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Abstract

Thesis title: Analysis of femtoscopic correlations of proton-antiproton pairs in Pb—Pb collisions
at v/syny = 5.02 TeV in the ALICE experiment at the LHC.

By using the femtoscopic technique, it is possible discover the properties of the emission source
during an event. In heavy-ion collisions, quark-gluon plasma is produced, thus replicating the state
of the early universe. Analysis of two-particle correlations can help in furthering the study of this
rare state of matter.

This thesis focuses on analyzing proton-antiproton pairs using data from Pb-Pb collisions at
VSnn = 5.02 TeV acquired by the ALICE experiment at the LHC. Many studies have been performed
on pp femtoscopic correlations, but the baryon-antibaryon interactions remain largely uncharted.

Coulomb as well as strong forces play a role, although the latter still yields more impact overall.

Modernisations performed during Long Shutdown 2 allowed for higher energy collisions and
better detection technology. Results obtained during the analysis are compared with preliminary
correlations from newly taken Pb-Pb collision data as well as previously published ones. HIJING
Monte Carlo simulations are used as reference for quality assurance calculations.

Acquired results serve as a baseline for further studies of baryon-antibaryon femtoscopic cor-
relations, providing continuity between run periods and preparing code, as well as reference for
future studies.
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Streszczenie

Tytut pracy: Analiza femtoskopowa korelacji par proton-antyproton w zderzeniach Pb-Pb o en-
ergii \/syn = 5.02 TeV w eksperymencie ALICE na LHC.

Stosujac medote femtoskopowa mozna wydedukowac wtasnosci obszaru emisji zrodta pod-
czas zderzenia. W zderzeniach cigezkich jonow tworzona jest plazma kwarkowo-gluonowa - stan

podobny do materii wczesnego wszechsSwiata.

Niniejsza praca skupia si¢ na analizie par proton-antyproton uzywajac danych ze zderzen Pb-Pb
o0 energii \/syny = 5.02 TeV zebranych przez eksperyment ALICE na LHC. Istnieja liczne badania nad
korelacjami par pp, jednak oddziatywania miedzy barionami i antybarionami sg znacznie mniej
zbadane. Zarowno oddziatywania kulombowskie jak i silne maja znaczacy wptyw na korelacje
miedzy tymi czastkami.

Ulepszenia wprowadzone podczas Long Shutdown 2 pozwolity na kolizje o wiekszych energiach
oraz zebieranie znacznie wigkszej ilosci danych. Wyniki otrzymane z analizy sa porownane z ko-
relacjami otrzymanymi z nowych danych zebranych ze zderzen Pb-Pb, jak rowniez zwczesniej opub-
likowanymi wynikami. Symulacje Monte Carlo HIJING uzyte sg jako punkt odniesienia dla obliczenia
jakosci probki danych.

Otrzymane wyniki tworza podstawe dla przysztych badan korelacji barion-antybarion, zapew-
niajac ciagtosc pomiedzy okresami zbierania danych, rozwijajac kod i bedac punktem odniesienia
dla kolejnych analiz.

Stowa Rluczowe:

CERN, ALICE, korelacje femtoskopowe, zderzenia ciezRich jonow
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Chapter 1

Introduction

11. Heavy ion collisions

High energy heavy ion collisions’ main goal is to create an environment in which it is possible
to study the properties of quark-gluon plasma (QGP) [1]. It is a state of matter, in which quarks
and gluons are deconfined, which means they can move freely and are not bound together into
baryons or mesons. Such a state is widely believed to have existed in the first fractions of a
second during expansion of the early universe, before formation of more complex particles. It
is only possible to recreate it under strict conditions of extreme matter density or temperature.
The latter can be achieved by accelerating heavy nuclei stripped of it's electrons, to relativistic
velocities and colliding them together. This is the purpose of many particle accelerators of which
the Large Hadron Collider (LHC) [2] is the most powerful.

Spectators

Participants

Before collision After collision

Figure 1.1: Heavy—ion collision [3]

A collision can be divided into several stages. First, when nuclei collide, a QGP "droplet" - a
minuscule fireball - is created in the overlap zone between the ions. The size of this region is de-
pendent on the centrality of the event, as the more head-on it is, the more protons and neutrons



interact with each other and fewer become spectators — particles that pass forward mostly unaf-
fected, as illustrated in Fig. 1.1. Afterwards, in the hadronization phase, quarks and gluons merge
into particles which later create signal when passing through the detector.

This analysis focuses on protons which consist of two up quarks and one down quark, as well as
it's antiparticles — antiprotons made up of two anti-up and an anti-down quark. Both are created

in heavy-ion collisions in large quantities.

1.2. Femtoscopy

As itis impossible to directly measure properties of the source, indirect methods are implemented
to extrapolate properties of the emission region. Femtoscopy [4] is one such method used to in-
vestigate interactions between particles produced in nuclear collisions. It relies on the analysis of
relative momenta correlations of two particles created in the same event. A correlation function

can be expressed by equation
P2(P1,P2) (1 1)

Pi(p1)P2(p2)

Femtoscopy describes particle pair correlations in reference to their pair relative momentum k*

C(p1,p2) =

given as

* p1 _p2
k* = 1.2
5 (1.2)

where p; and p, are momenta of each particle. The femtoscopic correlation can be related to the

emmission source with the Koonin-Pratt equation [5, 6]

d3r, (1.3)

)= [ s

where S(r*) is the source function. It's parameters describe the shape and evolution of the source.
When |V _.
ularly useful for studying the baryon-antibaryon interaction at low pair relative momenta.

is known, the femtoscopic technique allows to extract those parameters. It is partic-

To analyse correlation results in more detail, they can be separated accordingly to relevant param-
eters like centrality or multiplicity. Centrality classes categorize collisions by the distance between
centres of the participating nuclei in the plane transverse to the beam axis and are measured in
percentage with 0% being the most and 100% the least central collision. It is directly correlated
with event multiplicity N., which is the quantity characterizing the number of particles created
in a collisions. The latter directly depends on event centrality, as more particles are produced in
head-on collisions then in peripheral ones. Apart from categorizing by event properties, division
in relation to k7 values can also be applied. It which characterises the pair transverse momentum

and can be described as
_ lpri + pr;

kTt > ,

(1.4)
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where pr, and pr, are transverse momenta of the correlated particles.

For pp pairs, three key effects can be observed. Two of them are Final-State Interactions, which are
present in all charged particle correlations - Coulomb and strong forces. As protons and antipro-
tons are of different charges, therefore not identical, the Fermi-Dirac quantum statistics does not
apply. Unlike signed pairs experience Coulomb attraction resulting in a positive correlation at a
certain k* range. Strong interaction also contributes to this tendency. One effect that is unique for
particle-antiparticle pairs is annihilation, which results in a negative correlation in low k* values.
Some non-femtoscopic effects can also be observed in experimental correlation functions. One of
them is elliptic flow [7], which describes the nonuniformity of energy and momentum distributions.
Although it can be measured and analysed on it's own, it is largely categorized as a background
effect when studying femtoscopic correlations.

The analysis of pp correlations is a relevant baseline for studies of more exotic systems like AA
[8]. For A baryons the pair wave function is not known, but by correlating them with protons and
antiprotons their interactions can be studied.






Chapter 2

Experimental setup

21. CERN

CERN (Conseil Européen pour la Recherche Nucléaire) [9] is an European organisation that per-
forms research in fundamental particle physics. It operates the biggest particle physics laboratory
in the world. The goal of CERN is to explore and better understand the properties of the world
around us. The facility consists of many accelerators and decelerators, shown in Fig. 2.1, of which

the LHC is the biggest.

The CERN accelerator complex
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Figure 2.1: The CERN accelerator complex [10]



2.2. LHC

The Large Hadron Collider is the largest and most powerful particle accelerator in the world mea-
suring 27 km in perimeter. It's located between 50 and 175 m underground in France and Switzer-
land. Four biggest CERN experiments are currently using it to collect data:

m ATLAS (A Toroidal LHC Apparatus) - the largest particle detector in the complex. It's a
general-purpose detector particularly known for the discovery of the Higgs boson,

m CMS (Compact Muon Solenoid) - the second general-purpose detector focusing on a wide
range of research including studying the Standard Model, and searching for extra dimensions
and dark matter,

m LHCb (Large Hadron Collider beauty) - specializes in studying the interactions of heavy
hadrons containing a beauty quark in order to measure the difference between matter and
antimatter,

m ALICE (A Large lon Collider Experiment) - focuses on studying heavy-ion collisions and mea-
suring properties of the QGP (Quark-Gluon Plasma).

2.3. ALICE

ALICE [11] is one of the biggest experiments located at the LHC. It's a particle detector, visible in Fig.
2.2, which mainly focuses on heavy-ion physics. The goal of its research is to create quark-gluon
plasma - a very dense state of matter, that is supposed to have existed shortly after the Big Bang.
Every year, the LHC collides lead ions, recreating an environment similar to that right after the
Big Bang. Under these extreme conditions, quarks and gluons are no longer bound together in a
nearly free state. The experiments highly advanced laboratory, allows scientists to further study
its properties.

During the Second Long Shutdown (LS2) [12] in 2019-2022 the ALICE detector underwent mod-
ernization, preparing it for more precise measurements during LHC Run 3. The changes included
major modifications of the TPC (Time Projection Chamber) [13] and complete replacement of the
ITS (Inner Tracking System) detector [14].

2.341. Inner Tracking System

The ITS (Inner Tracking System) is the innermost detector of ALICE. Its main role is to determine the
primary vertex of the collision, track and identify low momentum particles and improve resolution
for tracks reconstructed by the TPC. During Run 1 and Run 2 the ITS consisted of three double
layers. Two Silicon Pixel Detectors (SPD) in the center, then two Silicon Drift Detectors (SDD), and
two Silicon Strip Detectors (SSD) as the outermost layer. During LS2 the detector was replaced and
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Figure 2.2: Figure from [15]

is now entirely made of 7 layers of monolithic active pixel sensors (MAPS) which provide much
higher accuracy, and make it possible to reconstruct tracks based only on ITS signal.

2.3.2. Time Projection Chamber

TPC (Time Projection Chamber) shown in Fig. 2.3, is located between the ITS and TOF and serves
as arguably the most important part of the ALICE detector. It consists of a volume of detection
compartments filled with gas, in case of ALICE NeCO,N; is used. The detector is made out of 159
rows each divided into parts. During a collision, created particles ionise the gas, leaving a trace of
activated clusters, allowing for later reconstruction of tracks. The signal from the detector provides
the mean energy loss per unit path length. Histograms of those values shown in Fig. 2.4, represent
the distribution of measured Z—f around the value expected from the Bethe-Bloch formula [16].
Their values are a key factor in the particle identification (PID) process.

During the LS2 the TPC detector underwent changes to its data acquisition mode from event based
to continuous, to keep up with higher collision rates at the LHC and be able to acquire more data.

2.3.3. Time Of Flight

The main purpose of the TOF (Time Of Flight) [18] detector is registering the time it takes for a
given particle to travel from the collision vertex to the point of detection. Together with the TPC
detector, it provides valuable information for charged particle identification as well as informa-
tion necessary to calculate the speed of each particle, while also serving as trigger for cosmic
rays and ultraperipheral collisions. ALICE TOF is based on the Multigap Resistive Plate Chamber
strip detector segmented into pads for a total of 152928 readout channels, allowing for precise

19



Figure 2.3: The ALICE TPC detector [17].

measurements. Histograms of signal from TOF, as presented in Fig. 2.5, show the distribution of
the arrival time around the expected value for each particle.
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Chapter 3

Software environment

31. O? framework

One of the changes made during Long Shutdown 2 was an upgrade to the ALICE computing system.
Its readout capabilities had to keep up with the increased Pb—Pb collision rates of 50 kHz, which
resulted in detector data output exceeding 1 TB/s. The new O? data model [21] is designed to
reduce the raw data volume as much as possible before relaying it to the O? facility. This is achieved
by preliminary rapid reconstruction of the data during data taking. This is later followed by a

second reconstruction to achieve desired data quality.

To keep up with these changes, a new analysis framework was introduced. It is based on C++ 17
[22] and uses Apache Arrow [23] memory format to store data. The tables used for storage, allow
for easy access to each object as well as joining, partitioning and filtering data by its properties.
All code developed by ALICE contributors is shared through the Collaboration’s GitHub repository
[24].

3441. FemtoUniverse

As there are many work groups in ALICE, each focusing on different aspects of particle physics,
they have specialized needs when it comes to performing the analysis itself. Each group stores
their code in semi-independent packages. FemtoUniverse is one of those, dedicated especially to
femtoscopy and angular correlation calculations. Analysis using this package is done in two stages
to minimise the data output and overall program run time. The first step uses the Producer task to
create derived data called FemtoAO2D. It applies a preliminary selection on the full used dataset
and outputs a much smaller data file, which then can be used to run code performing the analysis
itself. While there can be multiple specific tasks, they generally use the same Producers, which
implies the need for the Producer to be very modular and easily adapt to each selection.



341.2. Developed code

As O? is constantly being developed, | had to write a portion of my own code, that was needed for
my analysis, as well as other future projects. Even though some of the tasks I did are not directly

connected to femtoscopy, all contribute in some way to achieving the final analysis results.

A task | worked on, was code for getting quality assurance, data taking efficiency and sample
purity plots form Monte Carlo simulated data [25]. As one of the first people, | used it then to
perform QA on new MC data from Run 3 pp collisions to help achieve better reconstruction. This

program was used in my analysis to calculate proton and antiproton sample purity.

Another objective was adjusting FemtoUniverse to be able to apply binnig in centrality values.
Originally code in the whole package focused on analysing pp collision data and as such, used
multiplicity tables for event mixing, QA histograms and creating bins for correlations. In case of
Pb—-Pb collisions, event centrality describes the data in a clearer way and most publications use
this kind of selection. I added functions to the FemtoUniverse Producer task, which enable the use
of centrality in place of multiplicity for both Run 2 and Run 3 data [26].

Preliminary cut on TOF signal was another addition to the Producer. As it turned out, the derived
data output file was very large and running analysis on a full dataset using Hyperloop required
too many resources. Cutting out particles, that aren't needed in later parts of the analysis at the
stage of the Producer, significantly decreased the derived data size. With the tasks taking fewer
resources, | was able to perform analysis on full datasets.

3.2. Hyperloop train system

The Hyperloop [27] is a train system used to perform analysis on the Worldwide LHC Computing
Grid (WLCG) [28]. The Grid is a powerful global computing infrastructure enabling access to data
produced by the LHC to researchers regardless of their location. Hyperloop users can submit their
analysis to the system in form of wagons, which are later joined into trains and run on a specific
dataset using the Grid’s processing power. The new train system is especially designed to work
with the O? framework and a direct improvement to it's previous iteration used with AliPhysics
[29].



Chapter 4

Data analysis

4a. Data sample

The analysis was performed on experimental data from Pb-Pb collisions at y/syn = 5.02 TeV taken
by the ALICE detector at the LHC and corresponding Monte Carlo simulated data. It was produced
during LHC Run 2 in 2015 and 2018 and the simulations use the HIJING Monte Carlo model [30].
The data taken during the 2015 period come from the LHC150 dataset and the 2018 results are
combined from two datasets with the same parameters - LHC18_PbPb_qg and LHC18_PbPb_r.
It is expected, that the 2015 and 2018 datasets do not share the same reconstruction efficiency,
therefore they will be analysed separately, as their correlation functions may differ.

The last part of the analysis was performed using newly gathered Pb-Pb collision data from Run 3
at \/syn = 5.36 TeV taken by the ALICE detector and its very first Monte Carlo simulations coming
from the PYTHIA 8.3 model [31]. It corresponds to the LHC23zzh_pass1 dataset on Hyperloop and
LHC23k6c_pass1 MC dataset. A full list of runs is shown in Appendix A.

4.2. Event selection

To select appropriate events, standard primary vertex and multiplicity cuts were applied as
listed in Table 4.1. The ranges for multiplicity are very loose and don’t affect the analysis in any
significant way other than rejecting faulty data. Event mixing was performed in centrality and
multiplicity in different parts of the analysis. Used mixing bins were as follows:

m centrality: o, 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55, 60, 65, 70, 75, 80, 85, 90, 95, 100%,

m multiplicity: o, 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55, 60, 65, 70, 75, 80, 85, 90, 95, 100, 200,
99999,

m z-vertex: -10, -8, -6, -4, -2, O, 2, 4, 6, 8, 10.



Primary vertex

|z] < 10 cm

0<

Event multiplicity

Nech < 32768

Table 4.1: Event cuts.

4.3. Particle selection

Particle selection cuts are listed in Table 4.2. The same

criteria were applied for positive and neg-

ative particles. Apart from manually applied selection, the GlobalTrackFilter was used. It is a stan-

dard loose set of cuts, implemented into the O? framework, that helps select tracks providing

reliable data for analysis. GlobalTrackFilter cuts that have been overwritten by a more precise

selection, have not been listed in the table.

Applied cuts:

Pseudorapidity

In| < 0.8

Transverse momentum

0.5GeV/c < pr <4.0GeV/c

TPC crossed rows

70

Number of TPC clusters

88

Distance of closest approach XY

IDCAy| <2.4cm

Distance of closest approach Z

|[IDCA,| <2.0cm

TPC and TOF n, |nsTPcsToF| < 3.0for pr > 0.5GeV/c
GlobalTrackFilter cuts:
Min. ratio of crossed rows over findable TPC clusters 0.8
Max. chi2 per TPC cluster 4.0
Max. chi2 per ITS cluster 36.0
Require TPC refit True
Require ITS refit True

ITS cluster requirement

At least one hit in 3 innermost ITS layers

Table 4.2: Proton and antiproton selection criteria.

Particle identification is performed by applying TPC and TOF n, selection, which is a cut on the

number of standard deviations from the expected value. The formula for the n, combined is given

by Eq. 4.

- 2
No TPC+TOF = \/n,,’ro,_—

2
*t N5 1PC




Chapter 5

Results

5.4. Quality Assurance

Transverse momentum pr, pseudorapidity n and azimutal angle ¢ distributions help estimate the

accuracy of corresponding cuts applied. It is expected that there will be less g than p for each

distribution, as they often annihilate with surrounding matter including secondary particles and

the detector itself, yet still the shapes should remain similar for both particles. Fig. 5.1-5.6 show

pr, n and ¢ distributions for both datasets. The histograms appear clear and correspond to their

expected shape, which suggests that the selection is appropriate. Despite the difference in number

of entries between the 2015 and 2018 datasets, shapes are very similar.
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As explained in section 2.3, TPC ‘3—5 histograms describe energy loss per unit length and help
identify particles. The distributions shown in Fig. 5.7-5.10 correspond to the expected shape for pro-
tons and antiprotons and are not contaminated by crossing with distributions for other particles.
Adequate PID is particularly relevant when studying protons and antiprotons as the are not the
most numerous, therefore poor selection will result in distorted results. Most of the contamination
comes from kaons, which Bethe-Bloch distributions lie the closest to protons, as well as pions on
account of them being the majority of particles created in a collision. Similarly, the TPC and TOF
ns histograms presented in Fig. 5.13-5.18 appear to be selected properly, although the TPC n, dis-
tributions are not completely centered at 0, as expected. It is not much of a problem as long as
the particles from the peak fall within the considered bounds and aren’t cut from the distribution,
which appears to be the case. The TOF n, histograms used to have an issue with improper storing
in the FemtoUniverse data frame, which resulted in them being stretched without a single peak.
This was solved by using a table containing full response from TOF. TPC n, histograms still use the
abridged version of the signal which in the current version of the FemtoUniverse dataframe, have
improperly defined bins, causing the strange "stripes" in the histograms.
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Figure 5.7: The TPC signal as a function of transverse parti- Figure 5.8: The TPC signal as a function of transverse parti-
cle momentum for p from 2015 data. cle momentum for g from 2015 data.
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5.4.1. Purity

Data sample purity was calculated using Monte Carlo simulated data. Two datasets were used:
LHC20f6 anchored to experimental data from 2015 and LHC20e3c corresponding to 2018 data. Sam-
ple purity for both p and g, with the applied selection is above 95% up to around pr = 3 %, as
shown in Fig. 5:19-5.20, which means there is only minimal contamination. Moreover, integrated
purity between 0.5 < pr < 4 G—g", presented in table 51, is above 98% for the 2015 dataset and over
99% for 2018 data.
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Figure 519: p and p purity for 2015 data from LHC20f6 MC Figure 5.20: p and p purity for 2018 data from LHC20e3c
HIJING simulations. MC HIJING simulations.

p purity | p purity
2015 dataset | 98.84% | 98.60%
2018 dataset | 99.38% | 99.26%

Table 5.1: Integrated purity.

5..2. Centrality and multiplicity distributions

In Fig. 5.21 and Fig. 5.22 are presented event centrality distributions. In O?, centrality values are
calibrated up to 90%, where there can be seen a lack of entries in the histograms. Unfortunately,
the calibration in the framework is still imperfect and too many collisions fall into the last bin
at 100-105%. This is yet to me solved, that's why an alternative analysis in multiplicity has been
performed for reference. As shown in Fig. 5.23 and Fig. 5.24, multiplicity distributions do not expe-
rience the described problem and should provide more accurate results. The difference in shape
between the runs comes from used triggers during the 2018 run period.
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5.2. Proton - antiproton correlation functions

5.2.1. Full correlations

The distributions of ppg pairs from the same and different events, with mixing performed in cen-
trality bins, are presented in Fig. 5.25 and Fig. 5.26. When calculating experimental correlation func-
tions, they are the numerator and denominator. It can be seen that for both datasets, there are
more same event pairs than mixed. It is an issue resulting from storing too few collisions in the
FemtoUniverse dataframe. Paired with bad centrality reconstruction, there are not enough events
which share the same centrality to perform mixing. Apart from that, their general shape is as ex-
pected. In Fig. 5.27 and Fig. 5.28 are shown pp correlation functions from 2015 and 2018 data, respec-
tively. All presented correlation functions, have been normalized between 0.3 < k* < 0.4 % For

both plots, the correlation function falls significantly with lower k* values due to the annihilation

Gev

effect. It raises above 1 at the lowest — near k* = 0 .

range which corresponds to the Coulomb
attraction between unlike signed particles.
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Figure 5.25: pp pair distributions with centrality mixing coming from the same and different events from 2015 data.
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Figure 5.26: pp pair distributions with centrality mixing coming from the same and different events from 2018 data.
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In Fig. 5.29 and Fig. 5.30 are shown pair distributions with mixing in multiplicity bins. They

have the same shape as centrality ones, but more entries from mixed events. Correlations with

multiplicity mixing are shown in Fig. 5.31 and Fig. 5.32. They have very similar properties only with

slightly bigger anticorrelation visible for the 2015 dataset with multiplicity mixing.
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Figure 5.29: pp pair distribution coming from the same and different events with multiplicity mixing from 2015 data.
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Figure 5.30: pp pair distribution coming from the same and different events with multiplicity mixing from 2018 data.
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5.2.2. Correlations in centrality and kr bins

Analysis was performed in seven centrality bins: 0 — 5%, 5 — 10%, 10 — 20%, 20 — 30% 30 — 40%,
40-50%, 50— 100% and results were merged into four centrality classes: 0—10%, 10—30%, 30—50%,
50—-100% in order to observe dependence on this parameter, as low statistics forbade using more
ranges for correlation analysis. Bins were chosen arbitrarily to be of similar count, based on event
centrality distribution. The 50 — 100% range bears by far the least significant results, as peripheral
collisions produce the fewest particles and the focus is put on events between 0—50% centrality. In
0?, centrality is calculated based on measured multiplicity values. While in Run 2, this information
came from the VO detector, the FIT detector handles this task for Run 3 data, but the reconstruction
remains similar [32]. Two k7 ranges were chosen: 0 < k7 < 1.5% and 1.5 < k1 < 5%’ to compare
results for lower and higher values. k+ bins were chosen to have similar statistics.

In Fig. 5.33 and Fig. 5.34 correlation dependence on centrality and k7 can be observed. The an-
ticorrelation dip for low k* values becomes more prominent for lower centralities. Similarly, it
decreases further for higher kr values. Both datasets display this behaviour. The relation seems
coherent for all but last centrality class, as for 50 — 100% the anticorrelation is much smaller than
for 30 — 50% centrality. Unfortunately, the centrality calibration in O? is still imperfect and as such,
it is suspected, that too many events fall into the last centrality bin, as is visible in Fig. 5.21 and
Fig. 5.22, thus the shape of correlation coming from the least central collisions does not obey the
observed rule.
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Figure 5.33: pp correlation from 2015 data in different centrality and &t ranges.

In Fig. 5.35 and Fig. 5.36 exact relation between three centrality classes can be seen. Apart from
already described behaviour, it is noticeable, that for the 1.5 < kr < 5 G—gv range the lowest
centrality class deviates slightly above the others at k, > 0.13 G—ﬁ" It is most likely caused by
elliptic flow, which effects are more prominent in less central collisions. This effect can be seen in
more detail in for a larger k* range, shown in Fig. 5.45 and Fig. 5.46.

34



1. 1.4 1. 1.1

%_—;— 108 0-10% centrality % 108} 10-30% centrality %_—;— 1.08 30-50% centrality % "08_ 50-100% centrality
e O<k <15 3 O<k; <15 oo O<k <15 oo 0<k <15
1.02 1.02F 1.02H I.OEE
[ PO 1E PP S POy * et
D.98F et ossft o o.98F P 0ssL ™ “*““
0.96]- sgsf 0964 e ogsf ¥
0.94f 0.94fF 0.94F 4 0.94F
0.92F 0.92F ooz + 0.925
0.% 005 01 045 02 025 03 n‘QU 005 04 015 02 025 03 D'% 005 01 045 02 025 03 D‘QU- 005 01 015 02 025 03
k™ (GeV/c) k* (GeV/ic) k™ (GeVic) k* (GeV/ic)
1 1 1 1
bt :2:’ 0-10% centrality 3 :22’ 10-30% centrality 5 :2:’ 30-50% centrality 3 :22’ 50-100% centrality
1'04: 15<k; <5 1'04: 15<k; <5 1'04: 15<k; <5 I.DAZ 15<k; <5
1.02 1.02 1.02 1.022
JU Tt IR i amremte [
0.98F e 0.98fF e 0.987+ #‘* osact -
0.96F " 0.96F * 0.96F as 086F +%
0.94F 0.94F +++ poaf  t 0.94F
0.92F 0.92F 0.92F H 0.92F
R TR S VR LN - B B R R R B LR T B VTV S R VR LN - S B T R R B LR T
K* (GeV/c) k* (GeVic) K* (GeV/c) k* (GeVic)
Figure 5.34: pp correlation from 2018 data in different centrality and k7 ranges.
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Figure 5.36: pp correlation from 2018 data in different centrality and k7 ranges.
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5.2.3. Correlations in multiplicity and kr bins

As centrality dependence may be influenced by the faulty centrality mixing, an analysis in mul-
tiplicity ranges have been performed to compare and ensure reasonable results. Seven mul-
tiplicity bins have been chosen: 0 — 500, 500 — 1000, 1000 — 2000, 2000 — 4000, 4000 — 7000,
7000 — 10000, 10000 — 30000. Those later have been merged into four multiplicity classes: 0 — 1000,
1000 — 2000, 2000 — 4000 and 4000+. Because of strong flow effects, functions were normalized at
0.2 < k* < 0.25 &,

Correlations presented in Fig. 5.37 and Fig. 5.38 display similar kr dependence as the analysis
in centrality bins and the magnitude of the anticorrelation increases for low multiplicities which
corresponds to more peripheral events. In Fig. 5.39 and Fig. 5.40 can be seen that for the lowest
multiplicity class, the correlation function doesn’t decrease more than for the 1000 — 2000 multi-
plicity range at low k7 values and falls only slightly lower for larger pair transverse momenta. Bins
have bin chosen based on multiplicity distribution to contain similar number of events, but do not
directly correspond to previously analysed centrality classes.
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Figure 5.37: pp correlation from 2015 data in different multiplicity and k7 ranges.
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Figure 5.38: pp correlation from 2018 data in different multiplicity and k7 ranges.
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Figure 5.39: pp correlation from 2015 data in different multiplicity and k7 ranges.
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Figure 5.40: pp correlation from 2018 data in different multiplicity and k7 ranges.
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5.3. Comparison with previous results

pp correlations have been studied in ALICE before using the previous framework AliPhysics. In

Ref. [8] baryon-antibaryon correlations were analysed with pp being reference for pA, pA and AA

interactions. In the top part of Fig. 5.41 pp correlations are presented for two collision energies at
VSnn = 5.02 TeV and +/syny = 2.76 TeV at 10 — 20% centrality range. For these results background
was subtracted from the correlation functions, although at this low k* range and high centrality

class, non—-femtoscopic effects are not very prominent, hence comparison with results from this

theses should be accurate. Correlations shown in Fig. 5.42 and Fig. 5.43 were calculated in the same

centrality range and with no k7 bins. They are very similar to previously published results with Fig.

5.43 matching the negative correlation dip and Coulomb attraction peak with previous results at

VSnn = 5.02 TeV. This implies that the change of framework did not affect observed physics much,

the way it was intended.
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for 2015 data at \/syn = 5.02 TeV.

for 2018 data at \/syy = 5.02 TeV.

In Ref. [33] alongside femtoscopy, the effects of elliptic flow were studied. In Fig. 5.44 are pre-

sented results for three centality classes at two k7 ranges: 0.01 < k7 < 1G—§V and 1 < k7 < 5% at

VSnn = 2.76 TeV. In Fig. 5.45 and Fig. 5.46 correlations in the same k* range are shown. While high

centrality events behave very similarly for both energies, less central ones deviate from unity much

more at higher energies. The effects of flow are stronger for larger k7 values. For 0 < kr < 1.5 for

both 2015 and 2018 datasets, the function for the lowest centrality events goes well above 1 at k*

approaching k* = 2%. These differences between previous and current results may also come

from the difference in analysed k7 ranges.
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Figure 5.44: pp correlation functions for \/sy = 2.76 TeV PbPb collisions at the ALICE experiment [33].
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5.4. Proton-antiproton correlations in Run 3
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Figure 5.45: pp correlation functions at broad k* range for 2015 data at /sy = 5.02 TeV.
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Figure 5.46: pp correlation functions at broad * range for 2018 data at \/syny = 5.02 TeV.

In September 2023, there was the first datataking period for Pb—Pb collisions in Run 3. A remarkable

number of 12 billion collisions has been recorded, dwarfing the amount of data from all previous

runs combined. At the time of writing this theses, only limited data from this period is available

as it is still being processed to ensure desirable data quality. Nevertheless, it is valuable to look

at those first results and compare with previous ones as much as possible. It can be a point of

reference pertinent to further study of femtoscopic correlations in Run 3 hinting at possible future

results from the new data.
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5.41. Quality assurance

The transverse momentum distribution presented in Fig. 5.47 appears to be very similar to the
results from previous runs only with a more equal numbers of antiprotons compared to protons.
It may suggest that more antiprotons are produced, annihilate less with surrounding matter or
that there is some contamination present, that changes it's shape. Fig. 5.48 on the other hand,
is concave near n = 0. It is expected that the n distribution should be as uniform as possible,
therefore this points a some flaw in pseudorapidity reconstruction. ¢ values shown in Fig. 5.49
fluctuate more than for 2015 and 2018 datasets, but this still can be allowed.
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Figure 5.47: Transverse momentum
distribution for Run 3 data.
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Figure 5.49: ¢ distribution for Run 3
data.

The Z—’j signal from TPC shown in Fig. 5.50 and Fig. 5.53 looks clear with protons and antiprotons

selected well, however both the TPC n, and TOF n, distributions presented in Fig. 5.51, Fig. 5.52,
Fig. 5.54 and Fig. 5.55 are shifted towards higher values instead of centered at 0. This again is the
result of data still being in reconstruction, but since the majority of particles fall into the chosen

cut, it can be an acceptable state for the time being.
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Proton and antiproton purity was calculated using MC data anchored to the newest runs. It
also may contain some flaws, being the first one available, but it should, to some degree, provide
reliable depiction of the selection. In Fig. 5.56 purity dependence is shown in relation to pr. It is
significantly lower than for previous runs, especially for antiprotons. At around pr =1 %’ there is
a large decrease, falling as low as 50%. At this pr range, it is a possible contamination from kaons

that comes into play. Integrated purity is presented in table 5.2.
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Figure 5.56: p and p purity for 2023 data from LHC23k6c_pass1 MC PYTHIA simulations.

p purity | p purity
98.84% | 98.60%

Table 5.2: Integrated purity for Run 3 data.

5.4.2. Correlation function

As centrality reconstruction was not available for the largest dataset form the 2023 period at the
time of writing thesis, only full correlation was calculated to ensure better statistics. In Fig. 5.57 the
pair distributions from the same and mixed events can be seen. As event mixing was performed
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in multiplicity, they don’t experience the problem with wrong numerator and denominator pro-
portions. The correlation function in Fig. 5.58 displays similar properties as seen before. It falls
with lower k* values due to annihilation between p and g and raises up at the last two bins as a
result of Coulomb attraction. Some distortions are visible between the 0.03 < k* < 0.11 G—ﬁ" region
possibly influenced by some contamination or flaw in reconstruction.
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Figure 5.57: pp pair distributions coming from the same and different events from 2013 data.
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Chapter 6

Summary

This thesis’ primary goal was to analyse proton-antiproton femtoscopic correlations obtained
from Pb-Pb collisions at y/syy = 5.02 TeV using the O? framework. Acquired results would mostly
serve as a baseline for further studies of baryon-antibaryon interactions. With new Run 3 Pb—Pb
collision data ready to be studied, it will be possible to observe change in results brought by

higher collision rates, larger energies and better detection technology.

Code developed as part of my work, lays foundation for studying data from heavy-ion collision
in the FemtoUniverse package in the O? framework, as well as helps perform reliable quality
assurance using experimental data and Monte Carlo simulations. All new code has been used on
datasets from Run 2 and Run 3, ensuring continuity of results between run periods. Performing
QA analysis on new MC and experimental data was especially important to give experts feedback
on the quality of reconstruction and to quickly find any possible flaws.

The pp femtoscopic analysis gave anticipated results. Despite the current problems with
event mixing, it was possible to observe centrality, as well as kr dependence of correlation
effects. Results were compared with different multiplicity classes and was discovered, that they
give very similar results. Comparison with published results form previous runs, suggests that
the change of framework had little impact on observed physical effects. Difference in elliptic
flow poses an interesting question of dependence on collision energy, but to come to a definite
conclusion, analysis in identical k7 should be performed.

The last part of the analysis focused on new data from 2023 Pb-Pb run period. The QA calculations
show that data reconstruction still requires improvement to get reliable results for femtoscopic
analysis. Even though the sample may have contained some degree of contamination from other
particles, a preliminary correlation function was calculated showing very similar femtoscopic
effects as for Run 2 data.

Further study of the pp correlations should include fitting theoretical functions and removing
background effects using Monte Carlo simulations. The same procedure may be followed for Run 3
data when final reconstruction is available, thus allowing to study interactions at higher energies



and collision rates. This would lay foundation for studying more complex baryon-antibaryon
systems including much less explored AA correlations.
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Appendix A

List of runs

Aa. LHC150

244917, 244918, 244975, 244980, 244982, 244983, 245064, 245066, 245068, 245145, 245146, 245151, 245152,
245231, 245232, 245233, 245259, 245343, 245345, 245346, 245347, 245349, 245353, 245396, 245397, 245401,
245407, 2454009, 245410, 245411, 245439, 245441, 245446, 245450, 245452, 245453, 245454, 245496, 245497,
245501, 245504, 245505, 245507, 245535, 245540, 245542, 245543, 245544, 245545, 245554, 245683,
245692, 245700, 245702, 245705, 245729, 245731, 245738, 245752, 245759, 245766, 245775, 245785, 245793,
245829, 245831, 245833, 245923, 245949, 245952, 245954, 245963, 246001, 246003, 246012, 246036,
246037, 246042, 246048, 246049, 246052, 246053, 246087, 246089, 246113, 246115, 246148, 246151,
246152, 246153, 246178, 246180, 246181, 246182, 246185, 246217, 246222, 246225, 246271, 246272, 246275,
246276, 246390, 246391, 246392, 246424, 246428, 246431, 246434, 246675, 246676, 246750, 246751, 246757,
246758, 246759, 246760, 246763, 246765, 246766, 246804, 246805, 246807, 246808, 246809, 246810,
246844, 246845, 246846, 246847, 246851, 246858, 246859, 246864, 246865, 246867, 246870, 246871,
246928, 246945, 246948, 246980, 246982, 246984, 246989, 246991, 246994.

A.2. LHC_18q_PbPb

295585, 295586, 295587, 295588, 295589, 295610, 295611, 295612, 295615, 295665, 295666, 295667,
295668, 295673, 295675, 295676, 295677, 295712, 295714, 295717, 295718, 295719, 295721, 295723, 295725,
295753, 295754, 295755, 295756, 295758, 295759, 295762, 295763, 295786, 295788, 295791, 295816, 295818,
295819, 295822, 295825, 295826, 295829, 295831, 295853, 295854, 295855, 295856, 295859, 295860,
295861, 295881, 295908, 295909, 295910, 295913, 295936, 295937, 295941, 295942, 295943, 295945,
295947, 296016, 296060, 296061, 296062, 296063, 296065, 296066, 296068, 296074, 296123, 296132,
296133, 296134, 296135, 296142, 296143, 296191, 296192, 296194, 296195, 296196, 296197, 296198, 296240,
206241, 296242, 296243, 296244, 296246, 296247, 296269, 296270, 296273, 296279, 296280, 296303,
296304, 296307, 296309, 296312, 296375, 296376, 296377, 296378, 296379, 296380, 296381, 296383,
296414, 296415, 296419, 296420, 296423, 296424, 296433, 296472, 296509, 296510, 296511, 296512, 296514,



296516, 296547, 296548, 296549, 296550, 296551, 296552, 296553, 296594, 296615, 296616, 296618,
296619, 296621, 296622, 296623.

A.3. LHC_18r_PbPb

296690, 296691, 296693, 296694, 296749, 296750, 296752, 296781, 296784, 296785, 296786, 296787,
296790, 296793, 296794, 296799, 296835, 296836, 296838, 296839, 296848, 296849, 296850, 296851,
296852, 296890, 296894, 296899, 296900, 296903, 296930, 296931, 296932, 296934, 296935, 296938,
296941, 296966, 297029, 297031, 297035, 297085, 297117, 297118, 297119, 297123, 297124, 297128, 297129,
297132, 297133, 297193, 297194, 297195, 297196, 297218, 297219, 297221, 297222, 297278, 297310, 297311,
297312, 297315, 297317, 297332, 297333, 297335, 297336, 297363, 297366, 297367, 297372, 297379, 297380,
297405, 297406, 297413, 297414, 297415, 297441, 297442, 297446, 297450, 297451, 297452, 297479, 297481,
297483, 297512, 297537, 297540, 297541, 297542, 297544, 297558, 297588, 297590, 297595.

A.4. LHC20f6

244918, 244980, 244982, 244983, 245061, 245064, 245066, 245068, 245145, 245146, 245148, 245151,
245152, 245231, 245232, 245259, 245343, 245345, 245346, 245347, 245349, 245353, 245396, 245397, 245401,
245407, 245409, 245410, 245411, 245439, 245441, 245446, 245450, 245452, 245454, 245496, 245497, 245501,
245504, 245505, 245507, 245535, 245540, 245542, 245543, 245544, 245554, 245683, 245692, 245700,
245702, 245705, 245729, 245731, 245738, 245752, 245759, 245766, 245775, 245785, 245793, 245829, 245831,
245833, 245923, 245952, 245954, 245963, 246001, 246003, 246012, 246037, 246042, 246048, 246049,
246052, 246053, 246087, 246089, 246113, 246115, 246148, 246151, 246152, 246153, 246178, 246180, 246181,
246182, 246185, 246217, 246222, 246225, 246271, 246272, 246275, 246276, 246390, 246391, 246392, 246424,
246428, 246431, 246434, 246487, 246488, 246493, 246495, 246553, 246575, 246583, 246648, 246675,
246676, 246750, 246751, 246757, 246758, 246759, 246760, 246763, 246765, 246804, 246805, 246807,
246808, 246809, 246810, 246844, 246845, 246846, 246847, 246851, 246865, 246867, 246870, 246871,
246928, 246945, 246948, 246980, 246982, 246984, 246989, 246991, 246994.

A.5. LHC20e3c

295585, 295586, 295587, 295588, 295589, 295610, 295611, 295612, 295615, 295665, 295666, 295667,
295668, 295671, 295673, 295675, 295676, 295677, 295712, 295714, 295717, 295718, 295719, 295721, 295723,
295725, 295753, 295754, 295755, 295756, 295758, 295759, 295762, 295763, 295786, 295788, 295791, 295816,
295818, 295819, 295822, 295825, 295826, 295829, 295831, 295853, 295854, 295855, 295856, 295859,
295860, 295861, 295881, 295908, 295909, 295910, 295913, 295936, 295937, 295941, 295942, 295943,
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295945, 295947, 296016, 296060, 296061, 296062, 296063, 296065, 296066, 296068, 296074, 296123,
296132, 296133, 296134, 296135, 296142, 296143, 296191, 296192, 296194, 296195, 296196, 296197, 296198,
296240, 296241, 296242, 296243, 296244, 296246, 296247, 296269, 296270, 296273, 296279, 296280,
296303, 296304, 296307, 296309, 296312, 296375, 296376, 296377, 296378, 296379, 296380, 296381,
206383, 296414, 296415, 296419, 296420, 296423, 296424, 296433, 296472, 296509, 296510, 296511,
296512, 296514, 296516, 296547, 296548, 296549, 296550, 296551, 296552, 296553, 296594, 296615,
296616, 296618, 296619, 296621, 296622, 296623, 296690, 296691, 296693, 296694, 296749, 296750,
296752, 296781, 296784, 296785, 296786, 296787, 296790, 296793, 296794, 296799, 296835, 296836,
296838, 296839, 296848, 296849, 296850, 296851, 296852, 296890, 296894, 296899, 296900, 296903,
296930, 296931, 296932, 296934, 296935, 296938, 296941, 296966, 297029, 297031, 297035, 297085,
297117, 297118, 297119, 297123, 297124, 297128, 297129, 297132, 297133, 297193, 297194, 297195, 297196,
297218, 297219, 297221, 297222, 297278, 297310, 297311, 297312, 297315, 297317, 297332, 297333, 297335,
297336, 297363, 297366, 297367, 297372, 297379, 297380, 297405, 297406, 297413, 297414, 297415, 297441,
297442, 297446, 297450, 297451, 297452, 297479, 297481, 297483, 297512, 297537, 297540, 297541, 297542,
297544, 297558, 297588, 297590, 297595.

A.6. LHC20e3c

544091, 544095, 544098.
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