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Streszczenie

Tytut pracy: Analiza korelacji katowych protonow z mezonami @ w zderzeniach proton-proton w

eksperymencie ALICE.

Dwuczastkowe korelacje katowe pozwalaja na badanie mechanizmoéw hadronizacji. Podczas tego
procesu z kwarkow i gluonow powstajg hadrony. Proces hadronizacji ciagle nie zostat w petni poz-
nany. Jednym z wielu zaproponowanych modeli teoretycznych do jego opisu jest strunowy model
Lund. Jest on wykorzystywany w generatorze Monte Carlo PYTHIA.

Korelacje katowe sg funkcjg dwoch zmiennych: roznicy pseudospiesznosci An = ny—n, i roznicy
kata azymutalnego Agp = @1 — ¢,. Korelacje te sa czute na rozne mechanizmy hadronizacji. Celem
analiz korelacji katowych jest zrozumienie mechanizmu powstawania czastek, poprzez roztozenie
ich na czynniki i zrozumienie wktadu pochodzgcego z roznych zrodet. Dla wszystkich zbadanych
do tej pory par barion-barion oraz antybarion-antybarion w okolicy AnA¢ = (0,0) otrzymano an-
tykorelacje, natomiast dla mezonoéw typowo otrzymuje sie charakterystyczny pik. Analiza korelacji
katowych p — ® mogtaby umozliwi¢ na odpowiedzenie na pytanie czy antykorelacja otrzymywana
dla wszystkich zbadanych do tej pory par barion-barion oraz antybarion-antybarion w okolicy
AnAgp = (0,0) jest efektem, na ktory wptyw ma masa. Wspomniana wczesniej antykorelacja nie jest
przewidywana przez zaden z modeli teoretycznych, co oznacza, ze nie uwzgledniaja one wszystkich
efektow majacych miejsce w tym procesie. Analiza systemu p — ® databy fizykom teoretycznym
dodatkowy pomiar, umozliwiajacy poprawe wykorzystywanych modeli.

Gtownym celem pracy inzynierskiej jest stworzenie modutu do nowego oprogramowania O?
wykorzystywanego w eksperymencie ALICE w CERNie, ktory pozwoli na otrzymanie funkcji korelacji
katowej protonow z mezonami & w zderzeniach pp. Wprowadzenie nowego oprogramowania byto
niezbedne ze wzgledu na zmiane trybu akwizycji danych w eksperymencie podczas Run 3. Kod
AliFemto, wykorzystywany w poprzednim oprogramowaniu AliROOT/AliPhysics nie moze byc dalej
uzywany, ze wzgledu na znaczace zmiany w formacie danych i formie wykonywanych analiz w opro-
gramowaniu O%. W celu wykonania tej pracy musiatam wiec od poczatku napisa¢ narzedzie do
analizy. Cata prace podzielic mozna byto na dwie gtowne czesSci. Pierwsza z nich byto rozwinie-
cie oprogramowania, tak by mozliwe byto zrekonstruowanie mezonow ®. Byta to czeS¢ typowo
inzynierska i musiata byc praktycznie sfinalizowana przed rozpoczeciem pracy nad druga czescia,
ktora byto badanie korelacji zidentyfikowanych hadronow z mezonami &.

Stowa Rluczowe:

CERN, ALICE, Rorelacje kgtowe, hadronizacja
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Abstract

Thesis title: Analysis of angular correlations of protons with ® mesons in proton-proton collisions
in the ALICE.

Two-particle angular correlations allow the study of hadronization mechanisms. During this pro-
cess hadrons are formed from quarks and gluons. The hadronization process is still not fully un-
derstood. One of the many theoretical models proposed to describe it is the Lund string model. It
is used in the Monte Carlo generator PYTHIA.

The angular correlations are a function of two variables: the difference in pseudorapidity
An = ny — 2 and the difference in azimuthal angle A = ¢ — ¢,. These correlations are sensitive
to different hadronization mechanisms. The goal of angular correlation analyses is to understand
the mechanism of particle formation by decomposing the particles and understanding the con-
tributions from different sources. For all baryon-baryon and antibaryon-antibaryon pairs studied
so far, an anticorrelation is obtained in the vicinity of AnA¢p = (0,0), while a characteristic peak is
typically obtained for mesons. Analysis of the angular correlations of p — ® could make it possi-
ble to answer the question of whether the anticorrelation obtained for all the baryon-baryon and
antibaryon-antibaryon pairs studied so far in the vicinity of AnA¢g = (0,0) is an effect influenced by
mass. The previously mentioned anticorrelation is not predicted by any of the theoretical models,
which means that they do not account for all the effects taking place in this process. Analysis of the
p — ® system would give theoretical physicists an additional measurement to improve the models
used.

The main objective of the engineering work is to develop a module for the new O? software
used in the ALICE experiment at CERN, which will allow to obtain the angular correlation function
of protons with mesons @ in pp collisions. The introduction of the new framework was necessary
due to the change of the data acquisition mode in the experiment during Run 3. The AliFemto code
used in the previous AliIROOT/ALliPhysics software can no longer be used, due to significant changes
in the format of the data and the form of analysis performed in the O? framework. In order to do
this work, | had to write an analysis tool from scratch. The whole work could be divided into two
main parts. The first was to develop the software so that O? mesons could be reconstructed. This
was a purely engineering part and the practical part had to be finalized before | could start working
on the second part, namely studying the correlation of identified hadrons with ® mesons.
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CERN, ALICE, angular correlations, hadronization
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Chapter 1

Introduction

Particle physics focuses on understanding the most basic constituents of matter of the world
around us and the interactions between them [1]. Fundamental particles are those that have no
internal structure, at least to the extent of current knowledge. The use of high energy collisions in
this field of study is therefore crucial, as it makes the resolution with which subatomic particles
are studied much higher. The resolution with which measurement is possible is limited by the de
Broglie wavelength of these fundamental particles, which is given by the equation:

A=—, (1)

p
where h is the Planck’s constant and p is the beam momentum. As a result, beams with higher
momentum have a shorter length, which leads to their higher resolution. The second key factor
because of which high energies are used is that this is necessary to create particles that are often

heavy and do not exist under normal conditions in nature [2].

There are many facilities that have been conducting particle physics experiments over the
years. One such facility is the Large Hadron Collider (LHC) at CERN on the French-Swiss border
near Geneva. It is the largest and most powerful particle accelerator in the world and it is used to
collide protons and heavy ions at high energies, which allows scientists to study the properties of
fundamental particles and their interactions.

One of the experiments located at the LHC is ALICE (A Large lon Collider Experiment). It is
designed to research the physics of heavy ion collisions. As such, it is a detector whose main
purpose is to investigate the physics of heavy ions. This enables the study of quark-gluon plasma
[3, 4], the state of matter in the early universe, just about a few millionths of a second after the
Big Bang, in which quarks and gluons are in a deconfined form. Taking into account the amazing
ability to identify particles and reliable tracking for low pr, the ALICE experiment allows for a
unique quality of measurements.

Hadronization is the process through which quarks and gluons combine to form hadrons. This
process has not been fully understood and it can be only described in a non-perturbative way.



This means that it cannot be derived from the first principles of physics. Because of that, phe-
nomenological models are being used. One of the most popular models is the Lund string model
[5]. It treats most gluons, except those of very high energies, as field lines that form strings. Cer-
tain parameters of the phenomenological models need to be constrained from experimental data.
Analysis of the p — & system, which has not been studied before, would give theoretical physicists

an additional measurement to improve the models used.

The observable that makes it possible to study contributions from different mechanisms of
particle production is the angular correlation function. The AnAg distributions are sensitive to
different physics phenomena, one of them being hadronization mechanisms. The study aims to
understand particle production’s mechanism by decomposing the correlations into factors and
understanding the contributions from different sources. A typical correlation function has a peak
for AnAg = (0,0) and a ridge for Ap = 0 [6].

The angular correlation graphs obtained so far for baryon-baryon and antibaryon-antibaryon
pairs in the vicinity of AnAg = (0,0) had a strong anticorrelation. Which is surprising given the shape
of a typical correlation function. This effect is not predicted by any of the theoretical models. This
means that they do not take into account all of the effects that are involved in the hadronization
process. The lightest pair of baryon-baryon and antibaryon-antibaryon, for which anticorrelation
was obtained, was p—p and iip — hp. By correlating a meson, with a mass close to that of a proton,
we can test if this effect is related to the mass. The most abundant meson that meets these criteria
is the ® meson. This hypothesis has not been tested before.

The primary focus of the work was to develop the software for the completely new O? system
used in the ALICE experiment at CERN in a way that would make it possible to obtain angular
correlation functions for @ mesons with identified hadrons, in particular protons. The work can be
divided into two phases. The first stage was to build a module for the O? software used at CERN
to reconstruct ® mesons. The second step was to study the angular correlations of the identified
hadrons with the mesons ®. In order to be able to analyze the angular correlations, it was necessary
to complete the first stage of the work. Obtaining the results of this thesis involved writing most

of the analysis software from scratch.

The ALICE software is new and is constantly being developed by many people. It required me
to be familiar with C++ version 17, which | had not had the opportunity to learn during my time at
university. | also had to learn how to use the GitHub version control system. This was a key and
essential tool used in this work, due to the fact that the ALICE framework is developed by people

all over the world at the same time. This analysis was performed using GRID [7].

14. Choice of observables

This section introduces the basic observables that are key to understanding angular correlations,

which are also explained in greater detail in this chapter.
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Figure 1.1: Definition of the polar angle 6 and the azimuthal angle ¢ [8].

Azimuthal angle

The azimuthal angle ¢ is the angle between the transverse momentum vector pr and the positive
x-axis. The coordinate system in relation to the geometry of the ALICE detector is defined in figure
1.

Pseudorapidity

Pseudorapidity is a simplified version of rapidity, as it depends only on the polar angle. In this
case, we use a value similar to rapidity but simplified. Pseudorapidity is a good approximation of
rapidity only in the midrapidity range. Pseudorapidity is an observable often used to determine
the angle of a particle with respect to the beam axis. It is defined as:

n=-lIn [tan (g)] . (1.2)

Figure 1.1 determines the coordinate system in which the polar angle 6 and the azimuthal angle ¢
are shown.

15



Signal

ClanAg)
ClanAg)

Figure 1.2: Construction of the AnAg correlation function. Signal distribution (left), background distribution (middle),
and correlation function (right) [9]

1.2. Angular correlation function

Angular correlation functions are obtained by dividing the signal distribution by the background

distribution. It is defined as:
Nmixed

pairs  S(An, Ap)
Nsigna/ B(AI], AQD)’

pairs

C (An,Ap) = (1.3)

where S(An, Ap) is a signal distribution and B(An, Ag) is a background distribution. The signal
distribution is produced from pairs of particles from the same event. The background distribution
is constructed using the procedure of event mixing, where each particle in the pair comes from
a different event. An example of a signal distribution, background distribution, and correlation

function is shown in figure 1.2.

Angular correlations give a visual representation of the full landscape of correlations. They
are particularly sensitive to contributions from different sources. The study aims to decompose
angular correlations into components, making it possible to quantify the contribution of each
source. The components that comprise the angular correlation are shown in figure 1.3. Figure 1.4
shows the angular correlation function for selected identified hadrons of the same and opposite
electric signs. The graphs were obtained from experimental data from pp collisions at 7 TeV en-
ergy recorded by the ALICE experiment during the LHC Run 1. In the plots for pions mesons and
kaons, we note the similar shape of the angular correlation function for particles of both the same
sign, as well as those of the opposite sign. However, on the graph for protons, we notice a strong

anticorrelation in the vicinity of (An, Ap) = (0,0).

By comparing experimental data with theoretical models, we get the following results shown
in figure 1.5 for like-sign particles and in figure 1.6 for the unlike-sign ones. Thus, as can be seen,
theoretical models do not predict the anti-correlation that is measured. The anticorrelation for
baryon pairs was first discovered in the 1980s [12]. At the time, it was thought to be caused by local
conservation of the baryon number. To make the correlation positive for AnAg = (0,0) in one jet
we would need to produce at least two baryons. Therefore, we need to produce two baryons and

16



04 = pl-sum <08

uniike-sign pairs

Figure 1.3: The components that comprise the angular correlation [10].

‘ Unlike-sign ‘
(b) K'K'

Figure 1.4: Correlation function C(An, Ag) of unlike-sign and like-sign particles [9].
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(a) o*r* + T pairs (b) K'K" + KK pairs (c) pp + Pp pairs
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Figure 1.6: Comparison to MC models: unlike-sign [11].

two anti-baryons, to conserve local baryon number. One baryon has a mass of at least about 1 GeV.
A minimum of 4 GeV is therefore required. At that time, the collisions reached an energy of 27 GeV.
The 4 GeV of 27 GeV available was a much larger fraction than it is now at an energy of 13 TeV yet

we still observe the exact same thing. Possible explanations for this phenomenon are:

m too small pr range,
m Coulomb repulsion,
m Fermi-Dirac Quantum Statistics,
m Strong Final-State Interactions.

It should also be checked if this effect also exists for other baryons. It turns out that these ex-
planations do not provide an answer to the received anticorrelation. Another explanation for this
phenomenon could be the mass/energy considerations, since producing heavy particles is not
favorable. The way to check that is to correlate a proton with a meson with a similar mass to it.
The particle satisfying the given conditions is the ® meson. The aim of this thesis is to obtain the

angular correlation of protons with ® mesons.



Chapter 2

Experimental setup

This chapter contains information dedicated to CERN in section 2.1, Large Hadron Collider (LHC) in
section 2.2, ALICE experiment in section 2.3 and GRID in section 2.4.

21. CERN

CERN (Conseil Européen pour la Recherche Nucléaire) is a European research organization and it is
at the forefront of the development of both fundamental particle physics research and technology
development. The goal of physicists working at CERN is to understand what the world around us
is made of and how it works. To achieve this, CERN allows scientists from around the world to
collaborate on a globally unique range of accelerators [13]. This special environment allowed the

discovery of the Higgs boson in 2012. Figure 2.1 depicts experiments and accelerators at CERN.

2.2. LHC

The Large Hadron Collider (LHC) is one of the most complex big science machines. It is the largest
and most powerful particle accelerator in the world. It is a 27-kilometer-long ring, composed of
superconducting magnets that curve the trajectory of the two high-energy beams that are made
to collide. The beams collide at four experiments located at the LHC ring [15]:

m ATLAS (A Toroidal LHC ApparatuS) - a general-purpose detector that is used to study a wide
range of physics phenomena,

m CMS (Compact Muon Solenoid) - a general-purpose detector, used to study a wide range of
physics phenomena,

m LHCb (LHC-beauty) - is a specialized detector used to study the properties of particles con-
taining bottom quarks,

m ALICE (A Large lon Collider Experiment) - is a specialized detector, designed to study the
properties of QGP.



The CERN accelerator complex
Complexe des accélérateurs du CERN

LHC
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SPS TT42
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LHC - Large Hadron Collider // SPS - Super Proton Synchrotron // PS - Proton Synchrotron // AD - Antiproton Decelerator // CLEAR - CERN Linear
Electron Accelerator for Research // AWAKE - Advanced WAKefield Experiment // ISOLDE - Isotope Separator OnLine // REX/HIE - Radioactive
EXperiment/High Intensity and Energy ISOLDE // LEIR - Low Energy lon Ring // LINAC - LINear ACcelerator // n_TOF - Neutrons Time Of Flight //
HiRadMat - High-Radiation to Materials

Figure 2.1: Experiments and accelerators at CERN [14].
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o ACORDE | ALICE Cosmic Rays Detector
o AD | ALICE Diffractive Detector

o DCal | Disjet Calorimeter

o EMCal | Electromagnetic Calorimeter

o HMPID | High Momentum Particle
Identification Detector

o ITS-IB | Inner Tracking System - Inner Barrel
o ITS-OB | Inner Tracking System - Outer Barrel

o MCH | Muon Tracking Chambers
o MFT | Muon Forward Tracker

@ MID | Mucn Identifier

@ PHOS 7 CPV | Photon speciiometer
@ TOF | Time 0f Flight

@ TO+A | Teera+A

@ T0+C | Tzero + C

@ TPC | Time Projection Chamber

@ TRD | Transition Radiation Detector

m VO+ | vzero + Detector
@ ZDC | Zero Degree Calorimeter

Figure 2.2: 3D ALICE schematics of ALICE detector after the upgrade for Run 3 [17].

2.3. ALICE

The ALICE [16] (A Large lon Collider Experiment) Collaboration’s aim is to investigate quark-gluon
plasma (QGP) in a very small volume and very large energy density and high temperature. The ALICE
experiment is the only CERN experiment dedicated to analyzing heavy ion collisions; however, it
also studies pp and p-Pb interactions.

The ALICE detector consists of multiple sub-detectors. Each contributes the information necessary
to correctly identify the particles tracked in the ALICE experiment. The sub-detectors that comprise
the ALICE experiment are shown in figure 2.2.

Detectors that are particularly important for particle identification are TPC and TOF as de-
scribed in section 2.3.3 and section 2.3.4 respectively. Particle identification (PID) used in this thesis
is based on the N, method. It stands for the number of standard deviations of Gaussian distribu-
tion around theoretical signals. The theoretical signal for the TPC signal is a Bethe-Bloch formula
(2.1), whereas for the TOF signal, it is an expected time of arrival. The ITS and TPC detectors are the
main tracking devices in the ALICE experiment. The following sections 2.3.1 - 2.3.4 detail the VZERO,
ITS, TPC, and TOF sub-detectors. The VZERO detector is responsible for measuring multiplicity, ITS
for particle tracking, TPC, and TOF for particle identification.

2.3.1. VZERO

One of the subdetectors in the front regions of the ALICE detector is the VZERO system. It is also
known as Vo. The name VZERO is used to avoid confusion with the particle Vo.

VZERO system consists of two arrays VZERO-A and VZERO-C at asymmetric positions. In the
radial direction, each VZERO array is divided into four rings, and each ring is divided into eight
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sections in the azimuthal direction. Each of the 32 cells contains a scintillation counter, which
counts the multiplicity of charged particles. Such measurement is based on the energy deposited
in the scintillation detector and it is used to monitor LHC beam conditions and to measure basic

physics quantities such as luminosity, centrality, and event plane direction in collisions [18].

2.3.2. Inner Tracking System (ITS)

Inner Tracking System (ITS) is a cylindrical-shaped silicon tracker. It consists of six layers surround-
ing the collision region. Each of the six layers consists of two layers of Silicon Pixel Detectors (SPD),
Silicon Drift Detectors (SDD), and double-sided Silicon Strip Detectors (SSD). It plays a key role in
ALICE data analysis, as it is contributing to the reconstruction of the primary interaction vertex, as
well as improving the momentum and angular resolution of tracks reconstructed in the TPC [19].

The new Inner Tracking System 2 detector (ITS2), developed during Long Shutdown 2, consider-
ably improves the resolution of collision parameters and tracking efficiency, in particular for low
transverse momentum particles, along with data readout capabilities [20]. It only uses layers of
pixel technology.

2.3.3. Time Projection Chamber (TPC)

One of the most important tracking detectors in the ALICE experiment is the Time Projection Cham-
ber [21]. It uses a combination of electric fields and magnetic fields, combined with sensitive
Ne — Coy — N; gas. It provides information on charged particles. Particles passing through the
gas in the TPC detach electrons which drift toward the end plates of the detector. The signal from
end plates and electron drift time allow us to reconstruct the trajectories of particles. The TPC
detector provides us with information about the energy loss of particles (%). Information about
energy loss is important for particle identification. The Bethe-Bloch formula describes how mean
energy loss is dependent on the velocity of the studied particle. Bethe-Bloch formula is described
by the equation:

(5} o) -r-c).

where:

m Cq, Cy, Cs - parameters specific for every detector,
=p=1

m y - Lorentz factor.
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Figure 2.3: The TPC signal as a function of momentum di- Figure 2.4: The TOF signal as a function of particle momen-
vided by the electric charge of the particle [24]. tum [24].

2.3.4. Time-of-Flight (TOF)

The TOF detector provides us with information about Time-Of-Flight. Using Time-Of-Flight and
particle trajectory, we are able to calculate velocity. We need to get distance, which is obtained
from the TPC detector, and time, which is acquired from TOF and To [22] detectors. After obtaining
information about velocity, we are able to calculate mass from momentum. The TOF detector is
therefore used to determine the mass of a studied particle. Figure ?? shows TPC as a function of
momentum divided by the electric charge of the particle and TOF as a function of particle momen-

tum.

2.4. GRID

The Worldwide LHC Computing Grid (WLCG) is a project linking computer centers from more than
40 countries worldwide. Its purpose is to enable the storage, distribution, and analysis of data
from CERN [7]. GRID makes this possible for researchers by using about 1.4 million computer cores
and 1.5 exabytes of storage. This allows real-time access and data processing from the LHC for
physicists working around the world at CERN. When this thesis was written, global transfer rates
exceeded 260 GB/s [23]. Figure 2.5 represents a map of GRID sites worldwide. Green dots indicate

the sites that are running jobs.
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Chapter 3

Software environment

34. Introduction to O? the framework

Long Shutdown 2 (LS2) [25] was the period from December 2018 to April 2022, and it was dedicated
to maintaining and upgrading the LHC and accelerator complexes at CERN. During LS2, the heavy
ion rate has been increased by five times up to 50 kHz. The high latency of the gas detector — TPC
- made it impossible to adhere to the triggered acquisition mode used up to that point [26]. The
ALICE detector has undergone a series of upgrades that has allowed it to acquire data continuously.
Thus, it is designed in a manner that maximizes data volume reduction during data collection.
Original raw data is replaced by O? system with compressed data after online partial calibration
and reconstruction. New ALICE O? software was necessary to implement for Run 3 and Run 4 and it
is a software that contains a sufficient framework for analyzing new data. It provides the framework
needed for reconstruction and calibration for ALICE experiment [27]. The framework is built on C++
17. In the future, there are plans to move to C++ 20 and 23, but because of ROOT [28] limitations, it
is not yet possible.

3.2. The O? data format

A new data storage paradigm using flat tables has emerged with the new software. Each row refers
to a different physical object, for example, a track, and each column refers to a different physical
measurement. Created tables are Apache Arrow based [29]. Data used in Run 3 and Run 4 is orga-
nized as a structure of arrays. Arrays can refer to each other via Index Columns and are often joined
or tied through an Index Table in order to enlarge the amount of available information necessary
for analysis. Declarative programming, used in O?, enables optimization, without implementing
programming in explicit steps. Data is piped through a set of connected workflows and stays in
their shared memory. Figure 3.1 shows the functional flow of the O? computing system.
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Local data compression
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calibration and data volume reduction
Quality control

Compressed Time Frames

Data storage
and archival

Compressed Time Frames

Reconstructed events

Asynchronous refined calibration,
reconstruction

Event extraction

Quality control

Figure 3.1: Functional flow of the O? computing system [30].
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The continuous readout used in the detectors is a considerable change from the previously ex-
isting practice. Data is collected continuously through several continuous streams, and dedicated
time markers are used to allow the data to be broken down into segments called Time Frames (TF).

3.3. FemtoWorld - the new 02 module

The code used for data analysis in previous software (AliPhysics) cannot be used in O? software. It
was therefore necessary to develop a large amount of code to make it possible to perform the set
analysis. Due to the constant development of the new software, this required writing code from

scratch.

As a base of the FemtoWorld software, | used the June 2022 version of the FemtoDream folder,
located already in the O? tree. The FemtoDream folder is being developed by a group working at
the Technical University of Munich (TUM). | used the code obtained from the FemtoDream folder
to learn the O? software. Due to the fact that the two groups had different goals and contact
was not frequent enough to inform each other of every change in the code, it was decided to
create a separate folder in the O? tree for the WUT team - FemtoWorld [31]. | have developed
documentation for the O? software, which can be found on my repository on GitHub [32]. | also
took part in organizing the tutorial with Luca Barioglio and Maja Kabus on 03.08.2022 [33].

In common with any other directory in the O? tree, the FemtoWorld folder contains four subfolders:

m Core — which includes code, which compiles into libraries,

m DataModel - which contains headers that define derived data tables,

m TableProducer - which includes tasks which produce tables (defined in the DataModel di-
rectory),

m Tasks — which contains analysis tasks.

Figure 3.2 represents the diagram of the FemtoWorld analysis framework in the O? software.

Production of derived data

As outlined in previous chapters, the paradigm of the O? computational model is to greatly de-
crease the volume of used data. Therefore, the data that is not necessary is removed from the
raw data used for this analysis, and thus derived data is created. To achieve this, | wrote a task
TableProducer/femtoWorldProducerTask.cxx that created tables with data in the format defined in
the DataModel/FemtoWorldDerived.h file.

< meson reconstruction

Due to the short lifetime of ® mesons, only ~1.5 - 10722 s [34], they do not reach detectors. They
decay via strong force. Information on ® mesons is being reconstructed from their daughters.
& meson most frequently decays into mesons K* and K~, with branching ratio - BRo_,x+x- =
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Figure 3.2: Diagram of FemtoWorld analysis framework in the O software.
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(49.1 £ 0.5)% [35]. To reconstruct ® meson properties, such as azimuthal angle ¢, pseudorapidity
n, and transverse momentum pr | have used Lorentz vectors. In order to use this data for further
analysis, it is necessary to save it to a table. For this reason, | have done the ® meson reconstruction
phase at the derived data production stage.

3.4. Hyperloop train system

The Hyperloop train system [36] is used to submit your analysis in a train to the GRID. Hyperloop
is used for testing and running analysis on AliEn [37]. It is based on the LEGO train system, which
was the system used and developed in the previous runs (Run 1 and Run 2 data) [38].

The Hyperloop train system has been designed to support the ALICE O? software. Several im-
provements have been made since AliPhysics. The most significant of these are unified train run
submission, wagon and dataset bookkeeping, automatic wagon testing, and automatic train com-
pilation and submission. Figure 3.3 shows the AliHyperloop page. Figure 3.4 shows the process of
submitting a Hyperloop train run.
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(or clone wagon from other analysis)
Train Runs

Figure 3.3: The AliHyperloop page [36].
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Figure 3.4: Process to submit a Hyperloop train run [39].
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Chapter 4

Data analysis

4a. Data sample

The data used in this analysis is from pp collisions recorded in 2018 (Run 2) at v/s = 13 TeV, con-
verted to the Run 3 data model. In the dataset collecting data from all collection periods of 2018
(LHC18bdefghijklmnop) alone, 5.1 - 108 events were registered. A minimum bias trigger was used.
Figure 4.1 represents a multiplicity permille histogram obtained from the LHC18l dataset. VOM is a

centrality estimator based on the sum of the amplitudes in the VZERO scintillators [40].

4.2. Proton candidate selection

Table 41 summarizes the selection criteria for protons. Only the most important parts of the se-
lection procedure are described in more detail below.

The selection at the distance of the closest approach on both the beam plane (DCA,) and
transverse plane (DCA,,) makes the number of secondary particles decrease. A cutoff on pr at low
momenta is being used in order to minimize the number of protons coming from the interactions
of primary particles with the detector material. Selection on high pr allows for increasing the
purity of the selected particles. For the identification of particles, TPC (Time Projection Chamber)
and TOF (Time Of Flight) detectors are used. For particles with momentum p<o.4 GeV/c, only the
TPC detector is used for identification. PID in this momentum range is based on the n, method, it
represents the number of standard deviations from the Bethe- Bloch curve. For momentum p>0.4
GeV/c, both the TPC and TOF detectors are used, using the ng compines Method. The ng compined
method means that one takes the root of the sum of the squares of the n, derived from the TPC
curve and the TOF curve, as described by equation 4.1

_ 2 2
Ng.combined = \/na,TOF + nG,TPC' (4-1)

Figures 4.2 - 4.6 present the azimuthal angle ¢, pseudorapidity ;, transverse momentum pr,
TOF and TPC distributions for protons.
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Figure 4.1: Multiplicity histogram for pp collisions registered at v/s = 13 TeV.

Selection criteria Value
Pseudorapidity In] < 0.8
Transverse momentum 0.5GeV/c < pr <4.0GeV/c
Crossed TPC pad rows 70
Number of TPC clasters 88

Distance of closest approach xy

IDCAxy| <2.4cm

Distance of closest approach z

IDCA,| <3.2cm

Particle identification

|ns1pc| <3.0for p <0.5GeV/c

|na7comb,-,,ed| < 3.0 for p > OSGGV/C

Table 4.1: Proton selection criteria.

32




Counts

Counts

X

a

o
w

A00fR et | N Al 1
A e anT e
? e Papiet M
300 Sk
200
100
L L
% 2 4 6
¢ (rad)
Figure 4.2: ¢ distribution for protons.
10° :
10°E
C . | T o |
0 1 2 3
Py (GeV/c)

Figure 4.4: p7 distribution for protons.

Counts

dE/dx (keV/cm)

=
(e}
w

800

600

400

200

L e L R A B P4
3
.
o,

500

Figure 4.3: n distribution for protons.

400

300

200

100

L e L B

OO

1 2 3
p (GeV/c)

Figure 4.5: TPC vs p for protons.

TOF B

0.8—

0.6

10°

10*

10°

10°

P B
1

0.4

p (GeV/c)

Figure 4.6: TOFSB vs p for protons.

10°

10*

10°

10?

33



Selection criteria Value |

Pseudorapidity n<0.8
Transverse momentum pr > 0.15GeV/cand pr < 3.5GeV/c
Crossed TPC pad rows 70
Number of TPC clusters 88
& invariant mass 1.011GeV/c? < Mk+k- < 1.027GeV/c?
Distance of closest approach xy IDCAyy| <2.4cm
Distance of closest approach z IDCA,| <3.2cm
L . . n < 3.0for p <0.4GeV/c
Particle identification Ini,cz;]:z;led —30 fc,;)r 5> 04 GéV/c

Table 4.2: Kaon selection criteria.

4.3. P candidate selection

The ® meson is a particle with a short lifetime ~1.5 - 10722 s [34]. It most frequently decays into
mesons K* and K~ with branching ratio - BRo_k+x- = (49.1 £ 0.5)% [35].

Kaon candidate selection

Since the most common @ meson decay channelis K¥ K~ (BRo_k+k- = (49.1+£0.5)% [35]), the key
step in the accurate reconstruction of short-lived ® mesons is the proper identification of kaons
into which it decays. As a result of the short lifetime of ® mesons, daughters of the ® meson are
considered primary particles.

Table 4.2 summarizes the selection criteria for kaons. The invariant mass selection allows the
kaons into which the ® meson decays to be distinguished from all of the kaons registered. With
selection at the distance of the closest approximation on both the beam plane (DCA,) and the
transverse plane (DCA,,), the number of primary particles increases. To identify kaons below
p = 0.4 GeV/c, only the signal from the TPC detector is used. This is due to the fact that for low
momentum a clear separation using the signal from TPC is possible, this changes as momentum
increases and for higher momentum, a combined signal from TPC and TOF is used. Selection on high
pr ensures the purity of identified particles and selection for the low pr minimizes the number of
protons coming from interactions of primary particles with the detector material. Figures 4.7 - 411
represent ¢, n, TPC vs p and TOF vs p for kaons, which passed the selection for the invariant mass
for ® meson. For now, there is no easy way to produce histograms for candidates for a ® meson

daughters separately.

® meson resonance

Reconstruction of ® mesons is based on the invariant mass method of its daughters. Invariant
mass is a physical quantity in relativistic physics that can describe a body or a system of bodies,
that does not depend on the reference frame. In any reference system, intrinsic mass is determined
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Reconstructing particles that we cannot measure directly with detectors involves recording their
decay products and looking for candidates for the particles into which they decay using the invari-
ant mass distribution of potential daughters. Energy and momentum are conserved in the decay
of a particle. If the entries on the histogram group around a certain value, we consider that we
are observing a decay phenomenon. This value is the mass of the decaying particle. Figure 4.12

represents invariant mass for kaons.

Figure 4.13 represents invariant mass for kaons with fitted Lorentzian peak and polynomial. This
particular figure was obtained locally on the pp collision data file recorded at energy /s = 13 TeV
in 2018. The pink and purple dashed lines in the figure show the +2 o and +3 o values respectively.
Purity in the case was 0.64. It was determined by integrating the signal S and background B from
-2 0 to 2 o, and then dividing S by the sum of S+B.

@ mesons are reconstructed with the use of Lorentz vectors. Lorentz vectors make it possible to
obtain n, ¢, and pr values of ® mesons derived from their daughters. Figures 4.14 - 416 represent

¢, n and pr for ® mesons.
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Chapter 5

Results

In this section, results are presented. Figures 5.1 and 5.4 represent p — ® signal and background
distribution, whereas figure 5.5 represents p — ® angular correlation function. To increase the
statistics, a mirroring method was used both on signal and background distributions. Signal and
background distributions are symmetric with respect to the axis: n = 0, ¢ = 0, and ¢ = =x. This
method means that bins lying at the same distance from the symmetry axis were picked, and then
the number of inputs was added up and averaged. Figures 5.2 and 5.3 represent projection on ¢
axis of the p — @ signal and the background distribution, whereas figure 5.6 represents projection
of the ¢ axis on angular correlation function.

The resulting angular correlation function does not show any of the predicted shapes. This
is because the graph has too few inputs due to the small number of correlated p — ® particle
pairs. The number of pairs can also be increased by correlating more frequent particles with the

& meson, for example, £ mesons.

I have developed the code performing correlations of & with the identified hadron to include
correlations with the = meson. In collisions, many more = mesons are produced than protons.
The calculations were made with the hyperloop described in detail earlier in section 3.4. These
calculations served as a sanity check of the code. The conclusion that can be drawn from the data
obtained is that there is an error that makes us correlate fewer ® mesons than there are actually
in the data. Figures obtained from the = — ® correlation analysis and their comparison with the
p — ® correlation are available in appendix A. Both analyses were calculated on the same LHC18l
dataset, which is just a fraction of the data collected in 2018.
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Chapter 6

Summary and conclusions

The aim of this thesis was to analyze p — ® angular correlations in pp collisions recorded at the
LHC at v/s = 13 TeV in the ALICE experiment at CERN. This work gives theoretical physicists working
on the models measurement of the system that has never been studied before. The analysis of
angular correlations p—® makes it possible to answer the question of whether the anticorrelation
obtained for all the baryon-baryon and antibaryon-antibaryon pairs studied so far in the vicinity
of AnAe = (0.0) is an effect influenced by mass.

Significant software development was required to perform angular correlation analysis in the
new software used in the ALICE experiment - O%. Working on the development of the FemtoWorld
module required me to have many meetings with experts. During my two-month stay at CERN in
the summer of 2022, | attended many meetings and tutorials organized by the collaboration. I also
had the opportunity to see how the ALICE experiment works in person during the shifts at Run 3.

Working on the O? software required me to learn how to use GitHub. The ALICE collaboration
granted me approval rights to part of the official repository on GitHub. | also presented the progress
of my work at the ALICE staff meeting. | have also developed documentation for the O? software,
which can be found on my repository on GitHub. | took part in organizing the tutorial with Luca

Barioglio and Maja Kabus.

| was able to obtain the angular correlation function for p — ®. The shape of the correlation
function does not resemble any of the expected shapes. The low number of inputs, which translates
into a low number of pairs, is most likely due to a flaw in the O? software, at the pair creation stage.
This is because we are creating fewer pairs than would result from how many particles we have.
This issue will be addressed in the further development of the FemtoWorld module.
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Appendix A

Comparison of angular correlation 7= — ® with angular

correlation p — ¢

This section presents a comparison of the 7 — ® angular correlation with the p — @ angular corre-
lation. Both 7 — ® and p — ® correlations were calculated on the LHC18l dataset. To increase the
statistics, a mirroring method was used both on signal and background distributions. Signal and
background distributions are symmetric with respect to the axis: n = 0, ¢ = 0, and ¢ = x. This
method means that bins lying at the same distance from the symmetry axis were picked, and then
the number of inputs was added up and averaged.

Aa. Angular correlation function for 7 — ®

Table A1 summarizes the selection criteria for pions. The n < 0.8 selection was used. For particle
momentum less than 0.5GeV/c only TPC signal was used, whereas for the particle momentum
greater than 0.5 GeV/c signal from both TPC and TOF was used for particle identification. As a
range of momentum 0.5 GeV/c < pr < 4.0GeV/c was used. Figures A1 - A5 represent the TPC and
TOF, azimuthal angle ¢, pseudorapidity n, and transverse momentum pr, distributions for pions.

Figures A.6 and A.8 represent = — & signal and background distribution respectively, whereas
figure A10 represents & — & angular correlation function. Figures A.7, A.20 and A.11 represent pro-
jection on the ¢ axis signal distribution, background distribution and the correlation function

respectively.

| Selection criteria | Value |
Pseudorapidity n<0.8
Transverse momentum pr > 0.5GeV/cand pr < 4.0GeV/c
Crossed TPC pad rows 70
Number of TPC clusters 88
Distance of closest approach xy IDCAxy| <2.4cm
Distance of closest approach z |IDCA,| <3.2cm
L . . |ns1pc| < 3.0 for p < 0.5GeV/c
Particle identification o comomeal < 3.070r p > 0.5GeV/c

Table Aa: Pion selection criteria.
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Figure A.6: Signal distribution function for = — ®.

Figure A10: m — ® angular correlation function.

s@%\\\

2
[gv(fafn

4

1200

Counts

i I L RN B

1150

1100

1050

on the ¢

308

Counts

307.5
30

J

306.5

306
305.5

+++++++++

i

JF

0 4
¢ (rad)
Figure A.7: Signal distribution function for = — ®, projection
axis.
3<103

305

t d

|
-
o

4
¢ (rad)

Figure A.9: Background distribution function for = — &, pro-
jection on the ¢ axis.

-

0.95

L B WL R
+
| -
+
.
N
e
+
_+_
Hi

4
¢ (rad)

Figure A11: m — ® angular correlation function, projection
on the ¢ axis.

53



500

— (<o}
{5, B L H
> r 10t o 4 10t
> L [
< 400 L
x - L
o r 10° 10°
i, L
© 3000 0.8
200 o i e
L1 [
C 0.6
100+ 10 - 10
L. [ | L LI
% 1 2 k 04 k
p (GeV/c) p (GeV/c)
Figure Aa2: TPC vs p for proton. Figure Aa3: TOFS vs p for protons.

A.2. Angular correlation function for p — ®

The criteria for the selection of protons are described in table 4.1. Figures A2 - A16 represent the
TPC and TOF, azimuthal angle ¢, pseudorapidity 1, and transverse momentum pr, distributions
for protons. Figures A.17 and A.19 represent p — & signal and background distribution respectively,
whereas figure A.22 represents p — ® angular correlation function. Figures A17, A19 and A.22 rep-
resent projection on the ¢ axis signal distribution, background distribution, and the correlation

function respectively.
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