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Abstract

High-energy proton-proton collisions such as the ones happening at the LHC can result
in the formation of the QGP, a state of matter similar to the early Universe’s. One prop-
erty of the QGP is strangeness enhancement, leading to the formation of strange flavoured
particles such as =, A or K. The aim of this thesis is to study the production mechanism
of a strangeness-balanced triplet (2~ KT K™) through its angular correlation functions and
balance function. This is done through the use of Monte-Carlo generated data using the
PYTHIA software, as well as real data from the CERN ALICE experiment. Data is then
analysed using the ROOT framework in both cases. Final results provide us with a negative
ridge along the values where the difference in azimuthal angle and pseudorapidity are equal
between the == and both kaons. This result can be explained by uncorrelated remnants from
two-particle correlations that have not been sufficiently corrected through mixed events. A
biased simulation also provides us with an expected production mechanism favouring the
production of the particles in the triplets close to each other in angular coordinates, raising

the need for further analysis to improve event mixing corrections.
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Popular Science Summary

Our world is made of matter composed of different layers, similarly to Matryoshka dolls.
A material is made of atoms, which are made of smaller particles, such as electrons with
negative charge or nucleons. Nucleons are either protons with positive charge or neutrons
without charge. They are themselves made of smaller particles called quarks, which exist in
different types in nature. Quarks cannot however exist freely, they are bound mainly in pairs
or triplets called hadrons. The set of all the elementary particles (hence what we know are
the smallest particles possible) is called the Standard Model.

Particles in the Standard Model are subject to different forces: the electromagnetic force,
the weak force and the strong force. In the case of proton-proton collisions at high energies,
such as the collisions happening at the LHC (Large Hadron Collider), the strong force dom-
inates the other ones. In the strong interaction sector, the very high temperature reached
during collisions allows the formation of the Quark Gluon Plasma (QGP), a state of matter
similar to the early Universe medium. One key property of the QGP is strangeness enhance-
ment, the production of a large number of strange quarks, which will then form hadrons.

When a quark is created, it has a twin sibling, an anti-quark, which shares the same mass
but has an opposite charge. It is possible for bound particles to split following the Lund
String Model: quarks combinations are assumed to behave like strings with particles at each
end. Quarks’ energies will transfer to string which will elongate further and further, until
reaching a breaking point. Similarly to an elastic breaking, the quarks will be projected with
high momenta. When encountering a quark that has been subject to the same phenomenon,
a fleeing quark will once again bind with this new partner, creating a new hadron.

This thesis focuses on the study of strange flavoured hadrons. When a quark and anti-
quark pair is separated through string breaking, the quarks remain correlated. The objective
of our work is then to find which particle is correlated with which, hence finding which
particles are created from the initial strange quark and anti-quark pair. This is achieved by
studying angular correlations, namely how the angular coordinates of each particle behave
with respect to each other.

In order to study particle correlations, we firstly in the thesis use simulated data. This

i



FYSM64 Particle Physics - Master Thesis

data set is obtained using the PYTHIA program, an event generator for high-energy collision
events, based on the Lund String Model. Running simulations allows us to know precisely
what particle is created during the proton-proton collision for a similar experimental process,
hence providing us with what could be expected with real data. The real data analysis is
performed with data provided by A Large Ion Collider Experiment (ALICE) from the LHC,
located at CERN in Geneva, allowing us to study three-particle correlations with respect to

strangeness.

il
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1 Introduction

Proton-proton or nucleus-nucleus collisions at high energies such as the ones happening at
the LHC (Large Hadron Collider) result in the production of partons and hadrons. Although
the valence quarks of the protons are only up and down quarks, the production of strange-
flavoured hadrons has been observed [1]. Strangeness production can be explained with string
breaking theories based on the Lund string model [2] or through strangeness enhancement
in the Quark Gluon Plasma, a state of matter similar to the early Universe medium |[3].
The microscopic mechanisms underlying the production of strange-antistrange ss pairs, and
their subsequent hadronisation, is still an active area of research in both small and large
collision systems. The requirement for strangeness to be conserved in the strong force induces
correlations between strangeness-balancing hadrons produced in the same process.

The motivation for this thesis is to deepen our knowledge on the production of strange
quarks by studying the angular correlations between a =~ baryon (dss) and two K mesons
(us), by focusing on the azimuthal angle and the pseudorapidity parameters. Since three-
particle correlations are affected by the two-particle correlations residuals, our study requires
the use of balance functions. This analytic tool will allow us to remove charge-independent
effects as well as uncorrelated triggers through event mixing, in order to observe how the
strangeness is balanced in the (2K K™) triplet. Such an analysis could tell what is the
most probable way of balancing strangeness, which can then motivates the analysis of other
strange triplets or pairs.

First, simulations using the PYTHIA program to generate high-energy collision events
will be run in section 4.1, before using data from ALICE (A Large Ion Collider Experiment)
in section 4.2 to try to corroborate our Monte-Carlo simulated results and describe the

strangeness behaviour due to its conservation.
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2 Theory

2.1 The Standard Model

The Standard Model describes the set of all elementary particles. It is composed of two
categories. The first one contains particles called fermions, which is itself divided into three
generations or families. Each generation includes a positively charged quark, a negatively
charged quark, a lepton and a neutrino. Every fermion has its corresponding anti-particle,
with the same mass or spin, but opposing charge. The stable matter in the Universe is only
composed of fermions from the first generation : up quarks, down quarks and electrons.
Particles composed of quarks from the second and third generations still exist, but they

are unstable and may have a very short lifetime, hence they decay extremely quickly [4].

The other category of particles in the Stan-
Standard Model of Elementary Particles

three generations of matter
(Fermions)

dard Model are bosons, the interaction/force

interactions / force carriers
(bosons)

carriers. The photon -y is the mediator of the

mass | =2.16 MeV/c

=1.273 GeV/c*

%172.57 GeV/c*

0

=125.2 GeV/c?

electromagnetic (EM) force, whose interac- sl W N " @ H
tions are described in the Quantum Electro- up J{_ charm J|_ ter J_otuon higgs
:t 0 ~4.7 MeV/c ~93.5 MeV/c* ~4.183 GeV/c* ]
dynamics (QED) theory. The W* and the Z ! Wi W '@
bosons are the mediators of the weak force. down j| strange J{_bottom J{_photon
. . =0.511 MeV/c? 2105.66 MeV/c* ~1.77693 GeV/c* ~91.188 GeV/c*
Those two forces have been unified in the e 3 . :
W | ® || @
electroweak gauge group theory of the Stan- electron J{ _muon tau ) Zbosen
<0.8 eV/c* <0.17 MeV/c* <18.2 MeV/c* ~80.3692 GeV/c?
dard Model [4]. vo | |- || W
. . electron muon tau W boson
The gluon g is the mediator of the strong neutrino J|_neutrino J{_neutrino ) {

force, hence being applied in the strong sec-

tor or Quantum Chromodynamics (QCD).

Figure 2.1: Standard Model of Elementary
Particles (from [5])

The gluon interacts with coloured particles

such as quarks, which have a quantum number corresponding to either blue, red or green
(anti-blue, anti-red or anti-green for anti-particles). Because of this specific quantum num-
ber, quarks are confined in hadrons, a set of quarks, as a particle has to be colourless to exist.

Therefore no quarks can exist freely, and they are bound mainly in baryons (gqq or GGq) or
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mesons (¢q).
The three particles of interest in this study are a Z~ baryon and two K+ mesons, respec-
tively a dss baryon and two u$ mesons (see table 2.1). To study the production mechanisms

of the (E7 KTK™) triplet, we have to ensure quantum numbers balancing.

Particle | Antiparticle Quarks S B Q  Mass [MeV/c?| Mean Life[s] Decays PDG
=" =t dss -2 41 -1 1321.71 £0.07  1.639 £ 0.015 10~1° [A, 7] 3312
[%7,]
[A, e, 7
K+ K~ us +1 0 +1 493.677 £0.015 1.2380 £ 0.0020 1078 [rT, e, ] 321
[, ws v

Table 2.I: Properties of the =~ baryon and K* meson (from [6])

Particles in the Standard Model have corresponding quantum numbers. For instance,
both the baryon and the mesons of interest have a number corresponding to strangeness, S,

that has to be conserved in the strong and EM interaction.

S =nz—ns (2.1)

Another quantum number that is not discussed here is the baryon number B, that must also
be balanced. It is defined as
B = ~(n, - ny) (2.2)

The =~ is a baryon, and therefore has a B number equal to 1 (see tale 2.I). Therefore, for
the baryon number to be balanced, there should be a particle with B = -1, an anti-baryon.
The minimally balancing combination would involve an anti-proton p = @ud, that would at
the same time balance the d-quark from the =~ and the two u-quarks from the K. The =~
baryon could also be correlated to other hyperons (baryons that contain at least one strange
quark but no charm quark or any quark from the third generation) such as a A (uds with a
K™, or its own anti-particle Z*. These two combinations would ensure the baryon balancing

inside the triplet and the doublet.
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2.1.1 Strangeness Production and The Quark-Gluon Plasma

o *M<
k1
ki >-<

Figure 2.2: Strangeness production mechanisms from [7]. The top Feynman diagram

represents qq — sS production mechanism. Bottom diagrams represent gg — ss
mechanisms

In QCD, gluons can undergo partonic processes resulting in the formation of strange quarks.
The s§ pair can be produced by annihilation of quark-antiquark pairs and in two-gluons
collision in lowest order perturbative QCD (see figure 2.2). The respective cross-sections for

these processes are :

_ 8ra? 2M*?

Ougsss = o (1 + . ) w(s) (2.3)
i 2ma Az M ) 731 M2
Oggrss = —3o° {(1 + . + 3_2) tanh™ " w(s) — (g + 5 T) w(s)} (2.4)

where (s3) represents the formed strange-antistrange pair, s is the invariant mass squared
such that s = (kj + k2)? with k; the four momenta of the incoming particle. «y is the effective
QCD coupling constant a; = % ~ 0.6 and w(s) is such that w(s) = (1 — 4M2) [7].
Analyses of heavier ions than proton have allowed the discovery of a phase of QCD
called the QGP(Quark-Gluon Plasma), similar to the early Universe medium [3], for high
temperature collisions, with resulting temperatures above 150 to 160 MeV (equivalent to
102K [8]). At this temperature, quarks and gluons are no longer confined in hadrons,
facilitating the partonic processes presented above. Because of the Pauli exclusion principle
that states that two particles with same quantum numbers cannot exist simultaneously in a
same quantum state, the creation of s§ pairs is favoured: as the proton has u and d valence

quarks, their initial abundance suppresses the production of u@ and dd pairs, unlike the

4
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production of ss pairs. This large-scale production of strange flavoured quarks is known as
strangeness enhancement, which is a feature of the QGP [4, 9], but has also been observed

in pp collisions [1].

2.2 Particle detection at the ALICE detector

The ALICE detector is located at the Large Hadron Collider (LHC) at CERN, in Geneva
(figure 2.3). It is optimised for identification and precise tracking of particles, especially in
the high-multiplicity environment of heavy-ion collisions [10]. The LHC focuses on proton-
proton collisions measured at /s = 13 TeV, lead-lead (Pb-Pb) collisions at /spy,_p, = 5.02
TeV or proton-lead (p-Pb) collisions at /5, p, = 8.16 TeV [11].

Figure 2.3: Aerial view of the LHC area (from [12])

In particle collisions, polar co-

ordinates are used to measure the

p / ;\ ° [ \ P direction of a track. The azimuthal

\ / \ ] angle ¢ is the angle in the plane

perpendicular to the beam axis,

Figure 2.4: Scheme of the detector with angles of while 0 is the longitudinal angle,
interest

relative to the beam , as shown in
figure 2.4. Each particle produced

in a high-energy hadron-hadron interaction has a transverse momentum pr in the plane trans-
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verse (perpendicular) to the beam. The 4-momentum of such a product can be expressed as

(from [4]):
p = (E,prcos¢,prsing, p.) (2.5)

A useful parameter in the study of formed particles is the rapidity y, defined as :

1 E+p,
=1 2.
y 2“<E_pz) (2.6)

In the high-energy or relativistic limit, the rapidity can be approximated by the pseudora-

pidity 7:

1 1+ cosé 0

We therefore have for our analysis frame Ay = An. The use of the difference is pseudorapidity
An instead of the pseudorapidity itself as one of our study parameter is motivated by the
invariance property under a Lorentz transformation of Ay, with the same property hence

applying to An.

2.2.1 Detector layout

THE ALICE DETECTOR a. ITS SPD (Pixel)
b. ITS SDD (Driff)
c. ITS SSD (Strip)
d. Vo and T0

e. FMD

i®

TOF {4y 7 b ©®
HMPID , C—

EMCal 3 = . -

DCal

. PHOS, CPV
10. L3 Magnet
11. Absorber

12. Muon Tracker
13. Muon Wall

14, Muon Trigger
15. Dipole Magnet
16, PMD

17.AD
18.7ZDC
19. ACORDE

cCENDORONER

Figure 2.5: Representation of the ALICE detector during Run2 (from [13])
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The ALICE experiment is a set of numerous sub-detectors with a total size of 16x16x26 m?
[10]. The central-barrel detectors are surrounded by the L3 solenoid magnet, inherited from
the same name experiment which was part of the Large Electron-Positron (LEP) collider [14].
The ALICE detector sits in the cavern where the L3 used to be at Point 2 (see figure 2.3),
reusing the previous experiment’s red octagonal magnet, visible in figure 2.5. It provides a
magnetic field of B = 0.5 T to the central-barrel detectors. The pseudorapidity acceptance
is such that |n| < 0.9, which corresponds to a longitudinal angle of 45°. Precise momentum
determination and tracking is possible down to pr > 0.15 GeV/c. It is composed of the In-
ner Tracking System (ITS), the Time Projection Chamber (TPC), the Transition Radiation
Detector (TRD), the Time-Of-Flight (TOF) detector, the Photon Spectrometer (PHOS),
the Electromagnetic Calorimeter (EMCal) and the High Momentum Particle Identification
Detector (HMPID) [15]. The detector layout discussed below corresponds to ALICE’s config-
uration during Run 2, since the results presented in section 4.2 originate from data collected
in 2017 and 2018. Since we focus primarily on data from the ITS, the TPC, the TOF and the
V0 detector in our analysis, we will first present these sub-detectors, before taking a glance at
the remaining central-barrel detectors, the triggering system and the data acquisition system.

The ITS, along with the TPC, is one of the main charged-particle tracking detectors. It
is composed of two Silicon Pixel Detectors (SPD), two Silicon Drift Detectors (SDD) and two
Silicon Strip Detectors (SSD), making up six tracking layers. The set of silicon detectors is
able to cover the full azimuthal range and the pseudorapidity range of |n| < 0.9 for all tracks
that stray away from the beam direction by one absolute standard deviation + 1o (or 4+ 5.3
cm). The first SPD layer covers the pseudorapidity range |n| < 1.98, which allows to measure
the multiplicity of charged-particles over a continuous range. Its main task is to localise with
precision the primary vertex, then reconstruct the secondary vertices from hyperons and
D and B mesons, as well as identifying and tracking particles with momentum below 200
MeV /c. The four outer layers of the ITS, the two SDD and SSD, provide the experiment
with charged particle identification in the non-relativistic region by measuring the specific
ionisation energy loss dE/dz [15, 10]. The ITS was upgraded to its second version, the
ITS2, for Run3, which started in 2021 and is still the current run, until the third LHC long

shutdown scheduled at the end of July of this year. A new upgrade, I'TS3, is currently in the
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works to be installed at the beginning of Run4, scheduled in 2029 [16].

The TPC is designed to provide good two-track separation, charged particle momentum
measurement, particle identification and vertex determination in the region py < 10 GeV/c
for hadronic and leptonic signals [17]. Tt consists of a field cage equipped with a drift gas
system and two end readout chambers, closed by a gating grid and calibrated by a laser system
[10]. It covers the full azimuthal range, and the pseudorapidity range |n| < 0.9 for full radial
track length. A larger pseudorapidity range is covered (|n| < 1.5) for reduced track length
of approximately 1/3 of the full track length. Similarly to the ITS, particle identification
is performed via specific ionisation energy loss dE/dz measurements. A dF/dz resolution
of 8% is necessary for good hadron identification. The detector is designed to have a great
track matching capability with the I'TS, the other main charged particle tracking detector. A
matching efficiency between 85 and 95 % is necessary for multi-strange baryons measurements
[17]. The TPC will be useful for our kaon identification, along with the TOF.

The TOF is designed for Particle IDentification (PID), and specialised in the identifica-
tion of long-lived hadrons, mainly pions, kaons and protons [18]. The detector is composed of
multiple Multi-gap Resistive-Plate Chamber (MRPC), placed inside a cylindrical shell filled
with gas. It covers the same pseudorapidity range as the ITS and the TPC, |n| < 0.9,as
well as covering the full azimuthal range. The detector is designed to avoid any loss in the
sensitive area, but one dead area along the z-axis is caused by the presence of a supporting
space frame structure that cannot be removed. The momentum range covered by the TOF
varies for the type of particle: between 0.3 and 3.0 GeV /¢ for kaon and pion identification,
and between 0.5 and 6.0 GeV /¢ for proton identification. Positive and negative particles can
be distinguished from their curvature in the detector. Because of its importance for kaon
identification, the TOF will be useful in the rest of this thesis, as discussed later in section
3.2.2.

The multiplicity is measured thanks to the VO detector, composed of two arrays of scin-
tillators, VOA and VOC, respectively located at the front, 340 cm from the interaction point,
and at the back, 90 cm from the interaction point. They have different inner and outer
radii, respectively 2.3 and 42.2 cm for the VOa scintillator, and 4.5 and 32 cm for the VOC

scintillator [11]. Each scintillator is divided into 8 azimuthal sector and 4 radial sectors,



FYSM64 Particle Physics - Master Thesis

covering a different pseudorapidity range: VOA covers the range 2.8 < n < 5.1 and VOC
covers the range -3.7 < n < -1.7. This layout allows the VO to provide information on the
centrality or multiplicity of the collision. The detector also stands as a minimum-bias trigger
for the central barrel detectors or measuring the luminosity in pp collisions [10, 11]. As the
multiplicity is related to the centrality of an event, it is determined using the VOA and the
VOC scintillators arrays. The multiplicity is extracted from the VOM, which corresponds to
the summed amplitude in the VOA and VOC forward-rapidity scintillators [11].

The TRD’s purpose is to provide electron identification for momenta above 1 GeV/c.
Electrons with lower momentum are identified in the TPC by energy loss measurement. The
TRD, with data from the I'TS and the TPC, has made it possible to reconstruct open charm
and open beauty in semi-leptonic decays, such as T or J/W¥ [19].

The HMPID, as its name indicates, allows the identification of particles with higher
momenta than the range of the ITS, TPC and TOF. It increases the identification range of
the 7/K and K/p discrimination to respectively 3 GeV/c and 5 GeV /¢, while also allowing
the identification of light nuclei and anti-nuclei at high p7, such as deuterons, tritons, helium-
3 nuclei and alpha particles. The HMPID is however not the main detector used for PID, as
it covers only 5% of the angular coverage of the central barrel detectors [10].

The PHOS is a high-resolution
electromagnetic spectrometer. It
allows, thanks to measurement of
high-ps 7 and photons, the study
of jet quenching, as well as the
study of the initial phase of the col-
lisions [10].

The EMCal is a Pb-scintillator

calorimeter in the central barrel.
Figure 2.6: From [20], a pp collision at 13 TeV seen by

ALICE during Run 2 in 2016. Blue tracks are The role of a calorimeter is to mea-
electrons, green tracks are muons, red tracks are pions,

sure the energy of a jet by observ-
orange tracks are protons and yellow tracks are kaons.

ing energy showers. The detector

provides an electronic signal proportional to the energy deposited in the calorimeter, allow-
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ing us to identify and reconstruct particles |4, 10]. In order to extend the acceptance range of
the EMCal, a Di-Jet Calorimeter (DCal) upgrade has been added to the calorimeter system.
It enabled back-to-back correlation measurements, allowing a full understanding of the events

in the EMcal [21].

2.2.2 Triggering system and data acquisition

As some particles are very short lived, their
identification is done through the reconstruc-
tion of their decay products, a method re-
ferred to as V? decay reconstruction. It is the
case for the =~ baryon, for which we recon-
struct a 7~ and a A° (see 2.1). The latter will
then decay further to a proton and a 7—, as
shown in figure 2.7. Three parameters need

DCA,
to be introduced for the reconstruction anal-

sis. The first one is the Distance of Closest B ' ‘
Y Prair " v /0CA  Ts, IS, ITS,

Approach (DCA), which corresponds to the
Figure 2.7: Secondary vertex reconstruction

distance between the primary vertex (found principle from [15]

with the ITS and the TPC) and the recon-

structed particle paths. Tracks with unlike-sign pairs are chosen as V° candidates, and the
point of closest approach between the two tracks is then calculated [15]. Tracks that have
a DCA to the primary vertex greater than a certain value are selected. The second is the
cosine of the pointing angle (COSPA), which corresponds to the angle between the line con-
necting the V? vertex and the primary vertex, and the V® momentum. The pointing angle
corresponds to 6 in figure 2.7. Cuts on the COSPA value ensure that only candidates with
momentum pointing from the primary vertex are selected [22]|. The third parameter is the
radius, which corresponds to the distance between the primary vertex and secondary (or
primary and tertiary) vertices in the transverse plane [15]. Figure 2.8 shows the treatment

of an event in the ALICE detector (from [11, 23]).

10



FYSM64 Particle Physics - Master Thesis

----------- Prelimi PD
: Clusterization | Jreminary (sPo) TPC track TPC track
! {all detectors) interaction finding ] matching in ITS
L e vertex finding
Track inward Track outward propagation, length
. , . I T
propagation [*| integration for PID. Matching to TRD, [+ S:ania:rr IS
with final refit TOF, EMCAL, PHOS, and HMPID fork Incing
Final interaclﬁon | Secondary \I.rertE;t - Casclade
vertex finding (V) finding finding

Figure 2.8: Diagram of an event treatment in the ALICE detector (from [11, 23|)

The ALICE experiment is also equipped with a Central Trigger Processor (CTP) to select
events meeting the requirements of the detectors in the central barrel, the muon spectrometer
and the forward detectors. It is designed to account for the different multiplicity of Pb-Pb,
p-A and p-p collisions [10].

If an event passes through the VO and the CTP triggers, it is sent to the Data AcQuisition
(DAQ) system, which will perform a last cut to select if the event is recorded or not. It must
be able to acquire a large fraction of rare events while balancing the capacity of the experiment

to record central collisions that generates large events.

2.3 PYTHIA

PYTHIA is a Monte-Carlo (MC) event generator |2]. It simulates proton-proton collisions at
a certain center of mass energy, specified while launching the code. It allows the reproduction
of collisions similar to the ones taking places at the LHC, based on the Lund String Model
theory.

2.3.1 Lund String Model

The Lund String Model relies on representing a quark-antiquark pair as a string, with the two
particles at each end. The potential energy of the quarks will be transmitted to the string,
until it reaches a limit point. The string will then break, creating new quark-antiquark (or
diquark-antidiquark) pairs, and both particles will be ejected with a certain momentum.
As stated above, a quark cannot exist freely and has to be confined in a hadron, and will

therefore be bound with another quark originating from another string breaking phenomenon

11
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[2]. This process allows the creation of new particles, such as in the example in figure 2.9.

Figure 2.9: String breaking mechanism (figure 14.b from [2])

There is however a subtlety in how

(a) : PYTHIA works that allows us to obtain a
a

»
k J
L

better understanding of the three particle

correlations we are working with, called the

(b) e—>—o0

A
]
L i
Q0

popcorn mechanism. The creation of a string
in PYTHIA does not necessarily imply the
(c) ' ) ' _) breaking of that same string. If a string con-
tains two different colour singlets, the virtual
r g b b i 7 fuctuation can be formed before being anni-

(d) e—>—o0—<e o 0—4——>— hilated [24]. Figure 2.10 shows that a virtual
Figure 2.10: Example of the popcorn green-antigreen g pair can be formed on the
mechanism (from [24]) string spanned by a red-antired qq pair. The

field between the virtual particles will be-
come antiblue-blue. As shown in (b), the colour flow in that part of the string is reversed,
and the force acting on the green quark is zero, preventing string breaking. The string
breaks in (c¢) with the formation of a blue-antiblue pair. The original string is now divided
into two parts, with diquarks at the end (baryons are formed). If the string breaks again

in the blue field, the creation of a meson is possible, as shown in (d). This explains how

a (2" KTKT™) triplet can be formed in PYTHIA, with the baryon number balanced by a
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non-strange anti-baryon (for instance an anti-proton).

3 Method

3.1 MC generation

Using PYTHIA 8.315 [2], we generate collision events that we store in several ROOT [25]
trees, that will then be combined into a chain in order to obtain a large number of samples.
The elastic and inelastic processes, single double and central diffractive and non diffractive
processes are included, and particles are stopped from decaying weakly, since they can be
reconstructed via their secondary vertex (only particles with proper lifetime 7 < mm/c are

allowed to decay). In order to so, the following flags are used [2]:

pythia.readString("ParticleDecays:1limitTau0=on");

pythia.readString("ParticleDecays:tauOMax=10") ;

All trees are generated with a center-of-mass energy of 13 TeV. They contain information
such as the pseudorapity 1 and the azimuthal angle ¢, but also the multiplicity of each event
and the PDG code of each produced particle. The later will allow us to identify the particles,
with PDG(Z7) = 3312 and PDG(K*) = + 321 [6]. Using the ROOT framework will then

allow us to plot the (2~ K K) three-particle correlation functions.

3.1.1 Biased verification

As explained above, the particles of interest are selected thanks to their PDG code. We can
extend this method by applying some conditions on the event generation. Another simulation
is run with a strong bias where we select an event for analysis only if the strangeness on the
string is balanced through the == and two positive kaons. The strangeness can not be located
at the ends of the strings, and no other strange-flavoured particle is allowed. The number
of non-strange particles is however not restricted. One example of such a string is presented

below :

m—n—pt—n—a —7" —7" — Kt —= — Kt — A~ — gt
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In this example, the strangeness of the =~ is balanced by the two K+ mesons, and the
baryon number is balanced by the A~. Creating such events and plotting the correlation
for both the difference in azimuthal angle and pseudorapidity allows us to understand better
the previously obtained simulated results, as we can ensure how the strangeness is balanced.
Moreover, the bias certifies that the three particles are produced in the same process, so no
correction is needed for the results.

It is still necessary to rely on the generated events from section 3.1, as they are expected

to be more representative to the real data results, where no such strong bias can be applied.

3.2 Real Data selection

Unlike in the simulated data, we are not able to select particles using their PDG code in real
data. We then have to select the particles of interest by performing cuts on measured particle
properties. The performed cuts are presented in table 3.1. AM, and AM=- correspond to
the difference between the invariant mass and the known mass of the particle, here the mass
of the A and the mass of the =~ respectively (see table 2.I). The invariant mass value is
explained in section 3.2.1. Only the standard cut variation presented in table 3.2.1 was used
to obtain to produce our ROOT trees, but the very loose and tight variation can be used in

a future systematic uncertainty estimation.

3.2.1 = selection

To obtain an estimate of which particles in our data set is a ==, we will plot the distribution
of AM = Mjy,, — Mz- as a function of the transverse momentum pr. For a particle with
two daughter particles 1 and 2, the invariant mass Mp,, is defined in equation 3.1, where
m; o p1o and E; o are the masses, the momentum vectors and the energies of the daughter

particles [26].

1 1 (3.1)
Mlmsz( ;m) +m§( —;pl) + 2p1pa(1 — cosh)
1 2
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Cuts that are not varied

|AMz-| (GeV/c?) <0.1
Pseudorapidity In| <0.8
Transverse momentum (GeV/c) 0.15 < pr < 7.0
Cascade radius (cm) > 0.8

DCA V0 daughters (cm) <16

VO radius (cm) >14

Cut variation Very Loose Standard  Tight
cascDCA (cm) > 1.9 > 1.6 <15
cascCOSPA < 0.95 <097  >0.98
IAM, | (GeV/c?) >0.006  >0.006 < 0.005
VODCA (cm) <007 <007 >0.08
VOCOSPA < 0.92 < 0.97 > (0.97
bachDCA (cm) < 0.03 <0.05  >0.05
posDCA (cm) < 0.02 <0.05  >0.05
negDCA (cm) < 0.02 <0.05  >0.05

Table 3.1: Values used for generation of root trees for three different cut variations

A peak is centred at 0 as shown in figure 3.1, as the value of AM should be 0 when the mass
of the =~ candidate matches the know mass of the =~ from [6]. We can then select limits in
the difference in mass for which we consider the particle to be a =Z. However, we still need
to get rid of some combinatorial background, which are random proton-pions (pm7) triplets
that have a similar mass. Those "fake =s" are part of the peak region, so in order to remove
their contributions, we will perform a polynomial fit on both sides of the determined = area,
giving us an estimated percentage of background triplets in our peak region. We compute the
correlation function for the fake = candidates on the left and on the right-hand side, which
are then normalised by the ratio of signal and background. The fit is performed separately
for the left and right-hand sides of the =~ peak as the number of fake = candidates varies
between the two regions. The background is subtracted from the determined = signal region

to obtain an estimate of the number of = baryons in the sample.

pr range (GeV/c) 0.60 - 1.20 | 1.20 - 1.60 | 1.60 - 2.20 | 2.20 - 2.80 | 2.80 - 3.60 | 3.60 - 5.00 | 5.00 - 6.50
Fake percentage from Left side 15.3 % 114 % 10.5 % 8.3 % 6.9 % 5.8 % 4.8 %
Fake percentage from Right side 13.7 % 10.2 % 9.4 % 7.5 % 6.2 % 55 % 4.7 %

Table 3.11: Percentage of fake =~ in the peak according to different pr bins
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Figure 3.1: Fit on the Invariant mass plot for pr = 0.6 - 1.2 GeV /c

The left side corresponds to the range in the peak region -0.006 to 0 in the x-axis and
the right side corresponds to the range in the peak region from 0 to 0.006. The fit has been
calculated taking into account values from -0.02 to 0.02.

We observe from table 3.I that for higher transverse momentum, fewer random pnrm
triplets are present in the peak region, and therefore the percentage of real =~ is higher.

The performed fit also allowed us to check the necessity for such a method. From the
same table 3.1, we observe that for lower pr, we observe that the percentage of "fake" =~

is significant and that a subtraction is needed to obtain valid results in the correlations and

balance functions.

3.2.2 Kaon selection

To select which particles are kaons, we need to analyse the results from the Time Projection
Chamber (TPC) and the Time Of Flight (TOF) detectors (see section 2.2.1). We plot for
both detectors the distribution of respective no as a function of the transverse momentum,
where no is the number of standard deviations from the Bethe-Bloch parametrisation of the
TPC and the TOF [27]. We make projections for each momentum bin, which provide us
with 1-dimensional graphs (see figure 3.3). Three peaks are seen, one corresponding to pions,
one to kaons and one to protons. We then make cuts around the kaon peak to select the
particles of interest. For the lower momentum bins, we use the TPC data. As the momentum
increases, the pion band and the kaon band will merge, preventing us from determining a

kaon region. This forces us to switch to the TOF data, until once again the two peaks merge.
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Figure 3.2: TPC and TOF results as a function of py between -10 and 10 o

By performing the projections on the y axis such as presented in figure 3.3, we are able to
set a no range to determine kaons from pions and protons. We are able to tell particles apart
using the TPC up to a momentum of 0.6 GeV /c2, and for the TOF up to 2.4 GeV /c2. We can
note that the higher the transverse momentum, the closer the pion peak and the kaon peak
are, and therefore the smaller the no range is. The transverse momentum range matches the

expected limit for the TPC and the TOF particle identification presented in section 2.2.1.
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Figure 3.3: Examples of TPC and TOF projections

TPC TOF

pr range (GeV/c) | 0.15-0.4]04-06|06-08 0.8-1.0{1.0-12|12-14]14-18|18-20|20-22]22-24

no range [-3; 4] [-2:4] | [5;6] | [4:6] | [-3;6] | [-25;6]| [-2;6] |[-1.5;5] | [1.5;4] | [-1;4]

Table 3.I1I: no ranges according to different pr bins
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3.3 Particle Correlations

In order to understand particle production mechanisms, we study particle correlations, as
they contain crucial information on collectivity [28], as well as information on the behaviour
of particles relative to one another in angular or momentum space. Such an analysis con-
sists in observing certain parameters behaviour with respect to each other, namely variables

introduced in section 2.2.1, and plotting their distributions.

3.3.1 Two particle correlation functions

The correlation function for two particles is defined as

1 d2 Npairs
pairs dAdeAn

C(Ap, An) = (3:2)

N,

where Npuirs corresponds to the number of trigger-associated particle pairs [29], 2~ being the
trigger particle in our analysis, and An and A¢ correspond to the difference in azimuthal
angle and pseudorapidity between the trigger and the associated particle. We will in our
analysis normalise to the number of triggers Ny, as the per-trigger yield is the average
number of associated particles at a given relative distance (A¢,An) to the determined trigger
particle:

1 d*N,

0(2)(A¢, An) = N . dAd)ZIZ; (33)
rig

To obtain the two-particle correlation function, we compute the difference in azimuthal angle
and in pseudorapidity for a =~ and a kaon. The result can then be analysed in one dimension
for the chosen parameter, or in two dimensions with A¢ on the x-axis and An on the y-axis
using the TH2 class from ROOT [30]. The result is normalised by the number of = baryons,
as in (3.3).
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3.3.2 Three particle correlation functions

The expression in (3.3) can then be expanded to three particles A, B and C [31], where A is
the trigger particle:

4
1 d Ntriplets

G)(A A A A = : 4
O (Adaz, Adac: Aas, Anac) Nipig dA¢apdAdacdAns pdAnac (3:4)

As the result of this correlation function is 4-dimensional, one would instead study the three
particle correlations with respect to the difference in azimuthal angle and the pseudorapidity

separately, providing us with:

CO(Apap, Apac) = L PNt
A,B, APAcC Nipig dA¢apdAdac (3.5)
1 d2Ntriplets |

C(@(ATM’B,A??A,C) = N,i ' dAns pdAny o
rig ) ’

The result is a plot with the difference in the according parameter between the == and the
first kaon on the x-axis, and the difference between the == and the second kaon on the y-axis.

The distribution is then normalised by the number of triggers, as in (3.5).

3.3.3 Balance functions

In order to study the correlations between the =~ baryon and the two Kt kaons, we have
to investigate other particle combinations that are produced in the same process. Indeed,
some residuals are present in the correlation function for the triplet (E-KTK™), such as
two-particles correlations, with the third particle being uncorrelated. Correlation functions
contain charge-independent as well as charge-dependent effects, and the role of the Balance
Function (BF) is to isolate the charge-dependent ones by subtracting the charge-independent
effects.

To obtain the balance function for (2~ KK ™), we have to compute the correlation func-
tions for different combinations of the kaon charge. Hence we will compute the correlation
function for (2K Ky, (27K K, ), (E-K; K) and (2~ K| K; ), where K; and K, are
numbered to differentiate the two kaons, but the indices do not carry any physical mean-

ing. Each combination is composed of the following correlations, where parenthesis represent

19



FYSM64 Particle Physics - Master Thesis

particles produced in the same process:

D (EKKS) = (2K KJ)+ (2 K)KS + (2 K)K{ + 2 (K{KJ)+Z K{ K}
V(EKIKy) = (B KKy + (B KK +2 (K Ky) + 2 K Ky
V(EK KD = (B KK + (B KK +2 (KT K + 2 K, K
( K;)=(EK)K; + (5 K,)K; +=Z (K[ K;)+Z K;{ K,

(3.6)

Later in this thesis, we will label the correlations according to the charges of the kaons with
respect to the charge of the =. As the charge of the = is negative, we say that the charge
of a Kt is Opposite Sign (OS). For a K, it is Same Sign (SS). Correlations can then be
referenced as follow: (2K KJ) = 0SOS, (2K, K;) = 0SSS, (2~ K; K;7) = SSOS and
(2= K[ K5 ) = SSSS.

The aim of the balance function is to get rid of everything except the (=~ K+t K ™) triplet.
In order to do so, we combine the correlations in eq. 3.6 using addition and subtraction. We
make the assumption that the charge of an uncorrelated particle does not matter, and define

the balance function as follows:

BF =C, —Cy — O3+ Cy

= 0505 - 0855 — 5505 + SSSS (37

(EKTKY) + 2 (KKY) - E7(K{Ky) — E7 (K Ky + 27 (KT K

= (E7K{ Ky) + Uncorrelated trigger

We are left with the (E-K1TK™) triplet and the kaon correlations with an uncorrelated =,

that we will call the uncorrelated trigger.

3.3.4 Detector Acceptance Effect and Event Mixing

When plotting the correlation function in An, we have to get rid of a detector acceptance
effect present in the result. As discussed in section 2.2.1, the detector acceptance is limited in
In|, causing the correlation distributions to be convoluted with the detector acceptance [29].

In order to remove this detector acceptance effect, we will do the correlation functions for
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particles in different events. With particles coming from different events, the correlation does
not have physical meaning as there should not be any physics correlation between independent
collisions, therefore the result we will obtain is only due to the detector acceptance. We obtain
this plot by mixing the = from one event, the first kaon from a previous event and the second
kaon from another previous event. To obtain a satisfying result, we have to ensure the three
different events are similar. In this study, we will mix events according to their multiplicity.
Our same-event correlation is then divided by the acceptance correction, which has been

normalised to 1 as shown in figure 3.4.

(a) Raw result for the (E~K™) (b) Detector acceptance for the
correlation (E7K™) correlation

(c) Final result for the (2~ K*) correlation

Figure 3.4: Two particle correlations correction method

To remove the uncorrelated trigger terms discussed above in section 3.3.3 from our balance
function, we will operate in a similar way by doing a mixed event correlation. However, we
showed in equation 3.7 that the uncorrelated trigger was the result of a correlation only
between kaons. We take the = from one event, and the kaon pair from a previous event. The
mixing is once again multiplicity-depend. In order to ensure this condition, we create pools

for different ranges of the multiplicity, and fill them with a determined number of events with
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similar multiplicity. We then do the correlation between the = of a new event and the kaons
of all events is the corresponding pool. Once this is done, we replace the oldest event in
the pool by the newest one, and repeat this operation for the whole data set. The obtained
correlation functions will then be subtracted from our three particle correlation function, for

both A¢ and An. Therefore, our corrected correlation function is obtained as:

3 _S(A6An)  M(Ag A)
CHNAG A1) = BRg Ay BB, An) (38)

where S(A¢, An) corresponds to the same event results, M(A¢, An) to the mixed event
results and E(A¢, An) to the detector acceptance effect. Those labels are used in sections
4.1.2 and 4.2.2 to differentiate the distributions between same event correlations and mixed
event correlations. The BFs presented in sections 4.1.3 and 4.2.3 have subscripts S and M
for the same event BF and the mixed event BF respectively. The Final Balance Function

will then be referred to as BF g, such that BFr = BFg - BF,,.

3.3.5 Multiplicity dependency

We will also present our results according to different multiplicity bins in order study the
multiplicity dependency of the (2~ K™ K™) correlation. By plotting the multiplicity of all
events and the multiplicity of events with at least one Z~, we notice that all events have a
low number of entries for low multiplicity (see figure 3.5a). The number of events with a =
is rather small compare to the total number of events, but its multiplicity peak is broader
(see figure 3.5b), meaning that events with at least one Z~ tend to produce more particles,

raising the interest in looking at the BF accordingly to the multiplicity.
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Figure 3.5: Event multiplicity distribution for Monte-Carlo

Figure 3.6 presents the same quality assurance plots done in figure 3.5 but for the real

data. However, the multiplicity from VOM (see section 2.2.1) is expressed in percentile, and

a low percentile corresponds to a high-multiplicity. The multiplicity distribution is flat for

all events, as shown in figure 3.6a, because of the percentile calibration. Events with at least

one = have high multiplicity, as evidenced by the peak at low multiplicity percentile shown

in figure 3.6b.
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(a) All events (b) Events with at least one =

80 ' ' 100
Multiplicity [%]

Figure 3.6: Event multiplicity distribution in multiplicity percentile for real data

4 Results

Every correlation and balance function have been corrected for the detector acceptance 3.3.4.

The mixed-events correlations used for this correction are shown in the Appendix, figures Al

to A4.
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4.1 Monte-Carlo results

To begin our analysis on the production mechanisms of the (- K+TK™) triplet, two- and
three-particle correlations were investigated in 300 million simulated p+p collision events,

generated with PYTHIA.

4.1.1 Two-particle correlations

The two-particle correlation plot for (2~ K1), defined in section 3.3.1, is shown in figure 3.4c.
We observe a peak at A¢ = An = 0, meaning that the =~ and the Kt are produced close to
each other in angular-space. The two-particle correlation plot for (==K ~) is shown in figure
4.1. We still observe a peak at A¢ = An = 0, but a ridge along A¢ = 7 induces that the

kaon is produced mainly back-to-back with the =~.

Figure 4.1: (7 K~) correlation in MC

The two-particle correlations of only the kaon pair (K*K¥), which results are presented
in figure 4.2. In each distribution, regardless of the kaon charges, we observe a peak at A¢ =
An = 0, so the two kaons are once again produced close to each other in both pseudorapidity
and azimuthal angle. But for the +/+ and —/— distributions, hence when the two kaons
have the same charge, we also observe a ridge along A¢ = 7. This would mean that for these
two specific kaon charge combinations, kaons are also produced back-to-back to each other,

with a non specific relative pseudorapidity value. Some production at A¢ = 7 is perceptible
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for the +/— and the —/+ distributions, but it seems disfavoured compared to the previously
discussed production mechanism. We also note that the size of the correlation function of
the opposite kaon signs distributions is twice as large as the size of the correlation function
of the same sign distributions.

Such results for the two-particle correlations were expected, due to various physics mech-
anisms, such as jet production. Indeed, back-to-back production is a way to balance the
transverse momentum pr in particle production.

These two-particle-correlations will appear in the three-particle correlations as well, and

will be subtracted to reveal the true three-particle production process.

A An for (K'K") A Anfor (K*K')

& oA BB

(2),
a9, A1)

5

Figure 4.2: Two-particle correlation of kaon pairs for different kaon charge combinations in

MC

4.1.2 Three particle correlations

The following distributions present in the z-axis the sizes of the correlations, defined in

equation 3.4 and named with the method presented in section 3.3.4.
Figure 4.3 shows the three-particle (2K K') correlations for different combinations of kaon

charges as a function of A¢, the difference in azimuthal angle. We observe the following
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Correlation A¢ for (EK'K") Correlation A for (EK'K)

1,
4""‘\\

Figure 4.3: MC Correlations for A¢ for different combinations of kaon signs

features:

e (2K Kj) or OSOS : We observe a peak at A¢p(Z~K;) = A¢(=~ K5 ) = 0. This
represents a production mechanism that favours all three particles created nearby. We
also observe two ridges when the difference in azimuthal angle of one kaon is equal to 0
and the difference for the other is equal to 7, which suggest that only one kaon is close

to the baryon, when the other does not have a specific position in angular-space.

o (2 K{ Ky )or OSSS: The peak at A¢(=~K;") = A¢(Z~K, ) = 0 is once again present,
encouraging the idea of particles being produced close to each other in azimuthal angle
space. We can observe one ridge along A¢(=~ K;") = 0, suggesting that K+ is close
to the =~ but not K, and a new ridge along A¢(Z~K;") = A¢(E~ K, ). This would

suggest that kaons are produced close, and at an equal distance to the baryon.

e (K[ K5 ) or SSOS : The results of this correlation plot are symmetrical to the one

obtained in figure (b). The peak is still present, as well as the ridge along A¢p(Z~ K7 )
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= A¢(=~ K ). The other ridge is now along A¢(=~K;) = 0.

e (K K;) or SSSS : The peak at A¢p(Z~ K| ) = A¢(=Z~ K, ) = 0 is now disfavoured
against a peak at Ap(=" K[ ) = 0 and Ap(E" K, ) = 7, a peak at A¢p(Z" K| ) = 7
and Ap(=~ K, ) = 0 and a larger peak at Ap(Z2~K; ) = A¢(=~ K, ) = m. This would
suggest that for two negative kaons, the nearby production of all three particles is
disfavoured, but the production of one kaon with the == and the other back-to-back
is more likely, with the production of the two kaons back-to-back to the baryon and at

an equal distance from the =~ is the favoured production mechanism.

To understand those results, we have to recall the expression of each kaon combination
correlation from equation (3.6). We know that OSSS, SSOS and SSSS are dominated by
two-particle correlations, and if we look at the analysis we did for the kaon-pair correlations
of the (2~ K%) in section 4.1.1, it becomes apparent that all the distributions in 4.3 are
dominated by two-particle correlations, even the OSOS distribution. Indeed, the ridge along
the diagonal A¢p(=Z~ K1) = A¢(=~K~) in the OSSS and SSOS correlations comes from the
(KTK~) and (K~ KT) correlations shown in figure 4.2, where we saw that the two kaons
were produced close to each other. For the same distributions, the ridge along only one
axis is linked to the (E7K™) correlation shown in figure 3.4c and the (=K ) correlation

shown in figure 4.1, where the kaon with opposite sign to the =~ is produced close to the
trigger particle, irrespective of the position of the kaon with the same sign. For the SSSS
correlation, the Ap(E- K ) = A¢p(E- K, ) = 0 is less favoured than the other positions as
back-to-back production was favoured in the (2~ K ™) correlation and present in the (K~ K )
kaon correlation. Finally, for the OSOS correlation, the main correlations are due to two
particle (2~ K™) correlations (hence the ridges along each axis), which are mimicked by the
OSSS and SSOS correlations, as well as a small contribution from the uncorrelated trigger
combinations ((K K ™) correlations).

Figure 4.4 shows the three-particle (EK K') correlations for different combinations of kaon
charges as a function of An, the difference in pseudorapidity. The detector effect correction

has already been applied as mentioned in section 3.3.4. The peaks surrounding the edges are

caused by statistical fluctuations as we are probing the limits of the pseudorapidity range
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Figure 4.4: MC Correlations for An for different combinations of kaon signs

for the detector (section 2.2). The z-axis ranges for the distributions have also been cut to

observe the correlations, as the region past the edges is empty.

e (EK{K)) or OSOS : The distribution has a small broad peak at An(Z~K;) =

An(=~K5) = 0, which means the three particles are produced close to each other.

e (="K K,;) or OSSS : The peak at An(E~K;") = An(E~K, ) = 0 is more prevalent,
but a diagonal for An(Z~K;") = An(E~ K, ) also appeared. A ridge along An(Z~K;")
is visible, meaning that a production mechanism is favoured when the positive kaon is
close to the =7, where the position of the second kaon does not matter, except the two

previous discussed positions.

e (2 K; K, ) or SSOS : Symmetrically to the OSSS correlation, the ridge along the
positive kaon axis is now on the y-axis, confirming that the positive kaon is close to the

baryon.
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o (=K K;) or SSSS : A small ridge can be observed in the region where An(=~ K, +)
and An(Z- K5 ) < 0.

The two ridges in the OSSS and SSSS correlations can once again be explained by the kaon
correlations and the two-particle correlations in figures 3.4c and 4.1: we know that the two
kaons are at the same distance to each other in pseudorapidity, and that no position in rela-
tive pseudorapidity to the =~ is favoured for the negative kaon. The same analysis applies to
the SSSS distribution, without a positive kaon correlation to balance this absence of favoured
position. Finally, the peak at An(Z~K;") = An(E~K5) = 0 in the OSOS correlation matches
the two-particle correlations, as it was the favoured pseudorapidity value for particle produc-
tion in figure 3.4c.

The correlations in figures 4.3 and 4.4 motivated once again the need to get rid of the un-
correlated triggers, as shown in expression 3.7. Figure 4.5 shows the uncorrelated triggers
distributions for A¢, the difference in azimuthal angle, obtained with event mixing as dis-

cussed in section 3.3.4.

Correlation A¢ for Z(K*'K") Correlation A¢ for Z(K*K")

—_
<
3
.
<
2
=

M(20, , 40)

M(a9.,A9,)

Figure 4.5: Mixed events Kaon Correlations for A¢ for different combinations of kaon signs

The OSOS and SSSS distributions have a “wave” behaviour, with three visible ridges. The
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most prominent one is located at A¢(Z~K7) = A¢(E~K). The two other ones are located
with a 7 shift between the two axis values (for instance A¢(Z~K;) = 0 and A¢(E-KF) —
7). As the Z~ is uncorrelated (originating from a different event), we can determine that
the two kaons are produced both close to each other and back-to-back, which matches the
two-particle correlations we presented in figure 4.2.

The OSSS and SSOS distributions have one singular ridge at A¢(E~K7) = Ad(E~K5),
once again matching the results in figure 4.2, where only one peak was present, hence meaning

that the two kaons are produced next to each other.

Correlation A1 for Z(K*K*) Correlation An for Z(K*K")

Figure 4.6: Mixed events Kaon Correlations for An for different combinations of kaon signs

Figure 4.6 shows the uncorrelated triggers distributions for An, the difference in pseudo-
rapidity, from equation (3.7), obtained as the results from figure 4.5.

The OSOS and SSSS An event mixing correlations do not appear to have any specific
peaks (excluding the ones on the range extremities that are caused by the detector correction
and some fluctuations). Therefore, for those two kaon combinations, no position in pseudo-
rapidity seems to be favoured, which matches the results in figure 4.2 where the ridge along

Ap(KTKT) =7 and A¢(K~K~) = 7 covered the whole difference in pseudorapidity range.
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The main difference between the (2~ K K1) correlation in figure 4.3 is the absence of a peak

around 0, explained by the fact that the =~ is here uncorrelated, which prevents the peak
from figure 3.4c to appear. For the OSSS and SSOS distributions, we note a ridge along
An(Z=K*) = An(=~K7). It means that the two kaons are close to each other in pseudora-
pidity, which once again matches the results from figure 4.2, where the peak at Agp(KTKT)

= An(K*K¥) = 0 meant that the two kaons are close to each other.

4.1.3 Balance Functions

The results in figure 4.7 present the raw balance functions for (Z~K*K*), OSOS - OSSS -
SSOS + SSSS, hence without removing the uncorrelated triggers from figures 4.5 and 4.6.
We can observe for the A¢ balance function a negative ridge in A¢(Z~K;") = A¢(E~KS),
with two downwards peaks at A¢(Z2~K;) = Ap(E~K)) = 0 and A¢(=~K;F) = Ad(E"K))
= 7. A negative ridge is also visible in the An balance function, centred at An(Z~K}") =
An(Z~K3). A certain number of peaks, both negative and positive, are also present in the

An distribution. Our understanding is that they originate from statistical fluctuations and

are not actual An values for which the strange flavoured particles are formed.

(a) Raw A¢ Balance Function (b) Raw An Balance Function

Figure 4.7: Raw Balance Functions for (2~ KTK™)

As stated above, the BFs in figure 4.7 do not yet present the structure of the true three-
particle interactions, as the uncorrelated kaon pairs are still included in this result, and as
we saw in section 4.2.2, they are the main contributors to the correlations observed.

The mixed events balance functions are presented in figure 4.8. We can observe that for
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A¢, the ridge in A¢(=~KF) = Ag(E~K) is also present but this time is really smooth,
with no significant peak appearing on the distribution. Similarly for An, the mixed event
balance function is similar to the raw balance function (see figure 4.8b), without surrounding
peaks around the An range. Again, from the very similar shape of the BF in figure 4.7 and
4.8 we can conclude that the initial correlations results were mainly uncorrelated triggers.
The results in figures 4.9a and 4.9b present our final BFs, obtained by subtracting the results

in figures 4.8 from the ones in figure 4.7.

(a) Mixed Events A¢ Balance Function (b) Mixed events An Balance Function

Figure 4.8: Uncorrelated triggers balance functions for (2~ K+ K)

(a) Final A¢ Balance Function for (b) Final An Balance Function for
(E-K+K™) (E-K+K™)

Figure 4.9: Final Balance Functions for (2~ K+K™)

For A¢, we observe that the ridge has disappeared, but two negative peaks are still present
in Ap(Z"K)) = Agp(E"K)) = 0 and A@(E"K,") = A¢(=" K, ) = 7, with the second one
being far more important. We also observe a small peak right after A¢(=~K;F) = A¢(="K))
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= 0. On the other hand, except the surrounding peaks, the An distribution is rather flat,
meaning that no precise value for the pseudorapidity is favoured.

An important observation is that the three-particle (= Kt K ™) BF is very small in com-
parison to the two-particle (2~ K™) correlation function. It means that the =~ is often

balanced by one K, but very rarely balanced by two K mesons.

We performed a few quality assurance plots by computing the BF for a specific range of
the multiplicity (figures 4.10 and 4.11). For the A¢ BFs, the main regions of interest are
located along Ag(Z~K;") = A¢(Z~ K, meaning that what we observe might still be caused
by some uncorrelated triggers. For the the two lowest multiplicity ranges, we see two negative
peaks at A¢(Z"K;F) = A¢(Z" K, ) = 0 and A¢(E"K") = A¢(E-K, ) = 7, and some peaks
in the region in between. As the multiplicity increases, the negative peaks seem to be less
pronounced in favour of a flatter distribution. For the An BF, we observe a peak around
at An(E2~K;) = An(E~K) = 0 regardless of the multiplicity, meaning that the favoured
production mechanism is for all particles close in to each other in pseudorapidity space. A
lot of variation is observable in every distribution, caused partly by the detector acceptance

removal that forces us to divide by low values.
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Balance Function for A¢, Mult = 20 - 30

Balance Function for Ao, Mult =0 - 10

Figure 4.10: Corrected Balance Functions for A¢ different ranges of multiplicity

Balance Function for An, Mult = 20 - 30

Balance Function for An, Mult =0 - 10
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Corrected Balance Functions for An different ranges of multiplicity

Figure 4.11:
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4.1.4 Biased generation

For the ROQOT files generated using the method discussed in section 3.1.1, we obtain the
distributions in figure 4.12. We observe that unlike the final balance functions obtained for
the unbiased MC generated events, we have for the A¢ correlation a single peak at A¢(Z~K;")
= A¢(Z"KJ) = 0. We can also observe a small ridge around A¢p(Z~K;") = A¢(Z"K, ) =
7, with the assumption it is caused by remnants of the particles formed on the string. For
the An correlation, we observe a peak centred at Anp(E~K;") = An(Z~K;) = 0, unlike the
relatively flat distribution observed with the previous MC simulation. According to those

results, the (E-KTK™) triplet production is extremely favoured simultaneously, and can

barely happen back-to-back.

(a) (E-KTKT™) Correlation for Ag¢ (b) (E-KTK™) Correlation for An

Figure 4.12: Correlations for biased event generation

The result obtained in figure 4.12 is similar to our result for (= K1TK™) if the ridges
along the axes were suppressed for the A¢ correlation. We know that those ridges are caused
by the uncorrelated triggers, therefore we can conclude that the mixing performed in 4.5 has

to be improved.

4.2 Real data results

The three-particle correlations were measured in data from p-p collisions at /s = 13 TeV

collected by the ALICE experiment in 2017 and 2018, comprising 1.1 billion events.
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4.2.1 Two-particle correlations

The same investigation of two-particle correlation has been performed for the real data sam-
ples. The results are provided in figures 4.13 and 4.14. We observe a significant amount of
statistical fluctuations on figures 4.13a and 4.13b, but the shapes of the correlations match

—__

what was observed in section 4.1.1: the =~ and the K are produced close to each other in
both azimuthal angle and pseudorapidity, whereas the =~ and the K~ are mainly produced
back-to-back. The kaon correlations in figure 4.14 have the same shape as the MC results in
figure 4.2.

We also note that the K+ and the K~ are roughly equally likely to be produced back-
to back with the == in figures 4.13 and 4.14, with same size if we look at the z-axes. SS
correlations (27K ~) and (KTK™') and (K~ K 7)) then show momentum conservation in jet

production, while the OS correlations ((Z-K*) and (KT K~) show additional production

close in momentum space.

(2),
C(Ab_, oA, )
&

(a) (E-KT) correlation (b) (E-K ™) correlation

Figure 4.13: Two-particle correlations for (2~ K)
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Ad An for (K*K*) A An for (K*K)

(2),
a0, AN, )

Figure 4.14: Two-particle correlations of the Kaon pair for different kaon charges

4.2.2 Three particle correlations

Figure 4.15 shows the different correlations for same event particles. The main features of

the histograms are similar to the histograms in figure 4.3:

o (2K K,) or OSOS : We observe a peak at Ap(E~K;") = A¢p(E~K,) = 0, which
lets us conclude that nearby particle production is favoured. The two ridges along
Ap(E~K*) = 0 are present as in figure 4.3, with two peaks where the difference in
azimuthal angle with the other kaon is equal to 7. It means that one kaon can be

produced close to the =Z—, whereas the other kaon will be produced back-to-back to the

baryon.

e (2K K;)orOSSS: The peak at A¢(Z~K;") = A¢(E~K, ) = 0 is once again present,
enforcing the idea of particle production close in phase-space being favoured. We
observe that unlike the same correlation in figure 4.3, the ridge along A¢(Z~K;") = 0
is significantly smaller compared to the ridge along A¢(Z~K;") = A¢(=~ K, ). This

would suggest that kaons are mainly produced at an equal distance from the =~.
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e (2" K[ K5 ) or SSOS : The results of this correlation plot are symmetrical to the one
obtained in figure (b). The peak is still present, as well as the ridge along A¢(=E~K7)
= A¢(="K;). The other ridge is now along A¢(=~K;) = 0, and is also significantly

smaller compared to the diagonal ridge.

e (E- K[ K;) or SSSS : This histogram is similar to the SSSS Monte-Carlo correlation
in figure 4.3, with a peak at Ap(Z- K[ ) = A¢p(E" K5 ) = 7, two smaller peaks at
AG(Z" K[ ) = 7 with A¢(E"K, ) = 0 and A¢(Z~K;") = 0 with A¢p(E"K, ) = 7, and
finally a smaller peak at A¢p(Z~K; ) = A¢p(E-K;) = 0. Therefore the production
of the two kaons back-to-back to the baryon and close to each other seems to be
favoured, although the SSSS correlation is significantly smaller that the other three

charge combinations.

Correlation A¢ for (ZK'K*") Correlation A¢ for (ZK*'K)

S(80, ,40)
(a9, , A0)

7D AN YA

P

S(a0,,40))
S(80,, A9)

Figure 4.15: Real data Correlations for A¢ for different combinations of kaon signs

The results obtained for the An correlations with the real data are shown in figure 4.16.
The OSOS correlation presents a peak around An(=~K;") = An(Z~K,) = 0, meaning that
the three particles are produced close to each other. The OSSS and the SSOS distribution

—__

present a ridge along An(2~K;") = An(E~ K, ), with a peak centred at 0. Therefore, the two
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opposite sign kaons are at a similar distance to the Z~. Finally, the SSSS correlation does
not present a favoured pseudorapidity value for particle production. The real data results

for An correlations, like the A¢ correlations, are close to the MC results discussed in section

4.1.2.

Correlation A for (EK'K") Correlation An for (ZK'K)

Figure 4.16: Real data Correlations for An for different combinations of kaon signs

The obtained correlations, either for A¢ or An, can be explained using the expressions
in (3.6) and the two-particle correlations from 4.2.1. The distributions are dominated by the
uncorrelated triggers, raising once again the need for event mixing.

Figure 4.17 shows the correlation functions of the uncorrelated triggers (or kaon pairs).
The results presented in figure 4.17 are similar to the ones in 4.5. The same analysis regarding
the results obtained in figure 4.14 can be done, we however note that for the OSOS correlation
and SSSS correlation, we observe more statistical fluctuations.

Similarly to the mixed events correlation analysis done in section 4.1, the results presented
in figure 4.18 agree with the results in figure 4.14. Indeed, no specific pseudorapidity value
seems to be favoured for the OSOS and the SSSS correlations, whereas values such that
An(Z=K*) = An(E~KT) favour a production mechanism where kaons are close to each

other, such as the (K*K¥) presented in figure 4.14.
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Correlation A¢ for Z(K'K*) Correlation A¢ for Z(K'K)

M(ag, , A9)

M(ao_,A9)

Mixed events Kaon Correlations for A¢ for different combinations of kaon signs

Correlation An for Z(K'K*) Correlation An for Z(K*'K")

Correlation An for Z(K'K")

Figure 4.18: Mixed events Kaon Correlations for An for different combinations of kaon signs
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The results shown in figures 4.15 to 4.18 had "fake ==" correlations subtracted as de-
scribed in section 3.2.1, with the values presented in table 3.II. The shape of the fake =

candidates correlations are shown in the Appendix, figure A5.

4.2.3 Balance Functions

The raw balance functions presented in figure 4.19 are similar to the simulated events results

in figure 4.7. We still notice a centred negative ridge both for the A¢ and An distribution.

o BFslan,an)
L

(a) Raw A¢ Balance Function (b) Raw An Balance Function

Figure 4.19: Raw Balance Functions for (2~ KTK™)

To obtain our final result, we mix events according to the method explained in section
3.3.4 to get rid of kaon pair correlations. We observe in figure 4.20a that the range of the
correlation function for the A¢ distribution is smaller and does not match the range of the
same event balance function in figure 4.19a. The same can be said or the An distribution,
the ranges are different for 4.20b and 4.19b. This alters our final results in figure 4.21, where
we can still observe two negative peaks at A¢(E"K;") = Ap(Z~ K, ) = 0 and Ap(Z"K;") =
A¢(Z"K)) = m. The An BF seems on the other hand rather flat. As observed in section
4.1.3, the (E"K*TK™) BF is significantly smaller than the two-particle (2~ K™) correlations

from figure 4.13a.
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a BFy(an,, An )
Ll

(a) Mixed Events A¢ Balance Function (b) Mixed events An Balance Function

Figure 4.20: Mixed Events Balance Functions for (- KTK™)

(a) Final A¢ Balance Functions for (b) Final An Balance Functions for
(ETKTKT) (ETKTKT)

Figure 4.21: Final Balance Functions for (2~ KTK™)

The difference between the real data results and the MC results appears to come from
mixed events correlations, similarly to our conclusion regarding the results between the MC
BFs and the biased simulation results. As another quality assurance plot and similarly to
what we did previously with the MC samples, we also plotted the BF for A¢ and An for
different ranges of the multiplicity. The results are shown in figures 4.22 and 4.23. As
stated in section 3.3.5, the multiplicity is in percentile, and a low percentile stands for a high
multiplicity.

For the multiplicity dependent BF for A¢ presented in figure 4.22, we observe one nega-
tive peak around A¢(Z~K") = A¢(=~ K, ) = m for low multiplicity percentile (hence high

multiplicity), but the ridge behaviours seems to have disappeared. For higher multiplicity
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percentile (hence lower multiplicity), the ridge becomes more apparent, with more negative
values towards (A¢,A¢) = 0. However the small size of the Balance Function makes it difficult
to differentiate between the BF shape and the fluctuations. For the multiplicity dependent
BF for An presented in figure 4.23, the low multiplicity percentile (or high multiplicity) BF
show a peak at An(Z~K;") = An(Z~K;) = 0, which is the expected behaviour according to
figure 4.12b. For lower multiplicities, the ridge behaviour is visible, with even a negative peak
at (An,An) = 0 for a multiplicity between 40 and 60%. The multiplicity-dependent study
clearly illustrates the challenge of obtaining a precise description of the "random trigger"

component using mixed events, particularly in collisions with few produced particles.

Balance Function for A¢, Mult =0 - 10% Balance Function for A¢, Mult = 20 - 40 %
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Figure 4.22: Corrected Balance Functions for A¢ different ranges of multiplicity
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Figure 4.23: Corrected Balance Functions for An different ranges of multiplicity
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5 Conclusion

The aim of the study performed in this thesis was to compare the angular correlations in A¢
and An for the (=" KTK™) triplet between Monte-Carlo simulated data and real data from
the ALICE detector, in order to have a better understanding of strangeness balancing.

Through every analysis step, we have observed that production mechanisms were similar
between the MC and the real data. The observation was the same for the final Balance
Functions: the mixed event corrections we implemented to remove the uncorrelated triggers
are not sufficient, and some two-particle correlation effects are still present in our final re-
sult after correcting for the uncorrelated triggers in the Balance Function. The results from
our MC analysis and the real data analysis underline the challenge of event mixing when
approaching three particle correlations, expanding on this part of the analysis would then
help us improve our final result. The study of Balance Functions with respect to multiplic-
ity however allowed us to observe, simultaneously with the multiplicity dependency, some
angular positions that seem to be favoured for the triplet production, as the negative peaks
at AG(E"K]") = AG(E"K,) = 0 and Ap(Z~K;) = Ap(E~K,) = 7 might suggest. The
needed mixed event corrections prevent us from drawing conclusions on the nature of those
peaks, but their presence is confirmed, whether are they positive and represent a favoured
position in the azimuthal angle space, or negative and represent a disfavoured position.

A verification on the results of our analysis has been to perform a biased simulation,
where we observed that for a perfectly balanced string with the strangeness only existing
and being balanced by this (2~ K, K3) triplet, the particles are produced close to each other
in the azimuthal angle space, at A¢(E"K;") = Ap(Z"K;) = 0. A very small amount of
those triplets is also produced back-to-back at A¢(E~K;") = A¢(E"K,) = , but almost
insignificantly compared to the nearby production. The same analysis for An showed that
the particles in the triplet are produced close to each other in pseudorapidity, with a clear
peak at An(Z~K;{) = An(=~K,) = 0. Another comparison on the MC data could be to
alter the bias on strange particles, allowing the formation of other strange mesons or baryons
in order to compute the balance function instead of the correlation function and observe how

does the result change.
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The next step of our analysis would be to try to understand this difference regarding
this optimal simulation and the results we obtained while taking into account a normal
particle event production. Moreover, the tracking efficiency correction for the kaons has not
been taken into account in our results. We do not expect it to change the shape of the
correlations, but it would provide us with more precise sizes for the correlation functions
and the balance functions. Finally, a focused analysis on the systematic uncertainties should
improve our final results.

Despite the number of corrections needed to have a definitive result on how strangeness
is balanced in the (2~ KTK™) triplet, our analysis shows through the size of the Balance
Functions that the Z~ baryon does not tend to be balanced by two strange mesons. This
motivates a future analysis on the angular correlations for a triplet balancing the baryon
number itself, such as (Z-AK™), to study if the signal is more significant, hence favoured for

strangeness balancing.
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Appendix

A. Additional tables and figures

Detector acceptance corrections

(c) Ap E-K~ K+ (d) Ap =" K-K~

Figure A1l: Detector Acceptance Corrections for MC for A¢
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Figure A2: Detector Acceptance Corrections for MC for An
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Figure A3: Detector Acceptance Corrections for real data for A¢
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Figure A4: Detector Acceptance Corrections for real data for An
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Fake == candidates correlations
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Figure A5: Correlations for fake =~ candidates (the distributions are neither normalised nor
corrected for detector acceptance). The left and right-side correspond respectfully to the left
and right-side of the peak region, as presented in figure 3.1.
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