0.8. The analysis is performed in the overall available pT range, denoted as pT integrated,

and in three pT bins 0 < pT < 4 GeV/c, 4 < pT < 8 GeV/c, pT > 8 GeV/c. A secondary goal is to

identify a sufficient multiplicity estimator at mid-rapidity. Several experimental quantities are

available that can be used as an estimator: Global Tracks, PV contributors, TPCmultiplicity, and

FT0 multiplicity. A detailed description of how to choose the estimator is given in section 5.5.

Carrying out the analysis involves several steps:

. Select suitable collision candidates.

. Calculate and correct for efficiencies related to the selection criteria.

. Estimate the charged particle multiplicities.

. Identify the J/ψ decay daughters and reconstruct the signal.

. Calculate the self-normalized J/ψ yield and multiplicity.

Event selection is performed based on several flags that select Minimum Bias (MB) events and

reject pileup events. With the increased interaction rate compared to run 2, this analysis can

reach up to 7 times the average multiplicity with lower statistical uncertainties. Efficiencies

related to the selection criteria are estimated from MC simulations based on PYTHIA8.3 and

GEANT4.

1In earlier analyses, the self-normalized yields were denoted as NJ/ψ/dy /
〈
NJ/ψ/dy

〉
and Nch/dη / 〈Nch/ dη〉,

but in these ratios, (pseudo)rapidity differentials cancel, resulting in redundant notation.

41
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Multiplicity estimation is performed in the same pseudorapidity interval as the J/ψ signal ex-

traction. This requirement rejects the use of the FT0multiplicity as a possible estimator because

it is located in a different pseudorapidity region. The TPCmultiplicity was considered to be used

as an estimator, but it was ultimately rejected due to occurrences of TPC-only tracks that have

no corresponding matching candidate in the surrounding detectors, leading to a low estimator

quality. Thus, only global tracks and PV contributors in |η| < 0.8 are considered as estimators.

Multiplicity estimation is performed by calculating the correlation P (Ntrk|Nch) between the esti-
mator andMCparticles in the same rapidity interval, called detector responsematrix. Thematrix

P (Ntrk|Nch), the estimator probability distributionP (Ntrk) andMCparticle distributionP (Ntruth)
is passed to an iterative Bayesian unfolding algorithm, which converts the specific amount of

tracks in the detector to the physical amount of charged particles in an event.

The J/ψ signal is extracted in the e+e− decay channel by selecting electron (positron) candi-

dates in the central barrel detectors with certain track quality criteria and PID nσ values. Se-

lected candidates are paired, and their invariant mass is calculated. A mass spectrum is ob-

tained that shows a peak around the J/ψ and ψ(2S) mass. The event-mixing technique is used

to estimate the combinatorial background, while the residual background is fitted with a third-

order polynomial. Both background components are subtracted and all remaining entries in a

mass window around the J/ψ are counted to obtain a raw J/ψ countNJ/ψ,raw.

RawJ/ψ yield andmultiplicity are calculated inMBevents aswell as tenmultiplicity bins. Events

are classified into bins according to the number of tracks in the event. The bin edges depend

on the estimator are chosen in such a way that every bin has a sufficiently high J/ψ count. Ulti-

mately, the self-normalized J/ψ yield in the i-th bin is calculated as follows:

niJ/ψ =
N i
J/ψ〈

NJ/ψ
〉 =

N i
J/ψ,raw

Ai × εi
AMB × εMB

NMB
J/ψ,raw

· n
MB
evt

nievt
. (5.1)

Where A × ε is the J/ψ acceptance times reconstruction efficiency. Previous analyses have

shown that the acceptance and efficiency are independent of multiplicity to first order and can-

cel in the ratio. The event counts are denoted with nievt and n
MB
evt in the i-th bin and MB events,

respectively. The ratio nievt/n
MB
evt is calculated via integration of the event-efficiency corrected

P (Ntrk) distribution for the corresponding estimator, first in the desired interval [Ntrk,i, Ntrk,i+1]
as well as over the full availableNtrk range. In this analysis, a maximum number of global tracks

of Ntrk, Global = 115 and of PV contributors of Ntrk, PV = 140 was reached. The ratio is then given

by

nievt
nMB
evt

=

∫ Ntrk,i+1
Ntrk,i

P (Ntrk) dNtrk∫ Ntrk, max

0 P (Ntrk) dNtrk

. (5.2)

The self-normalizedmultiplicity is determined using an iterative Bayesian unfolding algorithmof

the track distributions. Applying the unfolding matrix P (Nch|Ntrk) to the measured distribution

P (Ntrk) yields the unfolded distribution P (Nch). The mean of this distribution is equal to the

average number of charged-particles 〈Nch〉. A similar procedure is applied to the same track
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bins as before, resulting in correspondingmultiplicity distributions within the bins. The average

values of these distributions are taken as the corresponding bin valuesN i
ch. The self-normalized

yield is then calculated as follows:

nch =
N i

ch

〈Nch〉
= 〈Pi(Nch)〉

〈PMB(Nch)〉 . (5.3)

The use of self-normalized quantities has two advantages. It enables the comparison across

different collision energies and systems because experiment-specific quantities cancel in the

ratio due to the absence of anymultiplicity dependence. This includes the integrated luminosity

as well as the acceptance and efficiency.

To better visualize the departure of the production from linearity, one defines the double ratio

as

rJ/ψ =
N i
J/ψ/

〈
NJ/ψ

〉
N i

ch/ 〈Nch〉
. (5.4)

The physical content of this expression is the same as that of the self-normalized yields, but any

deviations from linearity are stronger expressed, especially at multiplicities below the average

multiplicity.
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5.2 Event Selection Criteria

During the writing of this thesis the data taking of run 3 was still running, and thus only the run

periods of the years 2022, 2023, and 2024 were available for analysis. All data samples were

taken in pp collisions at an energy of
√
s = 13.6 TeV. A total amount of 1.276 · 1010 events

have been considered for the multiplicity analysis from which 3.481 · 109 passed the event se-

lection criteria, listed in table 5.1. Thus, only about 30 % of the collected events are suitable for

analysis.

Table 5.1: List of event selection criteria used for this analysis and their corresponding value.

Nr. Event Cut Value

kIsTriggerTVX true

kNoTimeFrameBorder true

kNoITSROFrameBorder true

kNoSameBunchPileup true

kIsVertexITSTPC true

kIsVertexTOFmatched true

kIsGoodZvtxFT0vsPV true

|zvtx| < 10 cm

Cuts 1−3buildmakeup theMB trigger condition, which is denotedas sel8. Cuts 4−7are referred
to as pileup rejection, which is mainly driven by the cut kNoSameBunchPileup. The remaining

three cuts in the pileup rejection ensure good vertex quality. A cut on the vertex z coordinate

|zvtx| < 10 cm ensures that only events are taken into account with a PV that lies within ±10 cm
around the nominal interaction point to have the full detector acceptance available. Figure 5.1

shows how many total events are left after a cut category.

The flag kIsTriggerTVX is responsible for selecting events that have an acceptable FT0A to FT0C

time difference, determined via a hardware vertex position measurement by FIT. When a mea-

sured vertex position lies within ±20 cm around the nominal interaction point, the event is con-

sidered a real one. This vertex position corresponds directly to an acceptable time difference of

2 ns. A cut on this time difference can then be applied offline to reject non-real events.

To achieve a sufficient MB trigger condition, the time-difference rejection is supplemented with

a rejection of collisions that occur at the border of general data taking TF and ITS ROF. This is

implemented by rejecting a constant amount of BCs at the beginning and end of each TF and

ROF. The cut kNoTimeFrameBorder rejects the first 300 BCs as well as 4000 BCs at the TF end,

while kNoITSROFrameBorder rejects the first 10 BCs and 20 BCs at the end of the ROF.

Theentire acceptanceof |η| < 0.9 is only availablewhen the collisionPV lieswithin zvtx = ±10 cm
around the nominal interaction point. Within this range, the distribution of the collision vertices

is approximately Gaussian.
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Figure 5.1: Number of events from all available run periods in MB events in pp collisions at√
s = 13.6 TeV. The total number of recorded events is 1.278 · 1010.

Figure 5.2 shows the distribution of the z coordinate of the PV from all available datasets and

the anchored MC productions over the entire measurable range of the ITS, normalized to the

distribution maximum. A green box indicates all collisions within the desired range. A slightly

shifted interaction point toward the forward (positive z) region of the detector is observed for

both datasets. InMC 〈zvtx〉 differs fromdata by about∆zvtx ≈ 0.228 cm, while both distributions

are approximately equally wide. A larger∆zvtx between data andMC could lead to incorrectly re-

associated tracks. As described in section 4.2.4, zvtx can be determined by fitting tracks within

the central barrel and the timing difference in the FT0A and FT0C detectors. Ideally, both meth-

ods lead to a similar vertex position. Due to occurrences of pileup events and different resolu-

tions, the position can vary by several centimeters. Figure 5.3 (a) shows the probability distri-

bution of finding a collision with a zvtx, barrel and zvtx, FT0. A marked region shows the available

detector acceptance. Differences between both possible vertex positions can be up to 20 cm,

which typically belongs to pileup events. To reject such events, the cut kIsGoodZvtxFT0vsPV is

used, which rejects all events with a difference of ∆z > 1 cm. A maximally allowed difference

can be defined during the analysis procedure, the chosen value represents the default value.

Figure 5.3 (b) show the distribution after applying the cut.

In context of MC productions it should also be checked whether there is a significant difference

between the true PYTHIA8.3 event vertex and the recontructed vertex. Larger differences could

also lead to falsely associated tracks and particles, which bias the distributions. Figure 5.4

(a) shows the total zvtx distribution compared to the INEL> 0 distribution, and (b) shows the

correlation between the MC vertex and reconstructed vertex position. No significant impact is
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Figure 5.2: Distribution of the zvtx position of the PV of all analyzed collisions. The distribution

is shown for both data and reconstructed MC.

found.

To remove additional pileup events that have passed the selection criteria, an additional cut on

the correlation between global tracks and PV contributors is applied in the calculation of the

multiplicity estimator and the true MC particles. Pileup events occur as events with a significant

difference between the number of global tracks and tracks that contributed to the fit of the PV.

The correlation between global tracks and PV contributors is shown in figure 5.5 in (a) the data

and (b) for the reconstructed MC. Both correlations show a significant difference, hinting at a

much larger amount of simulated pileup.
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Figure 5.3: Correlation between the zvtx position determined from the barrel tracks and the FT0

detector before (a) the kIsGoodZvtx cut was applied and after the cut was applied (b).

In this setup, the cut removes all events with a difference larger than 1 cm in the two

vertex positions.
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Figure 5.4: (a) Distribution of the zvtx position of the primary vertex in true MC events, simulated

in PYTHIA8.3 for all events and the INEL> 0 event class. (b) Correlation of the zvtx
position of the MC truth event and the corresponding reconstructed event.
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Figure 5.5: Correlation between PV contributors and global tracks in pp collisions at√
s = 13.6 TeV for data (a) and for reconstructed MC (b).

Additional pile up is removed by requiring events to fulfill the following conditions:

Ntrk < µ(NPV) + 2σ(NPV), NPV < µ(Ntrk) + 2σ(Ntrk). (5.5)

Here, µ(Ni) and σ(Ni) represent average and standard deviation of the corresponding P (Nj)
distribution at a given Ni (with i, j ∈ {trk, PV}). The different versions of these cuts are dis-

cussed in section 5.5. A value of 2σ was chosen to maximize pileup rejection and simultane-

ously keep as many non-pileup events as possible.
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Figure 5.6: Distribution of (a) global tracks and (b) PV contributors from events with and without

kIsVertexTOFMatched cut. Applying these cuts leads to a larger 〈Nch〉 value.
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The cut kIsVertexITSTPC requires that at least on PV contributor ismatched between ITS and TPC.

This method mainly rejects events with low vertex quality. Additionally, at least one vertex con-

tributor must bematched to the TOF detector by requiring the cut kIsVertexTOFmatched. This en-

sures that at least one fully propagated track is present in an event and helps to reject collisions

that were low in quality. Events with a larger amount of tracks have a higher probability of being

matched to TOF but also events that primarily contain a low number of bad quality tracks are re-

jected. This influences the average number of charged particles per event. Figure 5.6 shows the

P (Nch) distribution estimated via global tracks and PV contributors. By requiring TOF matching

of at least one PV contributor, 〈Nch〉 is increased by about one particle for both estimators. With-

out the cut, the calculated average in this analysis differs significantly from the expected 〈Nch〉
value from previous experiments, which is 〈Nch〉 = 10.31 at

√
s = 13 TeV [75]. Meanwhile, the

values without required TOF are 〈Nch〉 = 9.13 for global tracks and 〈Nch〉 = 9.44 for PV contrib-

utors and for events with matching cut 〈Nch〉 = 10.64 for global tracks and 〈Nch〉 = 10.91 for PV

contributors respectively. Note that this values were obtained with the cuts mentioned in [75],

which differ from the ones in this analysis, leading to a smaller 〈Nch〉 compared to the value

obtained below.
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5.3 Track Selection Criteria

Tracks have several quality properties that are used to decide whether the track is a result of

a real particle or if it originates from the background or if the particle was poorly tracked and

should be discarded because its physical properties are not well-defined. The ALICE central

barrel can track particles with a momentum range of 0.1 < pT < 100.0 GeV/c in a rapidity range

of |η| < 0.9. Any track with kinematic properties outside the range is probably not from a real

particle. Additionally, a Distance of Closest Approach (DCA) in z-direction and in the xy-plane

provides useful information on whether a track originates from a real collision or not. Note, that

the DCA resolution in the xy-plane is a momentum-dependent quantity. A cut on the χ2/ndf

of the track in the ITS and TPC rejects tracks with low quality. A minimum number of required

crossed rows in the TPC additionally ensures that the track passed enough of the TPC volume

to be tracked in good quality. This part is assisted with the requirement of having a minimum

number of actually crossed rows, divided by the number of findable clusters in the TPC. The lat-

ter requirement ensures that most of the findable clusters were actually passed, thus increasing

the selected tracks’ quality. The distributions of these track quality parameters, except pT and η,

can be seen in appendix A.1 in figure A.1. The highlighted regionsmark the tracks that are called

Global Tracks. Additionally, the distributions of tracks that are marked as PV contributors are

shown. Global tracks additionally need to have at least one hit in the three innermost ITS layers.

A full list of track quality requirements for global tracks is given in table 5.2. PV contributors do

not need to fulfill additional quality requirements. However, it is noticeable that the PV con-

tributors have on average a good quality compared to tracks without any quality requirement.

Global Tracks in general are ITS-TPC matched tracks with high quality.

Table 5.2: Full list of track cuts required for a track to be classified as a global track.

Track cut Value

min number of crossed rows TPC 70
min ratio of crossed rows over findable clusters TPC 0.8

max χ2 per cluster TPC 4.0
max χ2 per cluster ITS 36.0
max DCA to vertex z 2.0
max DCA to vertex xy 0.0105 + 0.035/p1.1

T

cluster requirement ITS at least one hit in 3 innermost ITS layers

pT range 0.1 − 100.0 GeV/c
η range −0.8 − 0.8
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Figure 5.7: Total event selection efficiency as a function of global tracks and PV contributors in

pp collisions at
√
s = 13.6 TeV. The efficiency was estimated using PYTHIA8.3 and a

detector simulation in GEANT4.

Any event selection cut applied may introduce a bias and reject physical events that need to be

compensated for. To account for these efficiencies, one determines in aMC simulation the num-

ber of events that passed the selected event cut and divides it by the total number of correctly

reconstructed events. To retrieve the efficiency as a function Ntrk or NPV, the corresponding,

non-normalized track distributions P̃ (Ntrk) are calculated from reconstructed events before and

after the cut. It is required that the truthMC event connected to the reconstructed collisionmust

have at least one charged particle in η < 1 (INEL> 0). Trigger efficiency is calculated by dividing

the distribution with the sel8 cut applied by the distribution without the cut applied. All other

efficiencies are calculated in the sense that the without Cut distribution still has the minimum

bias cut passed. This ensures that the remaining cuts are independent of the trigger efficiency

and avoids duplication. This provides an efficiency εi for each cut i:

εi(Ntrk) =
P̃Cut Applied(Ntrk)
P̃Without Cut(Ntrk)

. (5.6)

By multiplying all independent efficiencies, the total efficiency ε =
∏
εi is obtained, shown in

figure 5.7 as a function of global tracks and PV contributors. The independent efficiencies are

shown in figure A.2 (a) - (f), the total efficiency is used as a multiplicity-dependent weighting

factor w = 1/ε applied to selected events.
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5.5 Multiplicity Estimation

The number of charged particles in an event is an essential step in this analysis. Due to detec-

tor inefficiencies, particles being produced outside the detector acceptance, and background

events, the measurable number of tracks that produce a hit in the detector differs from the ac-

tual amount of physical particles. It is possible that a recorded event hasmore tracks than actual

charged particles produced and vice versa. Such differences occur on an event-by-event bias

and thus do not follow any functional relationship.

Different types of tracks are qualified to act asmultiplicity estimators. Such an estimator is then

used later in a mathematical procedure called iterative Bayesian unfolding (see section 5.5.2)

to convert the number of tracks to the number of charged particles. As an input, the unfolding

needs a response matrix P (Ntrk|Nch) as well as the estimator distribution P (Ntrk) and a true

charged-particle distribution P (Nch), both estimated from MC. A MC particle is considered for

the analysis when it has the isPhysicalPrimary flag set, carries a non-zero charge, and is pro-

duced within |η| < 0.8. A definition and discussion of the term primary charged particle is given

in [76]. The entries of the response matrix describe the probability that the detector responds

with someNtrk tracks to an event withNch physical particles. Since different MC generators im-

plement different particle productionmechanisms, the choice of the estimator biases the result.

ALICE in run 3 offers several track types that can potentially be used as an estimator. The global

tracks and PV contributors are chosen because they inherently have the highest quality. In ear-

lier runs of the LHCwith previous detector versions, other types of estimators were available that

have been discarded in the upgrade procedure. To mention here is the SPD tracklet multiplicity,

where the Silicon Pixel Detector (SPD) was a sub-detector of the predecessor of the current ITS.

Small track segments inside SPD, so-called tracklets, had a strong and clean correlation with

the actual number of charged-particles.

5.5.1 Estimator Distributions

This section discusses the properties of two multiplicity estimators: Global tracks and PV con-

tributors. For each estimator, the distribution is shown and compared with the corresponding

MC reconstructed and MC truth distribution.

Global Tracks:

Figure 5.8 shows the distribution of global tracks in pp collisions at
√
s = 13.6 TeV together

with the same distribution from reconstructed MC simulations with PYTHIA8.3 + GEANT4, and

the pure MC truth distribution from PYTHIA8.3 in the same η range. No additional pT cuts were

applied to the MC truth distribution to not bias them, despite ALICE limited momentum range.

Green lines mark the selected multiplicity bin edges. Data and reconstructed distributions are

in good agreement in the low and high multiplicity regions. At mid-multiplicity, ranging from

Ntrk = 20 − 60, the reconstructed distribution has a slight bump. This difference will impact the
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Figure 5.8: Probability distributionP (Ntrk) of events in pp collisions at
√
s = 13.6 TeV from data

and reconstructed MC compared to the pure PYTHIA8.3Nch distribution.

determination of multiplicity. However, because the order of magnitude of the probability is at

10−2 to 10−5, a negligible impact is assumed for this analysis. Another difference that must be

mentioned is between the track distribution and truth Nch distribution. The track distribution

decreases much steeper than the truth distribution, which was not observed in previous runs.

This difference can be explained by the occurrence of truth MC events which have a regular dis-

tributed number of charged particles, but a minuscule number of tracks. This irregular behavior

is also observed in the response matrix figure 5.9.

Such events appear as entries outside the main correlation line in the lower left corner. They

occur with a probability in the order of 10−4 and have a significant impact on unfolding. Until

now, no reason for their occurrence was found.

The response matrix in figure 5.9 was determined by simultaneously iterating over true MC

events and their corresponding reconstructed events and filling the matrix P (Ntrk|Nch), where
in the reconstructed events the same cuts as in data are applied. Additional rejections are ap-

plied to account for differences in the MC reconstruction datasets and the measured data that

are shown in figure 5.5. An event is rejected when its number of global tracks is larger than

µ(NPV)+2σ(NPV) of the global track distribution from events with a given number of PV contrib-

utors. The same cut is applied to events that have more PV contributors than µ(Ntrk) + 2σ(Ntrk).
2σ in both cases was chosen to not only reject physical events but also to maximize the rejec-

tion of additional pile-up events. The impact of different cut values is visualized in appendix A.2

in appendix A.2. Without the additional cut, more non-main-correlation entries appear. In the
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Figure 5.9: Detector response matrix for global tracks and true MC particles in pp collisions at√
s = 13.6 TeV, estimated via PYTHIA8.3 and a detector simulation with GEANT4.

last tested response matrix, a significant number of entries of the main-correlation line were re-

moved.

Although these strong cuts already remove a lot of this pileup, some entries remain outside the

main correlation line. Especially MC particles at low tracks contaminate the responsematrix. An

additional correlation appears for some tracks betweenNtrk = 35 − 65 andNch = 20 − 80. The
reason for this additional pileup is currently unknown. A possible reason for additional entries

is a concept called vertex-splitting. When two events occur close to each other in space, they

might not be distinguishable. However, its impact is not strong because the probability is in

the order of < 10−6. With global tracks as the estimator, a maximum number of Nch ≈ 100 is

reached with sufficient statistics at a maximum ofNtrk ≈ 80.
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PV Contributors:

The multiplicity distribution of PV contributors is shown in figure 5.10 again compared to the re-

spective reconstructed and truth MC distributions. Themeasured data distribution is less steep

than the truth distribution, the reconstructed distribution, in contrast to what was observed for

global tracks. Instead, the reconstructed MC distribution differs strongly from the measured

distribution and matches the truth distribution unusually well. This hints at the possibility that

in the MC productions, only tracks with a matched MC particle are used to fit the PV. The green

lines mark the bin edges used for the event selection.
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Figure 5.10: Probability distribution P (NPV) of events in pp collisions at
√
s = 13.6 TeV from

data and reconstructed MC compared to the pure PYTHIA8.3Nch distribution.

The responsematrix for PV contributors, shown in figure 5.11, has amuchmore complex behav-

ior than the global tracks matrix. Nch ≈ 110 is maximally reached as the number of particles at

a maximum number of tracks of Ntrk ≈ 100. Two additional correlation lines appear that reach

up to Nch ≈ 60 particles at low track multiplicity with Ntrk < 30. A large amount of additional

pileup events occur below themain correlation line. Even the additional rejection of events with

a too large difference in PV contributors and global tracks has no apparent impact on the quality

of the estimator, as appendix A.2 (see appendix appendix A.2) indicates.

A first quality comparison of the tested estimators shows that both suffer from contamination

of a significant amount of pileup events despite having applied tight event cuts, with the global

track distribution being much cleaner. In both cases, second order differences between the

data and reconstructed distributions occur. Their impact on the final results needs to be stud-

ied further, but this is beyond the scope of this thesis. They are assumed to be negligible for the

remainder of the analysis.



5 Analysis of Multiplicity Dependence of J/ψ Production 56

8−10

7−10

6−10

5−10

4−10

3−10

2−10

1−10

1 )
ch

N|
tr

k
N

P
(

20 40 60 80 100
trkN

20

40

60

80

100

ch
N

 = 13.6 TeVsThis thesis, pp 

| < 0.8ηPV Contributors in |

)
PV

N(σ) + 2
PV

N(µ < trkN

)
trk

N(σ) + 2
trk

N(µ < PVN

Figure 5.11: Detector response matrix for PV contributors and true MC particles in pp collisions

at
√
s = 13.6 TeV, estimated via PYTHIA8.3 and a detector simulation with GEANT4.

5.5.2 Bayesian Unfolding of Spectra

To convert from a raw Ntrk distribution to a real Nch distribution, this analysis employs an it-

erative Bayesian unfolding algorithm, that estimates a probability matrix P (Nch|Ntrk) from the

response matrix P (Ntrk|Nch), the estimator distribution P (Ntrk) and the true MC distribution

P (Nch) via theBayesian theorem2 [77]. The termunfolding is usedbecause theabove-mentioned

detector effects can be considered convoluted with the underlying real charged-particle distri-

bution. To unfold means to deconvolute this detector effects to obtain the distribution of the

primary charged particles. The Bayesian theorem states the following:

P (Nch|Ntrk) = P (Ntrk|Nch)P (Nch)
P (Ntrk)

= P (Ntrk|Nch)P (Nch)∑
N P (Ntrk|N)P (N) . (5.7)

Bayesian unfolding requires a prior P (Nch) distribution, generated in MC, and the response

matrixP (Ntrk|Nch) to calculate via the Bayesian theorem the unfoldingmatrix P (Nch|Ntrk). With

the new matrix, an unfolded distribution can be determined

P (Nch) =
∑
N

′
trk

P (Nch|N
′

trk)P (N
′

trk). (5.8)

2The general form of the Bayesian theorem states that P (A|B) = P (B|A)P (A)/P (B). Here, A and B are general

events that can occur with a probability P (A) and P (B). P (A|B) and P (B|A) are the conditional probabilities,

that state the probability thatA occurs given the condition thatB is true (or vice versa).
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P (N ′

trk) is taken from real data. The tracks determined in the response matrix passed the same

event cuts as the real data distribution. In this case, the track distributions for unfolding do

not need to be corrected for event selection efficiencies because the correction is inherently

taken care of by the unfolding procedure. In principle, one could stop at this point because an

unfolded distribution was obtained. However, the unfolding matrix depends on the selection

of a prior, which is not an accurate description of the real charged-particle distribution. On the

other hand, since information from measured spectra and the detector response was injected

to obtain the distribution in equation (5.8), it can be stated that a newly calculated P (Nch) is a
better description of the real distribution than the previous one. Thus, the new distribution is

used as an input prior for another iteration, hence the name iterative Bayesian unfolding. The

procedure is terminated when a χ2 of change between two consecutive iterations, defined as

follows:

χ2 =
∑
N

nevt · (Pi(N)−Pi+1(N))2

Pi(N)+Pi+1(N) nevt · (Pi(N) + Pi+1(N)) > 1

n2
evt · (Pi(N) − Pi+1(N))2 otherwise

, (5.9)

is below unity χ2 < 1. Typically, only a few dozen iterations are necessary to reach conver-

gence. Each iteration injects the measured distribution, resulting in statistical fluctuations in

each step. These fluctuations propagate through the unfolding procedure andmay be amplified

by numerous iterations. A description of this error propagation is given in [78].

Figure 5.12 shows the unfolding matrices obtained by iterative Bayesian unfolding for global

tracks (a) and PV contributors (b). Both distributions show a strong main correlation line with

spread out entries beside the main correlation. Both matrices have additional entries outside

the main correlation at roughlyNch, Ntrk = 20 − 80. These entries result from additional pileup

events in responsematrices. The global track unfoldingmatrix still shows entries up toNch = 40
at lowNtrk < 4. Applying the unfolding matrix to the measured track distribution, as described

in equation (5.8), yields the unfolded distributions shown in figure 5.13 (a) global tracks and (b)

for PV contributors. Both cases show the unfolded distribution together with MC PYTHIA8.3Nch

and the measured track distribution, as well as the unfolded and MC distribution. The mean

of the unfolded distribution is taken as the MB value 〈Nch〉, necessary to determine the self-

normalized multiplicity values.

5.5.3 Distributions in Multiplicity Bins

To obtain bin-wise average multiplicities, the unfolding matrix is applied again to the measured

distribution in the considered multiplicity intervals. For each multiplicity interval I, one calcu-

lation is performed for everyNch

PI(Nch) =
iup∑

N
trk

′ =ilow

P (Nch|N
trk

′ )P (N
trk

′ ). (5.10)
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Figure 5.12: Unfolding matrices used to convert the number of tracks to the number of charged-

particles in pp collisions at
√
s = 13.6 TeV for global tracks as estimator (a) and PV

contributors (b).

Here, iLow and iUp are lower and upper bin edges of the interval I. The bin-wise distributions

are shown in figure 5.14 for global tracks (a) and for PV contributors (b). The mean of these

distributions is taken as the bin values of N I
ch which is then divided by the average of the full

unfolded distribution to obtain the self-normalizedmultiplicity in every bin. All bin distributions

show an unphysical distortion of the probability at multiplicity much larger than or much lower

than the mean value. These distortions are caused by additional pileup entries in the original

response matrix. However, the impact of these distortions is negligible in the lower bins, but

becomes significant at larger bins with fewer statistics. Table 5.3 lists the bin edges for global

tracks and PV contributors and their correspondingN I
ch value and the value for 〈Nch〉.

Table 5.3: Bin edges of theNtrk intervals and the corresponding self-normalizedmultiplicity val-

ues.

Global Tracks PV Contributors

Bin Ntrk Interval N I
ch/ 〈Nch〉 NPV Interval N I

ch/ 〈Nch〉
1 [0, 4] 0.33 [0, 4] 0.21

2 [4, 9] 0.81 [5, 9] 0.55

3 [10, 14] 1.46 [10, 19] 1.18

4 [15, 19] 2.08 [20, 29] 2.05

5 [20, 25] 2.72 [30, 39] 2.91

6 [26, 31] 3.42 [40, 49] 3.76

7 [32, 38] 4.15 [50, 59] 4.61

8 [39, 45] 4.95 [60, 69] 5.44

9 [46, 53] 5.75 [79, 79] 6.27

10 [54, 100] 6.81 [80, 100] 7.21

〈Nch〉 11.82 12.23
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Figure 5.13: Unfolded multiplicity distributions in pp collisions at
√
s = 13.6 TeV, estimated

from global tracks (a) and PV contributors (b). The unfolded distribution is com-

pared to the true MC distribution, the raw track distribution is shown as well.

It has to be noted that the here presented 〈Nch〉 values differ from those presented in figure 5.6

due to different selection cuts that were made to match the analysis to which the values were

compared to. The statistical uncertainties of the average values are in the order of 0.01 % and

were neglected.
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Figure 5.14: Unfolded distributions in the multiplicity bins defined for this analysis for global

tracks (a) and PV contributors (b).
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5.6 J/ψ Signal Extraction

This section describes the procedure for obtaining the number of J/ψ counts in eachmultiplicity

bin and pT interval. The J/ψ signal is reconstructed in the e+e− decay channel, which has an

pT integrated production cross-section of dσ / dy |y=0 = 9.08 ± 0.56µb3 [79] at
√
s = 13.6 TeV.

Reconstruction is performed by selecting suitable electron and positron candidates and calcu-

late their invariant massme+e− = (pe+ +pe−)1/2, where p is the four-momentum of the electron

(positron), and filled into a spectrum. With suitable selection cuts, a resonance structure around

the rest mass of the J/ψ appears, that lies on top of a background. The intrinsic decay width of

a J/ψ isΓ ≈ 92.9 keV/c2 while in the experiment, one observes amuch broader structure. Espe-

cially toward lower masses, the J/ψ peak exhibits a long tail caused by the bremsstrahlung of

the electrons (positrons) that pass through the detector material and cannot be fully recovered.

Generally, one cannot distinguish whether a selected candidate originates from a J/ψ decay

or from other sources. Therefore, each candidate is paired with every other candidate from

the same event. This results in a combinatorial background beneath the J/ψ peak. Another

part of the background originates from other uncorrelated dielectron sources like Dalitz de-

cays, pair-creation fromphoton conversion in the detectormaterial, and electrons that exhibited

bremsstrahlung losses. Most of these background electrons (positrons) are created in the low-

mass regime< 50 MeV and then paired with a high-mass candidate.

The J/ψ signal is obtained by counting the entries in the invariant mass distribution within a

masswindowof 2.72 GeV/c2 < me+e− < 3.20 GeV/c2 after all background components are sub-

tracted. Previous analyses used a narrower mass window with a lower mass cut at 2.92 GeV/c2.

However, in the currently available datasets, the J/ψ invariant mass distribution has a much

larger bremsstrahlung tail compared to previous runs. It is as well observed that the peak of the

distribution is not at the J/ψ mass, but shifted to about 3.054 GeV/c2. Both can be attributed

to a misalignment between ITS and TPC, but central investigations of this are currently ongoing

during the writing of this thesis. These differences justify the use of a broader mass window.

The event-mixing technique is employed to estimate the combinatorial background. One pairs

an electron candidate with positrons from other events. This destroys any physical correlation

between electrons from the same event, resulting in a clean combinatorial background. The

number of events that one candidate is mixed with is called mixing-depth. A larger amount

of events used for mixing yields a cleaner distribution and increases the amount of pairs. A

mixing-depth of 20, meaning that every electron candidate is paired with candidates from 20
other events is configured for this analysis. The event-mixing background is scaled by a factor

obtained by integrating the same-event and mixed-event distribution in a high-mass sideband

region from 3.4 GeV/c2 to 4.5 GeV/c2 and dividing both integrals, to reach the same-event dis-

tribution. Again, due to a large bremsstrahlung tail, only the high-mass sideband is suitable for

scaling.

3The cross-section was extrapolated from data at
√
s = 13 TeV since no official cross-section measurement was

published at the corresponding collision energy of this analysis.
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Anothermethod for estimating the combinatorial backgroundwould be the same-sign pairing of

electrons and positrons. With this method, one pairs each electron with every other electron in

the same event and each positron with every other positron. The geometric mean is calculated

as 2
√
N++N−− and scaled to match the unlike sign distribution to provide an estimate for the

combinatorial background. However, events containing J/ψ candidates are triggered at the of-

fline level. This trigger includes the rejection of candidate events without an electron–positron

pair. Consequently, only events containing at least one e+e− pair are kept, reducing the avail-

able statistics for the same-sign background to an unreliable level.

After subtracting the combinatorial background, the residual component is described by a third-

order polynomial of the form f(x) = ax3 +bx2 +cx+d. The background is fitted in the sideband

region from

2.0 GeV/c2 < me+e− < 2.2 GeV/c2 and 3.3 GeV/c2 < me+e− < 4.5 GeV/c2.

Although fitting the high-mass regions includes the ψ(2S) mass peak, which biases the fit, the

background estimate becomes worse when excluding the ψ(2S) signal region.
After all background components are subtracted, the invariant mass distribution is integrated

in the previously defined mass window to obtain the raw number NJ/ψ. To define a fit quality

parameter χ2/ndf, the distribution is fitted with an asymmetric crystal ball function

CB2(me+e− , µ, σ, αL, nL, αR, nR) =


e−

α2
L
2 ·
(
nL

|αL|

)nL

·
(
nL

|αL| − |αL| − t
)−nL

t < −αL

e− t2
2 −αL ≤ t ≤ αR

e−
α2

R
2 ·
(
nR

|αR|

)nR

·
(
nR

|αR| − |αR| + t
)−nR

t > αR

(5.11)

where t = (me+e− − µ)/σ. The fit is performed for the J/ψ + ψ(2S) signal shape, scaled by the

yields.
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5.6.1 Electron Selection Cuts

The selection of electron (positron) candidates is done in several steps. Due to the large size

of the collisions, a software trigger is applied to create so-called skimmed datasets, which en-

able performing analyses with less computational power. For the presented analysis, at least

one e+e− pair with a combined pT > 0.2 GeV/c that was produced within |η| < 0.9. Individual
tracks should have at least one hit in the ITS IB and a TPC χ2/clstr < 4.0 with at least 70 crossed

rows in the TPC. Tracks are considered as electrons (positrons) when their corresponding TPC

PID values fulfill the conditions |nσel| < 4.0 and nσPi, Pr > 2.5. For the data taking periods of

2023 and 2024, an additional cut on the pair invariant mass at me+e− > 1.8 GeV/c2 was ap-

plied. Additional cuts for other kinds of studies, including heavy-flavor physics and jet physics,

etc. are applied. The available dataset size is reduced by approximately 33 % compared to the

MB datasets. Cuts at this reduction level are chosen to be very loose to only reject tracks and

events that are of no use for specified analyses. This also includes several good quality MB

events, making the skimmed dataset not suitable for general multiplicity analysis. Dedicated

MBdatasets are stored separately, but they requiremuchmore computational time and are thus

avoided whenever possible.

A second skimming process is performed after the initial reduction to remove any remaining

events that are not related to the desired analysis. Pair candidate electrons must have at leat

pT > 0.7 GeV/c and must be produced within |η| < 0.9. Additionally, to the requirements at the

trigger level for the electron tracks, they need to have a ITSχ2/clstr < 5.0. For the PID, additional
requirements to the momentum of the track at the inner wall of the TPC pIN are placed. A track

is rejected when pIN < 3 GeV/c and TPC nσPi, Pr > 2.5 or when pIN > 3 GeV/c and nσPi, Pr > 1.5.
The use of these additional cuts reduces contamination fromhadrons that decayed into pions or

protons. Differentiating the PID values at higher and lowermomentum considers that the energy

loss signal is not well distinguishable at higher momentum, thus only selecting candidates that

are well separated from other particles.

The reduction applied so far was performed centrally and served mainly to reduce the required

computational time and disk storage for the analysis. The self-normalized J/ψ yield as a func-

tion of self-normalized multiplicity is analyzed using the following cuts:

. Kinematic: e+e− pairs need to have a pT > 1.0 GeV/c and must be produced within

|η| < 0.9.

. Tracking: Each track must fulfill the following ITS + TPC tracking requirements:

. At least one hit in the first two ITS layers: kIsSPDany

. A ITS χ2/clstr < 5.0.

. A minimum of required crossed ITS clstr of 3 < Nclstr, ITS < 100.

. A TPC χ2/clstr < 4.0.
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. A minimum of required crossed TPC clstr 100 < Nclstr, TPC < 160

. A distance of closest approach in xy and z direction of |DCAxy|, |DCAz| < 1.0 cm.

. PID: Tracks must have an electron PID signal of −2 < nσTPC,e < 3 and simultaneously

nσTPC,π > 3.0 and nσTPC, Pr > 3.5.

These cuts ensure ahigh-quality electron selection and rejectionof secondary particles andelec-

trons from photon conversions. Applying kinematic requirements ensures that daughter tracks

have the full radial TPC length available, the pT requirement reduces background from electrons

that originated from low-mass sources. No major amount of J/ψ daughters is rejected by this

requirement, since approximately 85 % of the decay products have pT > 1 GeV/c. The track-

ing requirements ensure that the decay daughters are well tracked and have sufficient quality,

which is necessary for the correct determination of PID requirements. The asymmetric electron

PID requirement is because pions experience a lower energy loss at the same pT than electrons.

The rejection of the pion and proton nσTPC value is applied. By using these rejection cuts, the

background produced from kaons is implicitly removed because their energy loss is below the

one from protons.

Such strong requirements of the DCA in the z direction and in the xy-plane reduce the amount
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Figure 5.15: Number of ambiguous tracks in the analysis. (a) shows the track ambiguity of same

bunch collisions, (b) the corresponding out-of-bunch ambiguity of global tracks and

PV contributors. (c) shows the ambiguity of selected electron candidates.

of ambiguous tracks by a factor of 10. In a high-multiplicity environment, many tracksmay be as-

sociated to several collisions. A large amount ofmisassociations can lead to unphysical results,

since tracks may be associated with events containing a J/ψ and thus increasing the multiplic-

ity, assigning the event to the wrong bin. The number of ambiguous tracks for both estimators

is shown in figure 5.15 (a) and (b). Figure 5.15 (c) respectively shows the number of ambiguous

electron candidate tracks. In general, the event- and track selection cuts lead to a low number

of in-bunch ambiguous tracks but still leave a lot of out-of-bunch ambiguity.
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5.6.2 Invariant Mass Distributions
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Figure 5.16: MB invariant mass distributions of e+e− pairs around the J/ψ peak in the mass

range 2.2 < me+e− < 4.2 GeV/c2 in pp collisions at
√
s = 13.6 TeV. The upper

panel shows the full distribution with the mixed-event and residual background.

The lower panel shows the signal after the full background is subtracted. The event-

mixing background was estimated in bins of global tracks (a) and bins of PV con-

tributors (b). The J/ψ signal is fitted with an asymmetric crystal ball function to

obtain a fit quality parameter.

Electrons (positrons) that pass thequality selection criteria are paired and their invariantmass is

calculated. Figure 5.16 (a) shows the invariantmass distribution of e+e− candidates. The upper

panel of the figure shows the full invariant mass distribution together with the combinatorial

background, estimated via event-mixing, and the residual background, described by a third-

order polynomial. The lower panel shows the invariant mass distribution after both background
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components are subtracted. The remaining distribution is fitted with a sum of two asymmetric

crystal ball functions that describe the J/ψ + ψ(2S) signal shape

f(me+e− ,µJ/ψ, σJ/ψ, αL, nL, αR, nR, NJ/ψ, Nψ(2S)) =

NJ/ψ · CB2(me+e− , µJ/ψ, σJ/ψ, αL, nL, αR, nR)

+Nψ(2S) · CB2(me+e− , µJ/ψ + 589.2 MeV/c2, 1.19 · σJ/ψ, αL, nL, αR, nR).

(5.12)

Here, µJ/ψ and σJ/ψ are mean and width, respectively, of the CB2 function Gaussian core. αL

and αR are the left and right transition points, relative to the mean, from the Gaussian core

to the power-law background and nL and nR are the exponents of such a background. The

transition points are assumed to be equal for the J/ψ and ψ(2S) peak. To further eliminate

the parameters, the mean and width of the ψ(2S) are assumed to be shifted relative to the J/ψ

peak. Both parameters shift with the mass difference and their respective ratio:

µψ(2S) = µJ/ψ + ∆mψ with ∆mψ = mψ(2S) −mJ/ψ = 589.2 GeV/c2

σψ(2S) = σJ/ψ ·
(
mψ(2S)

mJ/ψ

)
= 1.19σJ/ψ

Event-mixing is performed within bins of global tracks such that only events with a similar num-

ber of global tracks (PV contributors) are mixed. Event-Mixing in different multiplicity bins is

responsible for the difference in the raw number of J/ψ in both distributions.

The combinatorial background reaches the mass spectrum of the J/ψ daughters on the right

side of the peak, but it is significantly underestimated on the left side. This part of the back-

ground is subtracted by the polynomial estimate. With the chosen track selection requirements,

the ψ(2S) → e+e− peak is clearly visible aroundme+e− ≈ 3.686 GeV/c2, because it shares the

e+e− decay channel with the lighter J/ψ. However, this decay channel is much less probable

[12] and the ψ(2S) has in general about 10 % lower integrated production cross-section than

the J/ψ. Performing an asymmetric crystal ball fit provides a quality measure for signal extrac-

tion. For both estimators, the value of χ2/ndf is beyond 1 in the MB case, indicating a poor

fit quality. With increasing event multiplicity, the quality of the fit improves significantly. The

signal-to-background ratio is largest at low multiplicity and decreases significantly at high mul-

tiplicities. Overall, the fit quality of the pT integrated study is summarized for both estimators

and all datasets in figure 5.18.

The analysis was also performed in several pT bins, ranging from 0 < pT < 4 GeV/c,
4 < pT < 8 GeV/c,pT > 8 GeV/c. MB distributions for global tracks and PV contributors are

shown in figure 5.17. With increasing pT, the signal extraction quality improves, due to a re-

duced number of multiple scatterings and higher tracking precision for the decay daughters,

clearing out more background components.
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Figure 5.17: MB invariant mass distributions of e+e− pairs around the J/ψ peak in the mass

range 2.2 < me+e− < 4.2 GeV/c2 in pp collisions at
√
s = 13.6 TeV in pT bins. The

upper panel shows the full distribution together with the mixed-event background

and the residual background, whereas the lower panel shows the signal after the

full background is subtracted. The event-mixing background was estimated in bins

of global tracks and bins of PV contributors. The J/ψ signal is fitted with an asym-

metric crystal ball function to obtain the fit quality parameter
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Figure 5.18: Visualization of fit quality parameters χ2/ndf, raw NJ/ψ, S/B and S/
√
S +B for

both estimators and for all datasets as a function of charged-particle multiplicity.
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All remaining invariant mass distributions are shown in appendix A.4 and appendix A.5. In par-

ticular, the global track signal extraction shows a large amount of over-subtraction at regions

around the mass window, which is not present at the same level for the PV contributor signal

extraction. In high pT bins, the event-mixing background starts to flatten out, which has an sig-

nificant impact on the quality of the signal extraction.

5.6.3 Statistical Uncertainties

Both yields, multiplicity and J/ψ, suffer from statistical uncertainties. In run 2, data collec-

tion was performed at an integrated luminosity of up to 7 pb−1 in MB triggered events and a

maximum of 30 pb−1 at high-multiplicity triggered events. During run 3, several integrated lu-

minosity were reached during the individual production years, shown in figure 5.19. Over the

total triggered data sample, the integrated luminosity is≈ 40 pb−1. In general, statistical uncer-
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Figure 5.19: Total integrated luminosity for pp data taken in 2024 (as of 19.09.2024) compared

with 2022 and 2023 data taking periods. [ALI-PERF-581127]

tainties scale like σstat ∝ L
−1/2
int . Thus, a decrease in the statistical uncertainties of a maximum

of

√
40 pb−1/7 pb−1 ≈ 2.38 is expected. However, the statistical uncertainties may differ from

the expected luminosity scaling due to the different detector setup, event selections, and the

occurrence of larger background effects.

In the case of the self-normalizedmultiplicity yields, the statistical uncertainty is the error of the
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mean of the unfolded (MB and bins) distributions, which is added with Gaussian error propaga-

tion. Let σ(〈Nch〉) and σ(N I
ch) be the uncertainty of the mean of the MB and bin distributions,

respectively. Then, the total uncertainty is given by

σ

(
N I

ch

〈Nch〉

)
=

N I
ch

〈Nch〉

√(
σ(N I

ch)
N I

ch

)2

+
(
σ(〈Nch〉)

〈Nch〉

)2
(5.13)

However, the statistical uncertainty on the self-normalized yield is negligible. The uncertainties

in the highest multiplicity bin, estimated from global tracks and PV contributors, are

σ(N10
ch / 〈Nch〉) = 5 · 10−4, σ(N10

ch / 〈Nch〉) = 8 · 10−4.

A similar relationship holds for the statistical uncertainties on the self-normalized J/ψ yield

σ

(
N I
J/ψ〈

NJ/ψ
〉) =

N I
J/ψ〈

NJ/ψ
〉
√√√√(σ(N I

J/ψ)
N I
J/ψ

)2

+
(
σ(
〈
NJ/ψ

〉
)〈

NJ/ψ
〉 )2

. (5.14)

Uncertainties on individual yields are assumed to be σ(N) =
√
N . The full yields and uncer-

tainties for both estimators of the pT integrated analysis are shown in table 5.4.

Table 5.4: Full track intervals and corresponding self-normalized multiplicity and self-

normalized J/ψ yield estimated via global tracks and PV contributors for the pT in-
tegrated analysis.

Global Tracks PV Contributors

Bin Ntrk Interval N I
ch/ 〈Nch〉 N I

J/ψ/
〈
NJ/ψ

〉
NPV Interval N I

ch/ 〈Nch〉 N I
J/ψ/

〈
NJ/ψ

〉
[0, 4] 0.33 0.09 ± 0.0004 [0, 4] 0.21 0.04 ± 0.0004
[4, 9] 0.81 0.64 ± 0.002 [5, 9] 0.55 0.28 ± 0.001

[10, 14] 1.46 1.68 ± 0.004 [10, 19] 1.18 1.05 ± 0.002
[15, 19] 2.08 2.83 ± 0.006 [20, 29] 2.05 2.47 ± 0.05
[20, 25] 2.72 4.08 ± 0.01 [30, 39] 2.91 4.07 ± 0.01
[26, 31] 3.42 5.50 ± 0.02 [40, 49] 3.76 6.20 ± 0.02
[32, 38] 4.15 7.31 ± 0.04 [50, 59] 4.61 8.17 ± 0.04
[39, 45] 4.95 9.63 ± 0.08 [60, 69] 5.44 11.41 ± 0.1
[46, 53] 5.75 12.00 ± 0.19 [79, 79] 6.27 13.60 ± 0.24
[54, 100] 6.81 12.92 ± 0.54 [80, 100] 7.21 16.32 ± 0.68





Results 6
This chapter presents the results of the analysis of self-normalized J/ψ yield as a function of

self-normalized charged-particle multiplicity. Results are shown for global tracks and PV con-

tributors as multiplicity estimator. The analysis was performed both pT integrated and in three

pT bins. Results obtained in each pT bin are presented, followed by a comparisonwith previously

published results and theoretical model predictions.

6.1 Inclusive J/ψ Production versus Charged Particle

Multiplicity
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Figure 6.1: Self-normalized, pT integrated J/ψ yield in |y| < 0.9 as a function of the self-

normalized charged-particle yield in |η| < 0.8 in pp collisions at
√
s = 13.6 TeV.

The multiplicity was estimated from two types of tracks: Global tracks (red) and PV

contributors (blue). Additionally, a linear function is drawn to clearly show the de-

parture from linearity.

Results of the pT integrated analysis of the self-normalized J/ψ yield in |y| < 0.9 as a function

of the self-normalized multiplicity are shown in figure 6.1. The multiplicity was estimated using

71



6 Results 72

two types of tracks: Global tracks (red) and PV contributors (blue). To visualize the departure

from a linear increase, an additional linear function y = x is drawn.

With PV contributors, a maximum relative multiplicity of nch = 7.21 is reached while global

tracks extend up to nch = 6.81. A deviation from linearity can also be visualized by calculating

the double ratio rJ/ψ as a function of nch. This is shown in figure 6.2, together with a constant

line at 1 representing the linear increase.
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Figure 6.2: Double ratio of self-normalized, pT integratedJ/ψ yield and self-normalized charged-

particle multiplicity. The constant line at 1 denotes a linear increase.

A strong deviation from a linear increase is observed over the complete multiplicity range. For

nch < 1, the double ratio is below unity but increases significantly for multiplicities above 1.
Overall, the curve shapes of both estimators are similar. Between a relativemultiplicity of 2 to 5,
the yield estimated from global tracks is slightly above the PV contributor estimation, but then

suddenly drops in the last multiplicity bin about half a unit in the relative J/ψ yield. This sud-

den decrease is due to the low statistics in the higher-track bins. As previously examined, the

P (Ntrk) distribution of the global tracks only reaches up to ≈ 80 tracks with sufficient statistics.

The pT differentiated analysis for both estimators is shown in figure 6.3. Again, for all pT bins

and estimators, a clear departure from a linear increase is visible. The slope of the stronger-

than-linear curve significantly increases with pT. Due to less available statistics, higher pT bins

can only be investigated up to lower relative multiplicities with sufficient significance. For both

estimators, the last bins show a decrease in the relative yield. Despite this, a clear increase

of the slope is still visible in the lower multiplicity regime. The increase with larger pT is much

stronger by the global track estimation than by the PV contributors. In addition, the estimation
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by PV contributors in the pT > 8 GeV/c bin lasts only up to a relative multiplicity of ≈ 4, whereas
the global track estimation reaches up to ≈ 4.6.
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Figure 6.3: Self-normalized J/ψ yield as a function of self-normalized multiplicity, estimated

via global tracks and PV contributors for three pT bins and the corresponding double

ratios.

The same analysis was performed independently for each available dataset, with the results

shown in appendix A.6 in the appendix. For each dataset, a more complex picture emerges.

There are clear differences between the three run periods, especially in the global track estima-

tion. The main difference between the runs was the total integrated luminosity. In the years

2023 and 2024, for the offline reconstruction, additionally TPC-only tracks were removed to re-

duce necessary storage. Differences might occur due to different background behavior in the

signal extraction. During the analysis, it was found that the selection of the mass region for the

sidebands hashave a significant impact on the results, even in the combined datasets, hinting

at large systematic uncertainties.
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6.2 Comparison with previously published Results

The obtained results are compared with the results from previous analysis. The values for the

self-normalized yield versusmultiplicity, estimated from SPD tracklets at
√
s = 7 TeV, are taken

from [1], and the corresponding values at
√
s = 13 TeV are taken from [80]. The estimation via

global tracks at
√
s = 13 TeV are preliminary results and were not published yet. Figure 6.4

shows the relative J/ψ yield versus the relative multiplicity at
√
s = 13.6 TeV compared to the

same observable at
√
s = 7 TeV and

√
s = 13 TeV. Results from two distinct estimators are

available at
√
s = 13 TeV, both includeddata triggeredby ahigh-multiplicity trigger, which is not

present at
√
s = 13.6 TeV. The global tracks used in the analysis at

√
s = 13 TeV have a different

definition to the ones used in the presented analysis. Primarily, they differ in a less strict η

cut (|η| < 0.9 instead of 0.8) and additionally require a maximum of 0.4 fraction of shared TPC

clusters and an additional geometrical length cut. In run 2, the yield estimated from the global

tracks is shown in two ways. The first, marked with black crosses, shows the same estimation

performedduring this analysis. In the second case, theJ/ψ decay daughterswere removed from

the multiplicity estimator to reduce the influence of autocorrelations. Systematic uncertainties

are not included in this comparison.
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Figure 6.4: Self-normalized, pT integrated J/ψ yield as a function of self-normalizedmultiplicity,

estimated via global tracks, compared to the previously published results. The SPD

tracklet estimation at
√
s = 7 TeV was published in [80], the corresponding analysis

at
√
s = 13 TeV was published in [1]. The global track estimation at

√
s = 13 TeV is

a preliminary result that is not published yet.
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Overall, the results obtained in this analysis are in good agreement with previously published

results. In the representation of self-normalized yields, it is expected that the influence of the

detector or the collision energy and system will mostly vanish. The values estimated via global

tracks at
√
s = 13 TeV and

√
s = 13.6 TeV have a different slope, and the results from the

present analysis are more consistent with the SPD tracklet estimation. In general, the shape

remains the same, although a clearly visible difference between the two versions of the global

track estimators is visible. Statistical uncertainties decrease approximately by a factor of 2.63
for the global tracks compared to SPD tracklets and 2.08 for the PV contributors. This is ap-

proximately in agreement with the expected reduction of
√

5.7 ≈ 2.34 from the increase in the

integrated luminosity. In particular, the estimation by PV contributors is in excellent agreement

with the SPD tracklets. Small deviations are present in the high-multiplicity bins, and the gen-

eral amount of statistics is large enough to reach approximately the same relative multiplicity

as the other analyses.
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Figure 6.5: Self-normalized, pT integrated J/ψ yield as a function of self-normalized multiplic-

ity, estimated via PV contributors, in comparison with previously published results.

The SPD tracklet estimation at
√
s = 7 TeV was published in [80], the correspond-

ing analysis at
√
s = 13 TeV was published in [1]. The global track estimation at√

s = 13 TeV is a preliminary result that is not published yet.

The comparison in pT bins for both estimators is shown in figure 6.6. Data points from the

presented analysis are shown as full markers, whereas points from earlier analyses have open

markers. Distinct pT intervals are marked with the same color. The SPD tracklet estimation at
√
s = 13 TeV was performed in two bins pT < 4 GeV/c and pT > 4 GeV/c. Again, both estima-

tors agree well with previously published results. It has to be noted that, despite having amuch
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larger integrated luminosity, the relative multiplicity of this analysis does not reach the same

value as in the previous analyses. This is due to the absence of a high-multiplicity trigger in run

3. The estimation via global tracks shows a decrease of the relative J/ψ yield in the last bin at

0 < pT < 4 GeV/c which is not present in the SPD tracklet analysis.

0 1 2 3 4 5 6 7 8
| < 0.8η|

〉
ch

N〈/chN

0

5

10

15

20

25

30

35

40

45

50〉
ψ

J/
N〈/

ψ
J/

N

| < 0.9)y (|-e+ e→ψInclusive J/

 intervals
T

p

 < 4 (GeV/c)
T

p = 13.6 TeV, 0 < sGlobal Tracks, pp 

 < 8 (GeV/c)
T

p = 13.6 TeV, 4 < sGlobal Tracks, pp 

 < 4 (GeV/c)
T

p = 13 TeV, sSPD Tracklets, pp 

 > 4 (GeV/c)
T

p = 13 TeV, sSPD Tracklets, pp 

 < 4 (GeV/c)
T

p = 13 TeV, 0 < sGlobal Tracks, pp 

 < 8 (GeV/c)
T

p = 13 TeV, 4 < sGlobal Tracks, pp 

(a)

0 1 2 3 4 5 6 7 8
| < 0.8η|

〉
ch

N〈/chN

0

5

10

15

20

25

30

35

40

45

50〉
ψ

J/
N〈/

ψ
J/

N

| < 0.9)y (|-e+ e→ψInclusive J/

 intervals
T

p

 < 4 (GeV/c)
T

p = 13.6 TeV, 0 < sPV Contributors, pp 

 < 8 (GeV/c)
T

p = 13.6 TeV, 4 < sPV Contributors, pp 

 < 4 (GeV/c)
T

p = 13 TeV, sSPD Tracklets, pp 

 > 4 (GeV/c)
T

p = 13 TeV, sSPD Tracklets, pp 

 < 4 (GeV/c)
T

p = 13 TeV, 0 < sGlobal Tracks, pp 

 < 8 (GeV/c)
T

p = 13 TeV, 4 < sGlobal Tracks, pp 

(b)

Figure 6.6: Self-normalized J/ψ yield as a function of self-normalizedmultiplicity in two pT bins,
estimated via global tracks (a) and PV contributors (b), in comparison to the previ-

ously published results. The SPD tracklet estimation at
√
s = 7 TeV was published

in [80], the corresponding analysis at
√
s = 13 TeV was published in [1]. The global

track estimation at
√
s = 13 TeV is a preliminary result that is not published yet.
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6.3 Comparison with Theoretical Models
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Figure 6.7: Self-normalized, pT integratedJ/ψ yield as a function of the self-normalized charged-

particle multiplicity, estimated via global tracks (a) and PV contributors (b) in com-

parison to theoretical predictions from a 3-Pomeron CGC, the EPOS4HQ event gen-

erator, and the PYTHIA8.3 event generator. The CGC predictions are taken from [81],

the EPOS4HQ model is described in [82, 83], and the PYTHIA8.3 model is described

in [52].

Figure 6.7 shows the pT integrated relative J/ψ yield as a function of charged-particle multiplic-

ity, estimated via global tracks (a) and PV contributors (b) in comparison to predictions from sev-

eral models. The 3-Pomeron CGC is a quarkonium production mechanism implemented within

the CGC EFT that was developed by E. Levin, I. Schmidt and M. Siddikov [81]. EPOS4 HQ (Heavy-

Quark) is a MC event-generator developed by K. Werner that uses a parton-ladder and factor-

ization approach to simulate particle production in a broad range of collision systems [82, 83].

EPOS4 implements a core-corona separation, where the core is treated via a relativistic hydro-

dynamic evolution to incorporate flow effects. Heavy quarks are created in these parton ladders

and interact with the medium via elastic and radiative collisions. They hadronize via coales-

cence or fragmentation [82, 84]. The simulation can be performedwith or without hydrodynamic

treatment, the presented predictions were produced with the hydro option enabled. PYTHIA8.3

MC is the last model compared to, which was described in section 3.2.

Predictions from the CGC include only J/ψ with pT > 1 GeV/c while the other also include the

J/ψ down to zero pT, although this difference has no major influence on the final results since

≈ 85 % of the J/ψ have pT > 1 GeV/c anyway. CGC and PYTHIA8.3 predictions include both

prompt and non-prompt J/ψ, but since EPOS4HQ does not reproduce the non-prompt fraction

well enough, a comparison to inclusive results are not eligible. Instead, the results are com-

pared with the individual relative yields of prompt and non-prompt J/ψ.

For both estimators, the 3-Pomeron CGCmodel fits the data best over the full availablemultiplic-

ity range. At relative multiplicities< 1, all models show an increase in agreement with linearity.
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In the mid-multiplicity regime, the models all exhibit different behaviors. In the case of the PV

contributors at 1 < nch < 5.5, the 3-Pomeron CGC has a slightly stronger increase than the data,

which vanishes again for nch > 5.5, where the models fit the data very well again. For both esti-

mators again, the prompt component of the EPOS4HQ simulation agrees within the uncertainty

band at nch > 4.5. Both the non-prompt component of the EPOS4HQ model and the inclusive

PYTHIA8.3 simulation drastically underestimate the data for both estimators and for a relative

multiplicity of> 1.



Summary and Outlook 7
The presented thesis dealt with the analysis of the self-normalized inclusive J/ψ yield at mid-

rapidity as a function of the self-normalized charged-particle multiplicity in |η| < 0.8 at a center-
of-mass energy of

√
s = 13.6 TeV for pT integratedJ/ψ aswell as in three pT bins of pT < 4 GeV/c,

4 < pT < 8 GeV/c and pT > 8 GeV/c. Multiplicities were estimated using two types of tracks:

Global tracks and PV contributors. To convert from the raw number of tracks in a collision to the

true charged-particle multiplicity, an iterative Bayesian unfolding algorithm was employed.

With the upgradedALICE detector in the LHC run 3period, relativemultiplicities of approximately

7 times the average values were reached. In the pT integrated analysis, the global track estima-

tion reached a relative J/ψ yield of 13 times the average and more than 16 times the average for

the PV contributor estimation. The obtained results show a clear stronger-than-linear increase.

The strength of this slope is pT dependent and increases with larger pT. Both mid-rapidity esti-

mators showgood agreement over a broad range ofmultiplicities. Deviations are foundbetween

the estimators in the largestmultiplicity bin. In general, PV contributors asmultiplicity estimator

seem to be more stable than global tracks. They also reach larger multiplicities.

The updated results are in good agreement with previously published data from run 2 of the

LHC. Statistical uncertainties could be reduced by a factor of ≈ 2.1 to 2.6. A comparison to

various theoretical model predictions was also performed. A 3-Pomeron CGC approach fits the

measured data well, whereas the EPOS4HQ and PYTHIA8.3 event generators only describe the

general stronger-than-linear increase of the relative J/ψ yield with multiplicity, but fail to repro-

duce the same strength as observed in data.

Because it is outside the scope of this thesis, no systematic uncertainties were estimated. How-

ever, the checks performed during the analysis indicate that the systematic uncertainties are

significant. Determining systematic uncertainties is an important next step in this analysis. Ad-

ditional quality assurance is also necessary to verify the results, especially on the track ambi-

guity, since wrong track associations to events with a J/ψ may have a large impact on the final

result. The signal extraction method used in this analysis suffered frommany uncertainties that

need to be studied more carefully and must be understood for a final conclusion of this analy-

sis.
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To further extend the analysis, a separation in prompt and non-prompt J/ψ can be performed.

The detector setup of ALICE in LHC run 3 offers favorable conditions for such studies. Investi-

gations of the multiplicity dependence of the ψ(2S) yield and the ratio to J/ψ would also be a

natural extension of this analysis.
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A.1 Track Selection Criteria Distributions
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Figure A.1: Global Track quality selection criteria (except kinematic requirements). The green

regions mark the requirement for a track to be qualified as a global track. The same

criteria are also shown for tracks that are PV contributors.
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A.2 Track-to-Particle Correlations for different nσ
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Figure A.2: Independent event cut efficiencies for the usedevent selection cuts: sel8 trigger, ver-

tex, kIsGoodZvtxFT0VsPV, kIsVertexTOFMatched, kNoSameBunchPileup, and kIsVer-
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A.4 Global Track Invariant Mass Distributions
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0 < pT < 4 GeV/c:
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pT > 8 GeV/c:
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A.5 PV Contributors Invariant Mass Distributions
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0 < pT < 4 GeV/c:
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4 < pT < 8 GeV/c
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pT > 8 GeV/c:
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A.6 Results for Different Production Years
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Figure A.3: Self-normalized, pT integratedJ/ψ yield as a function of the self-normalized charged-

particle multiplicity, estimated from global tracks, for the three different run periods

as well as the corresponding double ratio.
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Figure A.4: Self-normalized, pT integratedJ/ψ yield as a function of the self-normalized charged-

particle multiplicity, estimated from PV contributors, for the three different run peri-

ods as well as the corresponding double ratio.
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