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Abstract

In this thesis the self normalized mid-rapidity J/ψ yield as a function of self nor-

malized charged particle multiplicity was studied for simulations involving pp col-

lisions at a center of mass energy of
√
s = 13TeV using the PYTHIA 8 event gener-

ator. Different charged particle rapidites and regions were investigated. Previous

investigations attributed the stronger than linear increase to autocorrelation effects

[Web19]. Autocorrelation effects happen due to physical processes that cause

the J/ψ yield to influence the charged particle multiplicity, meaning that these two

quantities are not independent. These effects correspond to a stronger than lin-

ear increase combined with a high dependence on the transverse momentum pT .

In this thesis different rapidity ranges of the charged particles were studied, and

it could be confirmed that autocorrelation effects explain the stronger than linear

increase. It could also be confirmed that charged particles in the transverse region

with respect to the J/ψ flight direction minimize autocorrelation effects. The stud-

ied ranges for the charged particle rapidity η were |η| < 1, 1 < η < 2, 2 < η < 3.5

and 3.5 < η < 5. Out of these rapidities |η| < 1 exhibits the strongest autocorrela-

tion effects, 1 < η < 2 and 2 < η < 3.5 exhibit some weak autocorrelation effects

and 3.5 < η < 5 shows very weak to no autocorrelation effects.
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Introduction 1
Particle collisions are an important physical process, of which the study can give a

lot of insight about how the universe operates at a fundamental level. They involve

physical phenomena which may explain the early stages of the universe, and the

most basic particles that make it up [CER]. Some of these particles are quarks,

which make up other particles like e.g. protons, neutrons, or J/ψ mesons, which

will be the subject of interest of this thesis.

In previous experimental measurements it has been found, that there is a stronger

than linear increaseofmid-rapidity J/ψ yield as a functionof self normalized charged

particle multiplicity. This has been studied in the ALICE experiment at the LHC

[Abe12]. Simulations can be a powerful tool to study this behaviour. That is why

the PYTHIA 8 event generator is used in this thesis. In order to explain this be-

haviour, there are theoretical models that have been put forward [FP12]. However,

in a previous article, also involving the PYTHIA 8 event generator, this behaviour

was attributed to autocorrelation effects. That means, it was considered that the

charged particle multiplicity and J/ψ yield are not independent quantities, but that

the J/ψ yield influences the charged particle multiplicity. From investigating that

it was concluded that this fact is responsible for the stronger than linear increase

[Web19].

In this thesis the self normalized mid-rapidity J/ψ yield is studied as a function

of charged particle multiplicity for different rapidity ranges, and it is investigated

whether theseautocorrelation effects indeedexplain stronger than linear behaviour

for other rapidity ranges and if analogous behaviour can be found. For this different

production processes and transverse momentum intervals are also analyzed. We

go beyond previous studies, which explain experimental data, and look at rapidity
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2 1 Introduction

ranges that have not been studied experimentally in the ALICE experiment, which

is an additional benefit of simulations.
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Theoretical background 2
2.1 The standard model

The standard model consists of different elementary particles and is used to de-

scribe all known fundamental forces with the exception of gravity, as well as all

elementary particles that make up matter.

Figure 2.1: The standard model of particle physics, taken from [MC19].

3



4 2 Theoretical background

The standardmodel consists of fermions (whichhaveahalf-integer spin) andbosons

(which have an integer spin). The fermions have a spin of 1/2, whereas the bosons

have a spin of 1, with exception of the Higgs-boson which has a spin of 0.

One class of fermions in the standardmodel consists of the six quarks, whichmake

up hadrons. For example, a proton consists of two up quarks and one down quark

and a neutron consists of two down quarks and one up quark. Quarks carry an

electric charge and a colour charge, causing them to be subject to the electric and

strong force respectively. The colour charge can be red, green or blue and their

respective anti-colours. The total colour charge of a system needs to be white. One

way to achieve this is by having a system consisting of a red, green and blue colour

charge. Particles with this configuration (qqq) are called Baryons, like Protons and

Neutrons. Another way of achieving a white colour charge is by putting together a

quark and an antiquark (qq̄). Such particles are called Mesons. The J/ψ Meson will

be of high relevance later. More complex configurations are also possible. A single

quark can not exist on its own. This is because quarks are subject to the strong

force, and when two quarks are separated the energy being used to separate them

will eventually behigh enough toproduce anewquark-antiquark pair. This property

is referred to as confinement [Tho13].

The potential between two quarks caused by the strong force can be seen in Figure

2.2. The potential of the strong force has the form

V (r) = −4

3

αs

r
+ σr + constant (2.1)

where r is the distance, αs is the QCD running coupling constant and σ is the QCD

string tension with 0.18 GeV2 [BV98].

4



5 2 Theoretical background

Figure 2.2: Potential between two quarks as a function of distance due to the strong

interaction. Taken from [Com20].

The other class of Fermions are Leptons. Leptons are not subject to the strong inter-

action and can exist on their own. The most famous example is the electron. They

do not carry a colour charge, but some of them can carry an electric charge, making

them subject to the electromagnetic force.

Fermions make up matter, whereas vector bosons mediate forces. Gluons mediate

the strong force, photons the electromagnetic force, whereas Z and W bosons me-

diate the weak force. As mentioned, the gravitational force can not be described

by the standard model. Vector Bosons carry a spin, as opposed to scalar Bosons

[Tho13].

2.1.1 The J/ψ meson

The J/ψ meson consists of a charm-anticharm quark pair. Particles made up of

quark-antiquark pairs are referred to as quarkonia, making the J/ψ meson a Char-

monium. The J/ψ meson is of special significance, since its discovery lead to the

discovery of the charmonium quark [76a] [76b]. It has a rest mass of around 3097

MeV [Nak22].

When two protons collidewith each other, J/ψmesons can be produced promptly or

non-promptly. The prompt processes are the decay of a heavier charmonium state
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6 2 Theoretical background

(e.g. ψ(2S)) into J/ψ or by hadronization due to a charm-anticharm pair not having

enough energy to be separated and to produce another quark-antiquark pair, lead-

ing that pair to stay connected and to form a J/ψmeson [10]. The decay of a heavier

charmonium state is a process often times described by non relativistic quantum

chromodynamics (NRQCD) [BBL95]. The non-prompt production process happens

via the decay of a beauty hadron (usually a B meson) [10].

2.2 Kinematic variables

Figure 2.3: Geometry of a collider experiment. Taken from [Tan18].

In this section units are used such that h̄ = c = 1.

The four-momentum p is given by the Energy E and the three-momentum p of a

particle as p = (E,p).

In collider experiments the z-axis is usually defined along the beam direction. In

this case pz is the momentum along the beam axis, and pT is defined as the mo-

mentum perpendicular to that and is also called the transverse momentum. The

transverse momentum is then given by

pT =
√
(p2x + p2y). (2.2)

The polar angle is defined as

θ = arctan (
pT
pz

) (2.3)
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7 2 Theoretical background

and can be seen in Fig. 2.3 [Fra23].

We can rescale the velocity and define

βz = vz/c (2.4)

with vz being the velocity along the z-axis and c the speed of light. The rapidity y

is a quantity that maps βz onto an interval of (−∞,∞) and can be interpreted as

generalized velocity [Rey17]. The energy and transverse momentum can also be

used to define the rapidity [Fra23]

y =
1

2
ln (

1 + βz
1− βz

) =
1

2
ln (

E + pz
E − pz

). (2.5)

For p� m the rapidity can be expanded

y =
1

2
ln

cos2(θ/2) +m2/4p2 + . . .

sin2(θ/2) +m2/4p2 + . . .

≈ − ln tan(θ/2) ≡ η

defining the pseudorapidity η [Tan18]. This is useful because η only depends on

the polar angle θ, meaning that we can approximate the rapidity as pseudorapidity

in particle collisions and detecting this angle is sufficient to determine it. This is

because p� m in particle collisions.

7



Experimental background 3
3.1 The Large Hadron Collider

The Large Hadron Collider is located in Switzerland and France and is the world’s

largest colliderwith a circumferenceof 26.7 km. The LHC is a synchrotronproducing

hadron beams. A sketch of it can be seen in Fig. 3.1.
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Figure 3.1: Sketch of the LHC. Taken from [Mob18].

8



9 3 Experimental background

The collider tunnel contains two beam pipes, which each accelerate one hadron

beam. The two beam pipes are parallel to each other and the beams travel in op-

posite directions. Using dipole magnets the beam is kept on a circular path while

the particles are being accelerated. The beam pipes meet at four different loca-

tions, leading to collision of the beams contained in these pipes. At one of these

collision points the ALICE experiment is conducted, in which J/ψ particles are mea-

sured. The collision energy of a proton-proton collision is 13 TeV [EB08] and the

Protons can be accelerated up to a speed of 0.999999990 c, with c being the speed

of light [CER17].

3.2 ALICE

Figure 3.2: Schematic illustration of the ALICE detector. Taken from [Tau17].

The ALICE (A Large Ion Collider Experiment) detector is designed to study quark-

gluon plasmas, which are created by lead-lead collisions [Col08]. It is thought that

a quark-gluon plasma occured shortly after the Big-Bang [CER], which is why the

ALICE experiment is used to investigate it. Additionally, the ALICE detector can also

measure quarkonia created after pp-collisions.

Themain part of the detector roughly has the shape of a cylinderwith its central axis

matching the beam axis containing the interaction point, and is called the central

9



10 3 Experimental background

barrel, as can be seen in Fig. 3.2. This central barrel consists of multiple layers

made up of detectors. The innermost layer is the ITS. The ITS (Inner tracking sys-

tem) is built around the beam pipe. The ITS in turn is surrounded by the TPC (Time-

Projection Chamber). The outer edge of it has additional detectors installed on it.

3.2.1 The ITS, TPC and V0 detector

The ITS consists of multiple silicon layers, which cover the full azimuth angle but

different pseudorapidity ranges. The Silicon Pixel Detector (SPD) consists of the

two innermost layers, withwhich a pseudorapidity range of |η| < 2 and |η| < 1.4 can

be measured respectively [Col08]. Using the SPD the charged particle multiplicity

at mid-rapidity can be measured [Web18]. The third and fourth layer make up the

Silicon Drift Detector (SDD) which cover a rapidity range of |η| < 0.9. The final

two layers cover |η| < 0.98 and measure the energy loss dE
dx
of a particle, which

can be used for particle identification. These layers form the Silicon Strip Detector

(SSD).

The TPC is the primary detector used for particle identification and tracking charged

particles. The TPC can has a pseudorapidity acceptance of |η| < 0.9. This allows

charged particles from a J/ψ decay to be detected.

The V0 detector is a small angle detector. On both sides of the interaction point a

scintillator array is located, referred to as V0A and V0C, which both make up the

V0 detector. The V0A detector covers a pseudorapidity range of 2.8 < η < 5.1,

whereas the V0C detector covers a range of−3.7 < η < −1.7 [Col08].

10



PYTHIA event generator 4
4.1 PYTHIA

The simulations are conducted using the PYTHIA 8 event generator. PYTHIA 8 is a

Monte Carlo event generator used for simulating high energy collisions, and in our

case we will be studying pp collisions. Additionally pp̄, e+e− and e−e− collisions

can also be simulated. Every simulated event is provided with a list of all particles

created during the collision. Also, information on a range of physical quantities are

provided for each particle. A wide range of physical processes are implemented to

describe the process, and they are explained in [SMS06] and [SMS08]. These phys-

ical processes can be taken into consideration with different parameters. These

sets of parameters are also called tunes and in this case we are using the Monash

2013 tune, which is the most recent standard tune based on the state of research

up until its implementation [SCR14].

4.2 Physics in PYTHIA

In the following the physics implemented in PYTHIA is described briefly.

The two hadrons (in our case protons) first exhibit initial state radiation before any

collision takes place. One parton out of each beam starts branching into other par-

tons, like e.g. q → qg. The resulting partons can then do the same, resulting in

an initial state shower. After that one or multiple partons out of the shower enter

the hard process, i.e. collide. This produces outgoing partons and short lived res-

onances like for example Z0/W±. Similar to the the incoming partons, the outgoing

partons can start branching out, resulting in final state radiation [SMS06].

11



12 4 PYTHIA event generator

Usually there are 4-10 Multiparton interactions (MPI) that take place at the LHC,

which result in multiple perturbative scattering processes which are implemented

in PYTHIA [SZ87]. That means that not only one parton out of the parton shower of

each of the protons enters the hard interaction, but multiple. MPI can be turned on

or off. Initial state radiation and final state radiation are also implemented.

There are also processes that do not involve this hard interaction that can take

place. Due to the initial parton being taken out of the beam, the beam remnant

can have a non-white color charge. The partons in the beam remnant can either

form color singlet states or form strings. These strings can undergo string breaking

as laid out before. That means, the partons are separated until they form quark-

antiquarkpairs. Thereby they canproducehadrons. This process is calledhadroniza-

tion. Creation of heavy quarks is negligible in this scenario, because their mass

makes it unlikely to be produced via string breaking. Another type of hadroniza-

tion is cluster collapse. Heavy quarks from parton showers and from the beam

remnant connect via the strong force. If the potential energy is too low for string

breaking, the heavy quarks collapse into a quarkonium. The created hadrons may

be unstable and decay further [SMS06].

Hadronization is implemented via the Lund string fragmentation model. The par-

tons after the collision are connected through strings carrying potential energy due

to the strong force. As explained before, partons and gluons carry a colour charge,

meaning if they are separated they stay connected through this string until the po-

tential energy is high enough to produce another quark antiquark pair. This can

happen multiple times until the individual strings do not carry enough energy to

create another quark-antiquark pair and all the partons are bound to other partons.

Cluster collapse is implemented too.

There is a property called Colour Reconnection (CR) which is also implemented in

PYTHIA and can be turned on or off. This allows partons that are connected to dif-

ferent strings to swap their position and change the partons they are connected

to [SMS06]. That process can already lower the potential energy stored in a string

before the constituents of a string separate far enough to create quark-antiquark

pairs. That can be seen as reducing the total string length. Since most particles

are produced from the mechanism of separating partons creating quark-antiquark

pairs, Colour Reconnection reduces the amount of created particles [AS14].

12



13 4 PYTHIA event generator

There are three ways in which J/ψ mesons can be produced. The first one is in

the hard scattering process via NRQCD (non-relativistic quantum chromodynam-

ics) mechanisms. This can be a gluon splitting into a heavy quark pair, or due

to interactions of companion quarks in the process. Another contribution to the

NRQCDmechanism is due to pQCD (perturbative quantum chromodynamics)mech-

anisms implemented in a pQCD matrix. These mechanisms are gluon fusion and

light quark-antiquark annihilation. The secondone is cluster collapse, as explained

before. The third way of J/ψ being produced is via the decay of a beauty hadron

(which in 95% of all cases is a B meson) [SMS06].

NRQCD mechanisms and cluster collapse are categorized as prompt production

processes, whereas the decay of a beauty hadron is categorized as a non-prompt

production process.

13



Previous studies 5
This chapter summarizes the results of a previous study, investigating the stronger

than linear increase of self normalized mid-rapidity J/ψ yield with self normalized

chargedparticlemultiplicity usingPYTHIA8 [Web19]. In this summarywewillmainly

focus on the part of the study regarding the autocorrelation effects.

5.1 Simulation setup

A center of mass energy of 13 TeV was investigated for proton-proton collisions.

The J/ψmeson is atmid-rapidity,meaning the rapidity of the investigated J/ψmesons

is |y| < 0.8. The investigated charged particles are either at mid-rapidity, which in

this case is defined as the rapidity |η| < 1, or at forward (also called V0M) rapidity,

defined as 2.8 < η < 5.1 or −3.7 < η < −1.7. The default Monash 2013 tune was

used. Also, different regions were investigated. The regions are defined using the

angle∆φ with respect to the flight direction of the J/ψ:

Toward region : ∆φ < π/3

Transverse region : π/3 < ∆φ < 2π/3

Away region : 2π/3 < ∆φ.

The different regions are also illustrated in Fig. 5.1.

14



15 5 Previous studies

Figure 5.1: Definition of the different regions with respect to the J/ψ flight direction.
Taken from [Web19].

5.2 Physics of the autocorrelation effects

The autocorrelation effects are described by multiple mechanisms. First, some of

the J/ψ decay daughters are charged particles, contributing to the charged parti-

cle multiplicity. So if the multiplicity is measured in the same rapidity range as the

J/ψ, which in our case ismid-rapidity, two additional charged particles are counted.

Additionally, in NRQCD processes the J/ψ is produced together with a gluon which

hadronizes and increases the charged particle multiplicity. If the state before the

J/ψ state is a colour octet, an additional gluon is emitted during the transition to

the J/ψ state. This happens under a small opening angle, hence most likely in the

toward region. These autocorrelation effects for NRQCD processes and cluster col-

lapse make up the autocorrelation effects of prompt production processes. For

non-prompt production, the beauty hadron that decays into J/ψ has other decay

daughters which can decay further. Also, the beauty quark that hadronized into

the beauty hadron could have been accompanied by final state radiation, increas-

ing the multiplicity in the surrounding region. Added to that, a high pT parton is

usually emitted in the direction opposite to the flight direction of the J/ψ particle,

which lies in the away region. This parton fragments into a jet of particles. However,

this may happen at a different rapidity than the rapidity of the J/ψ meson.

15



16 5 Previous studies

5.3 Results of the previous study

5.3.1 Results at mid- and forward rapidity

Figure 5.2: Relative contributions of different production processes to mid-rapidity

J/ψ production as a function of transverse momentum pT . Taken from
[Web19].

In Fig. 5.2 it can be noted that the majority of the prompt particle production is

carried out by NRQCD processes, whereas cluster collapse does not have a strong

contribution to it (less than 20% of prompt particle production at most).

For mid-rapidity J/ψ production as a function of charged particle multiplicity, fol-

lowing behaviour was observed.

Figure 5.3: Mid-rapidity J/ψ productionasa functionof charged-particlemultiplicity
at mid (left) and forward (right) rapidity split into different production

processes. MPI is turned on. Taken from [Web19].

16



17 5 Previous studies

In Figure 5.3 the self normalized mid-rapidity J/ψ yield from NRQCD grows linearly

with the self-normalized charged particle multiplicity at both mid- and forward ra-

pidity. The yield from cluster collapse grows stronger than linearly for both rapidity

ranges. Non-prompt production grows stronger than linearly in both cases, how-

ever it grows stronger atmid-rapidity. This suggests autocorrelation effects for non-

prompt J/ψ production. The linear yet strong growth that can be seen for NRQCD

also hints to the possibility of some autocorrelation effects for prompt production.

In Fig. 5.4 there is a high pT dependence visible for both rapidity ranges, though it

is stronger at mid-rapidity. This is mostly due to non-prompt J/ψ production.

Figure 5.4: Mid-rapidity J/ψ productionasa functionof charged-particlemultiplicity
at mid (left) and forward (right) rapidity in different pT intervals. MPI is
turned on. Taken from [Web19].

Figure 5.5: Mid-rapidity J/ψ productionasa functionof charged-particlemultiplicity
at mid-rapidity split into different production processes. MPI is turned

off. Taken from [Web19].

For the now summarized investigationMPI was initially turned off to ensure that the

J/ψ and charged particle production originate from the same process and what is

17



18 5 Previous studies

observed is indeed due to autocorrelation behaviour. However, even forMPI turned

on similar autocorrelation patterns are expected.

Theoverall inclusive yield rises stronger than linearlywith the self-normalized charged

particlemultiplicity, as can be seen in Fig. 5.5. It was observed that non-prompt J/ψ

production increased very stronglywith the number of chargedparticles. Similar for

cluster collapse, butweaker. However, for J/ψ fromNRQCD the self normalized yield

increases with multiplicity until around 1.5 and then decreases. The explanation

for this is following. Along with J/ψ, gluons are produced alongside. This initially

leads to an increase because the gluons also contribute to J/ψ particle production.

At higher multiplicites, there is competition between the charged particles and J/ψ,

because the phase space is limited. This leads to a decrease of J/ψ if more charged

particles take up the phase space. After these initial observations, the J/ψ produc-

tion was again investigated as a function of the self normalized charged particle

multiplicity, but this time for different regions and for the charged particle multi-

plicity at different rapidities.

5.3.2 Results for different regions

MPI was still turned off for this analysis. In this casemid- and forward rapidity were

studied, as can be seen in Fig. 5.6.

NRQCDprocesses leading to J/ψ productionarenot strongly dependent on the charged

particle multiplicity. Most charged particles during from this process are created in

the flight direction of the J/ψ and less are created in other regions. That leads to a

weak dependence of J/ψ yield on charged particle multiplicity in the toward region,

an evenweaker dependence in the transverse region, and almost no dependence in

the away region. The non-prompt J/ψ yield at mid-rapidity is strongly dependent on

the multiplicity in the away region and toward region, but less strongly dependent

on multiplicity in the transverse region. J/ψ from cluster collapse at mid-rapidity is

moderately dependent on themultiplicity in the away region and toward region and

weakly dependent on the multiplicity in the transverse region at mid-rapidity.

18



19 5 Previous studies

Figure 5.6: Mid-rapidity J/ψ production as a function of charged-particle multiplic-
ity. Each panel shows the different production processes. The left side

shows themultiplicity atmid rapidity, the right side shows themultiplic-

ity at forward rapidity. The top row shows the toward region, the middle

row the transverse region, and the bottom row the away region. MPI is

turned off. Taken from [Web19].

The observations match the expectation from the effects contributing to autocor-

relation earlier. The charged particle multiplicity in the region around the J/ψ is

increased due to additional decay daughters, which in turn leads to another in-

crease of the J/ψ production. The recoil jet also increases the multiplicity in the

away region for a wide rapidity range, which is visible for non-prompt J/ψ.

19



20 5 Previous studies

Figure 5.7: Mid-rapidity J/ψ productionasa functionof charged-particlemultiplicity
split in different pT intervals. The left side shows themultiplicity at mid-
rapidity, the right side shows themultiplicity at forward rapidity. The top

row shows the toward region, themiddle row the transverse region, and

the bottom row the away region. MPI is turned off. Taken from [Web19].

Different transverse momentum pT intervals were investigated, as can be seen in

Figure 5.7. If autocorrelation effects are responsible for the stronger than linear

increase for certain regions and rapidities, a stronger pT dependence is expected

for those. The reason for that also is that high pT beauty quarks decay into more

particles. As expected, the yield in the transverse region as a functionofmultiplicity

at mid- and forward rapidity ismostly independent of pT . Also, as expected, the J/ψ

yield as a function of charged particle multiplicity in the toward region at forward

rapidity is independent of changes in pT . In principle non-prompt J/ψ production

should not depend on the multiplicity in the transverse region. There is however a

slight increase visible. This can be explained by analyzing the different production
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mechanisms of the beauty quark, but will not be further discussed in this summary.

It was discussed in the article ([Web19]).

Figure 5.8: Mid-rapidity J/ψ production as a function of mid-rapidity charged-

particle multiplicity. The left side shows the different production pro-

cesses, the right side shows different pT intervals. The top row shows

the toward region, themiddle row the transverse region, and the bottom

row the away region. MPI is turned on. Taken from [Web19].

The previously explained investigations took place without considering MPI. How-

ever, the case with MPI was also reported and overall yielded similar results for the

autocorrelationpatterns, as canbe seen in Figure 5.8. Asbefore in the observations

without MPI, non-prompt J/ψ yield grows stronger than linearly in the away and to-

ward region. And as expected these regions also exhibit a higher dependency on

pT . The inclusion of MPI leads to an increase of the prompt J/ψ yield as a function

of self normalized charged particle multiplicity. This was discussed in the article

and will not be further discussed in this summary.
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5.3.3 Charged hadron production

Mid-rapidity charged hadron production was also studied studied with different pT

intervals at mid-rapidity, as can be seen in Fig. 5.9. Similarly to J/ψ, a stronger than

linear increase is visible and the nonlinearity is more pronounced at higher pT as

a function of charged particle multiplicity in the toward region. And similarly as for

J/ψ, the different pT intervals do not have an impact on the charged hadron pro-

duction as a function of charged particle multiplicity in the transverse region. Still,

autocorrelations have a small effect leading to a small deviation from the baseline

(the linear function shown in Fig. 5.9). The meaning of the baseline was discussed

in the article and will not be explained here.

This investigation served as a confirmation of the conclusion that the stronger than

linear increase of J/ψ production and its pT dependence is fully explained by auto-

correlation effects.

Figure 5.9: Mid-rapidity charged hadron production as a function of charged-

particle multiplicity. Each panel shows the different pT intervals. The
left side shows the multiplicity at mid-rapidity, the right side shows the

multiplicity at forward rapidity. MPI is turned on. Taken from [Web19].
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6.1 Simulation setup

In our analysis MPI (Multipartion interactions) were also considered and CR (Colour

reconnection) was allowed. Even though MPI are allowed, autocorrelation effects

should still be visible as mentioned before. We again investigate the mid-rapidity

J/ψ production in pp collisions, more specifically, the self normalized mid-rapidity

J/ψ yield
dNJ/ψ/dy

〈dNJ/ψ/dy〉
as a function of the self normalized charged particle multiplicity

dNch/dη
〈dNch/dη〉

. We distinguished between prompt and non-prompt production, with clus-

ter collapse and NRQCD processes considered prompt, and the decay of a beauty

hadron considered non-prompt. The center of mass energy was 13 TeV. Charged

particle multiplicity is defined according to the ALICE definition [17]. The defini-

tion of the different regions is the same as in the previous study, however in the

following investigation |y| < 0.9 is defined as mid-rapidity for the J/ψ Meson. The

investigated charged particle rapidity ranges were changed, to investigate the au-

tocorrelation effects for different charged particle rapidities. As before, the default

Monash 2013 tune was used. The considered events were nondiffractive, as in the

previous study.
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6.2 Results for different rapidities

6.2.1 Self normalized J/ψ production a function of the self

normalized charged particle multiplicity in different rapidity

ranges

Figure 6.1: Self normalized mid-rapidity J/ψ production is shown as a function of

the self normalized charged particle multiplicity in different rapidity

ranges and split in different production processes.

In Fig. 6.1 the self normalized J/ψ production is shown as a function of the self

normalized charged particle multiplicity in different rapidity ranges and for differ-

ent production processes. For |η| < 1 the increase of the non-prompt self normal-

ized J/ψ yield is stronger than linear, matching previous results. Prompt produc-

tion processes grow roughly linearly, also matching previous results, considering

that NRQCD processes contribute much more to non-prompt production than clus-

ter collapse. The overall increase for that rapidity range is slightly stronger than

linear for the charged particle multiplicity
dNch/dη
〈dNch/dη〉

< 5 and roughly linear after

that. For 1 < η < 2 non-prompt J/ψ production grows linearly. Prompt produc-

tion grows sligthly weaker than linearly. For 2 < η < 3.5 non-prompt production

grows roughly linearly and prompt production grows slightly weaker than linearly.
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For 3.5 < η < 5 non-prompt production also grows roughly linearly and prompt

production grows weaker than linearly. However, for these rapidites the slope of

the linear growth for non-prompt production processes is lower than for 1 < η < 2

indicating lower autocorrelation effects. So for mid-rapidity J/ψ production previ-

ous results could be reproduced for |η| < 1. The other rapidities that have not been

studied before show different behaviour, with non-prompt J/ψ increasing roughly

linearly and prompt J/ψ increasing mostly weaker than linearly. The linear increase

of non-prompt production indicates some autocorrelation effects that are not very

strong, whereas theweaker than linear growth of prompt production indicatesweak

to no autocorrelation effects.

Figure 6.2: Self normalized mid-rapidity J/ψ production is shown as a function of

the self normalized charged particle multiplicity in different rapidity

ranges and split in different pT intervals.

In Fig. 6.2 it is visible for |η| < 1 that there is a strong pT dependence. The increase

of self normalized mid-rapidity J/ψ production as a function of the self normalized

charged particle multiplicity is much stronger than linear for pT > 8 in this case.

For the other pT ranges a higher pT leads to a moderately stronger increase. This

is the same rapidity range in which the much stronger than linear increase for non-

prompt J/ψ production was observed in Fig. 6.1. The same result was observed in

the previous study. For 1 < η < 2 a weaker dependence on pT is observed. For
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all pT intervals the increase is linear. For pT > 8 the slope of the linear increase

is stronger than for the other pT ranges. The other pT ranges all grow with roughly

the same slope. The weaker pT dependence is in line with the observation that

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

normalized charged-particle multiplicity for this rapidity range is lower, as noted in

Fig. 6.1. There is still a notable pT dependence, which is in agreement with some

weaker autocorrelation effects. For the remaining two rapidities the different pT

ranges exhibit a slightly weaker than linear increase of self-normalized J/ψ yield

as a function of self-normalized charged particle yield. In these cases the slope of

the growth at pT > 8 is only slightly higher than for the other transverse momen-

tum intervals, whereas the other pT intervals roughly have the same slope. This

matches the observations that these rapidity ranges did not show stronger than

linear increase before and is in agreement with low to no autocorrelation effects.

6.2.2 Analysis of the production processes in different regions

Figure 6.3: Self normalized mid-rapidity J/ψ production is shown as a function of

the self normalized charged particle multiplicity in different rapidity

ranges in the toward region and split in different production processes.

The results for the toward region can be seen in Figure 6.3. For |η| < 1 the overall

stronger than linear increase is visible for the toward region and especially for the
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non-prompt J/ψ production. For 1 < η < 2 the increase is weaker than linear. For

2 < η < 3.5 the behaviour is similar as for 1 < η < 2, withweaker than linear growth

for all production processes. For 3.5 < η < 5 the increase is also weaker than linear

for all production processes. The stronger than linear increase for |η| < 1matches

the observation the previous study of having strong autocorrelation effects for this

rapidity in the toward region. However, the autocorrelation effects seem to bemuch

lower for the other rapidities.

Figure 6.4: Self normalized mid-rapidity J/ψ production is shown as a function of

the self normalized charged particle multiplicity in different rapidity

ranges in the transverse region and split in different production pro-

cesses.

The results for the transverse region can be seen in 6.4. For |η| < 1 In the trans-

verse region the overall growth is weaker than linear, however non-prompt produc-

tion grows roughly linearly. This is in line with the previous results showing that

the autocorrelation effects are low in the transverse region. The reason for the lin-

ear growth of non-prompt production processes is likely due to the inclusion of MPI

rather than autocorrelation effects, as it was the case in the previous study for the

same rapidity range in the transverse region. In the case for 1 < η < 2, the increase

in the transverse region is weaker than linear and shows similar behaviour as the
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forward region in this rapidity range. For 2 < η < 3.5 the behaviour is again sim-

ilar as the behaviour for 1 < η < 2 in the forward and transverse region, i.e. all

production processes contribute to a weaker than linear increase. For 3.5 < η < 5

the production processes again yield a weaker than linear growth. So overall, as

expected, the autocorrelation effects are very low in the transverse region.

Figure 6.5: Self normalized mid-rapidity J/ψ production is shown as a function of

the self normalized charged particle multiplicity in different rapidity

ranges in the away region and split in different production processes.

The results for the away region can be seen in 6.5. In the away region a slightly

stronger than linear increase can be observed for non-prompt J/ψ production, how-

ever the other production processes and the overall self normalized yield grow

weaker than linear for |η| < 1, which indicates moderate autocorrelation effects.

For 1 < η < 2 the overall increase is weaker than linear, but non-prompt produc-

tion shows a linear increase. For 2 < η < 3.5 the same behaviour can be observed.

This suggests some weak autocorrelation effects for non-prompt production and is

in agreement with the fact that the recoil jet can be at a different rapidity than the

initial b quark. For 3.5 < η < 5 all production processes grow weaker than linear,

indicating lowor no autocorrelation effects in this region. However, the non-prompt

production still grows stronger here than it does for the same rapidity in the toward

and transverse region, albeit weaker than linearly. This could possibly be due to
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some small influence of the recoil jet. So overall, the away region shows moderate

autocorrelation effects, which are less pronounced than in the forward region, but

stronger than in the transverse region. The appearance of some autocorrelation ef-

fects outside of mid-rapidity in the away region is in agreement with the fact that

the recoil jet does not have to be at mid-rapidity, though it seems like the effect is

still most pronounced at mid-rapidity.

6.2.3 Analysis of the transverse momentum dependence in

different regions

It is expected that rapidities and regions that show autocorrelation effects exhibit

a stronger pT dependence.

Figure 6.6: Self normalized mid-rapidity J/ψ production is shown as a function of

the self normalized charged particle multiplicity in different rapidity

ranges in the toward region and for different pT intervals.

The results for the toward region can be seen in 6.6. For |η| < 1 in the toward region

the increase for the inclusive J/ψ is stronger than linear, with pT > 8 showing an

especially strong nonlinear increase. In the plot for 1 < η < 2 in Fig. 6.3 it was

visible that the toward region did not exhibit strong autocorrelation behaviour for

this rapidity. This is also visible here because the toward region has an increase
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mostly independent of pT with the increase being weaker than linear. The increase

for 2 < η < 3.5 is mostly pT independent and weaker than linear. This is again

in line with the fact that the previous plot for this rapidity range does not indicate

strong autocorrelation effects. For 3.5 < η < 5 the increase is independent of pT

here, which is again in line with the previous observation. For this region the pT

dependence observed in previous studies and expected due to the autocorrelation

observed for |η| < 1 could be reproduced. The other regions show almost no pT

dependence, which is also in line with the lack of observed autocorrelation in the

corresponding plots showing the different production processes.

Figure 6.7: Self normalized mid-rapidity J/ψ production is shown as a function of

the self normalized charged particle multiplicity in different rapidity

ranges in the transverse region and for different pT intervals.

The results for the transverse region can be seen in 6.7. As in the previous study,

the transverse region does not show a strong pT dependence for |η| < 1 and the

overall increase is slightly weaker than linear. This is also in line with the fact that

this regiondoesnot indicate strong autocorrelation effects in Fig. 6.4. For 1 < η < 2

the overall increase is also weaker than linear and is mostly pT independent. The

same is the case for 2 < η < 3.5 and 3.5 < η < 5. So overall, the increase is mostly

pT independent, as expected for regions with low autocorrelation effects.
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Figure 6.8: Self normalized mid-rapidity J/ψ production is shown as a function of

the self normalized charged particle multiplicity in different rapidity

ranges in the away region and for different pT intervals.

The results for the away region can be seen in Fig. 6.8. For |η| < 1 in the away re-

gion the increase for the inclusive J/ψ is stronger than linear, with pT > 8 showing

an especially strong nonlinear increase. The increase is weaker in the away region

than in the towards region (as can be seen in Fig. 6.6), which is also in line with

the observation that the corresponding plot showcasing the production processes

indicate moderate autocorrelation effects. For 1 < η < 2 the overall increase in the

away region isweaker than linear but hasamoderate pT dependencewith pT > 8 in-

creasing stronger than linearly, whichmatches the slight autocorrelation behaviour

observed before. For 2 < η < 3.5 the away region showed similar slight autocor-

relation effects, and accordingly a moderate pT dependence can be observed for

the away region, with pT > 8 growing stronger than linearly. For 3.5 < η < 5 the

increase is linear for pT > 8 in the away region. This is in line with the previous

results also showing weaker than linear growth, but showing a slightly stronger

growth (though still weaker than linear) for non-prompt production in the away re-

gion. This very weak pT dependence is in agreement with very weak autocorrelation

effects.
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Overall it can be said that the autocorrelation effects are most strongly visible for

|η| < 1 in the toward and away region andweaker autocorrelation effects are visible

for the same regions at some other rapidities. 1 < η < 2 and 2 < η < 3.5 show

some weak autocorrelation effects, and 3.5 < η < 5 shows almost none or very

weak autocorrelation effects for these regions. The transverse region is mostly un-

affected by autocorrelation effects. In absence of autocorrelation effects a weaker

than linear growth is noted. Non-prompt processes show much stronger autocor-

relation effects and influences of the recoil jet can be noted in the away region.

6.2.4 Influence of different rapidities for each production process

To more clearly visualize the contributions of different rapidities, the different ra-

pidities have been plotted for different regions for each production process.

Figure 6.9: Prompt self normalized mid-rapidity J/ψ production is shown as a func-
tion of the self normalized charged particle multiplicity in the toward

region and split in different rapidity ranges.

For prompt production in the toward region |η| < 1 shows the strongest growth. The

increase is relatively strong, though not linear. The other rapidity ranges all show

relatively weak growth (Figure 6.9).
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Figure 6.10: Non-prompt self normalized mid-rapidity J/ψ production is shown as

a function of the self normalized charged particle multiplicity in the

toward region and split in different rapidity ranges.

In Fig. 6.10 it can be seen that in the toward region there is a strong nonlinear

increase for |η| < 1. For 1 < η < 2 and 2 < η < 3.5 the increase is roughly linear

in the case of non-prompt production. For 3.5 < η < 5 the increase is weaker than

linear.
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Figure 6.11: Prompt self normalizedmid-rapidity J/ψ production is shownas a func-
tion of the self normalized charged particle multiplicity in the trans-

verse region and split in different rapidity ranges.

Figure 6.12: Non-prompt self normalized mid-rapidity J/ψ production is shown as

a function of the self normalized charged particle multiplicity in the

transverse region and split in different rapidity ranges.
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As can be seen in Figure 6.11, the increase isweaker than linear in all cases, though

|η| < 1 shows a slightly stronger increase than other rapidities for prompt produc-

tion processes.

Looking at non-prompt production in the transverse region (6.12), |η| < 1 shows a

moderately strong and linear growth, which is likely due to influence of multiparton

interactions. 1 < η < 2 and 2 < η < 3.5 show a weak and lower than linear

increase, which matches weak autocorrelation effects. 3.5 < η < 5 shows a very

low and much weaker than linear increase, which is in line with very low or almost

no autocorrelation contribution.

Figure 6.13: Prompt self normalizedmid-rapidity J/ψ production is shownas a func-
tion of the self normalized charged particle multiplicity in the away re-

gion and split in different rapidity ranges.
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Figure 6.14: Non-prompt self normalized mid-rapidity J/ψ production is shown as

a function of the self normalized charged particle multiplicity in the

away region and split in different rapidity ranges.

All rapidities in the away region show roughly the sameweaker than linear increase

for prompt J/ψ production, as can be seen in Fig. 6.13.

For non-prompt processes in that region, as can be seen in Fig. 6.14, |η| < 1 shows

a stronger than linear increase, which is in line with moderate autocorrelation ef-

fects. 1 < η < 2 and 2 < η < 3.5 grow linearly, which is in line with some weak

autocorrelation effects. And 3.5 < η < 5 grows slightly weaker than linearly, indi-

cating very weak autocorrelation effects.

As anoverall trend, the further away the rapidity is frommid-rapidity, theweaker the

autocorrelation effects for mid-rapidity J/ψ production as a function of self normal-

ized charged particle yield. Non-prompt processes exhibit stronger autocorrelation

effects.
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In this thesis the self normalized mid-rapidity J/ψ yield was investigated as a func-

tion of the self normalized charged particle multiplicity in different rapidity ranges.

Different regions were also investigated. This was done by using data created in

simulated pp collisions using PYTHIA 8, with a center of mass energy of 13 TeV.

The resulting autocorrelation effects were analyzed and compared to previous re-

sults.

Initially the different production mechanisms of the J/ψ meson were analyzed. The

overall increase of the self normalized J/ψ yield was stronger than linear with in-

creasing charged particle multiplicity. This is mainly due to non-prompt production

processes, and it mainly occurs in the forward and away region. These autocorre-

lation effects are primarily visible for charged particle rapidities with |η| < 1 and

are less pronounced for other rapidity ranges, namely 1 < η < 2, 2 < η < 3.5

and 3.5 < η < 5. 1 < η < 2 and 2 < η < 3.5 showed some weak to moderate

autocorrelation effects whereas 3.5 < η < 5 exhibited very weak to no autocorrela-

tion effects. The stronger than linear increase was primarily present in the toward

and away region. An influence of the recoil jet in non-prompt production could also

be noted in the away region. The away and toward region are the regions in which

autocorrelation effects were expected, as opposed to the transverse region where

minimal autocorrelation effects were expected. The results for the regionsmatched

the observations from a previous study [Web19]. These expectations could addi-

tionally be confirmed by looking at the self normalized J/ψ yield as a function of

charged particle yield, but this time split into different transverse momentum pT

intervals. Rapidities in regions that showed stronger than linear growth showed a

strong pT dependence for the growth of the self normalized J/ψ yield. This again is

in line with observations of the previous study, in which a stronger than linear in-

crease was linked with a strong pT dependence [Web19]. As before the transverse
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region is largely pT independent. Regions and rapidities not exhibiting this pT de-

pendence show a lower than linear increase. It can be concluded that autocorrela-

tion behaviour is mostly responsible for a stronger than linear increase. Rapidities

further away from mid-rapidity show less autocorrelation effects for mid-rapidity

J/ψ production.

So overall, it can be confirmed that it is advisable to measure in the transverse

region to minimize autocorrelation effects. Another way to reduce autocorrelation

effects is to measure the rapidity range of 3.5 < η < 5, however the ALICE detector

is not capable of that, which is why this could be a future consideration.
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