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Abstract

The tracking and particle identification capabilities of ALICE allow detailed studies of
hadron production at high energies, densities, and multiplicities. Results can shed light on
the processes behind (anti)nuclei formation and can serve as an input in the indirect dark
matter searches; they can also help to have insight into the state of the early Universe,
where a state of deconfined matter, called Quark Gluon Plasma, is created. In the present
work, the production of (anti)deuteron and (anti)helium nuclei are measured for the first
time in the Xe—Xe collisions at the center-of-mass energy per nucleon-nucleon pair of
/5NN = 5.44 TeV. Ratios between the yields of nuclei and those of protons are compared
with previous results from the ALICE Collaboration in different collision systems and
energies, and to predictions from different nucleosynthesis models. The comparisons
confirm a smooth transition between the different collision systems, suggesting a common
production mechanism across multiplicities. The coalescence parameters By and B3 are
calculated and Bs is compared to the results of EPOS simulations. Chemical freeze-out
temperature is obtained from the integrated yields of deuterons, helions and previously
measured protons and its value agrees with previous measurements and calculations.
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1 Introduction

Dark matter (DM) is expected to account for the 27% of the matter in the Universe
[1], however, not much is known about it. The two defining characteristics of DM
are its darkness (nongravitaional interactions are rare) and a very long lifetime [2].
These conclusions arise from studies of the rotation curves of galaxies, measurements of
anisotropies in the cosmic microwave background, weak gravitational lensing and other
cosmological and astrophysical observations. Many theories of DM compete to provide a
plausible explanation for the observed phenomena but are confronted with the challenges
of experimental searches and navigating in the complexity of possible signatures. A
promising scenario is that of subatomic Weakly Interacting Massive Particles (WIMPs)
[3]. WIMPs feature in many theories of the physics beyond the Standard Model (SM),
with hints to their existence found in both particle physics and cosmology. To confirm or
to falsify the idea of WIMP DM would mean a tremendous progress in DM searches and
in the understanding of our Universe.

Many experiments were proposed to look for possible physical consequences of DM. There
are two main branches of DM research: on the one hand, the direct detection experiments
aim to observe direct interactions between the dark and ordinary matter. On the other
hand, indirect detection experiments look for DM through decays into or annihilation of
SM particles. Other indirect searches include collider experiments, which seek to detect
missing transverse energy and infer the presence of invisible particles [2]. In the end, a
confirmation from an independent experiment is needed to provide independent evidence
of (non)observation.

As mentioned above, the WIMP hypothesis has attracted a significant interest in the
scientific community and is currently under active research. Assuming that WIMPs be-
have somewhat similar to the ordinary SM particles, one could expect them to annihilate
with their antiparticles or with themselves if they are Majorana particles. Products of
such process can then as well be the ordinary weak bosons or quarks which decay into
lighter particles or hadronize. This hypothesis is illustrated in Figure [I.I] which sketches
the annihilation of a WIMP DM (marked with y) through an unspecified interaction
(question marks), resulting in showers of SM particles including ordinary (anti)nuclei. If
such processes take place in space, they can affect the magnitude and the composition of
cosmic rays, i.e. of high energy particles moving through interstellar space. By measuring
the primary cosmic ray particles that reach the Earth (or its vicinity), evidence for
DM decays can be established from an excess in (anti)nuclei fluxes over the predicted
background originating from interactions of primary cosmic rays (CRs) with interstellar
medium (ISM). Precise measurements of cosmic rays are therefore of particular value
to the indirect DM searches. Figure shows several calculations of background and
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Figure 1.1: Sketch of a hypothetical WIMP annihilation through an unspecified interaction into
several SM-channels.

DM flux for antihelium as a function of kinetic energy per nucleon in several models. To
be able to interpret any future measurements of antinuclei in space, one consequently
needs precise knowledge of the production, propagation, and annihilation of ordinary
nuclei in space. Unfortunately, mechanisms of nuclei production are still unclear and can
not be derived from the first principles of QCDH This creates the necessity to study the
(anti)nuclei production in a controlled environment, e. g., in a collider experiment. Of
special interest are antideuterons and antihelions due to their negligible astrophysical
backgrounds at low kinetic energies [4].

Interpretation of the measured antinuclei fluxes can serve as evidence for the existence of
WIMPs. In 2018 the AMS-02 [5] on board of the international space station announced
the observation of eight antihelium candidates [6], although the results have not been
published in a peer-reviewed journal. Their confirmation would deliver a breakthrough in
DM searches, as the results would be difficult (if possible) to reconcile with the present
understanding of physics.

Constraining the inputs into the dark matter studies is not the only reason to study
(anti)nuclei production in colliders. As it is mentioned above, the production mechanism
of light (anti)nuclei is yet to be determined. Also unresolved is the question of how
light nuclei, with their binding energies of several MeV, can survive the highly energetic
environment, in which their formation is thought to take place according to the currently
available production models. Several models have been proposed to explain different
aspects of these phenomena, the main two being statistical hadronization and coalescence.
Tests of these models depend crucially on the measurements of nuclei production in
collisions of ultra-relativistic heavy ions since those offer a unique opportunity to produce
and study thousands of particles in a controlled environment.

!Quantum chromodynamics, the theory of the strong interaction.
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Figure 1.2: Flux predictions for *He for different models of DM annihilation and background
calculations [7].

This thesis is structured in the following way: Chapter [2] reviews some of the theoretical
ideas behind the studies in heavy-ion collisions which are relevant to this work. The
experimental setup of the ALICE apparatus at CERN is described in Chapter [3] The
analysis of experimental data, the main part of the work, is presented thoroughly in
Chapter [ and the results are reported in Chapter [5] The thesis is concluded with a
summary of the performed study and a discussion of the results, as well as an outlook
for future developments (Chapter [6)).



2 Theoretical background

This Chapter summarizes some of the ideas which guide a part of the research of heavy-ion
physics at ALICE in general and are relevant to this work in particular. It is structured
as follows: first, general information on the production and evolution of nuclear matter
is given in Section [2.I] Since the complex interactions of thousands of particles produced
in collisions can not be described with the principles of QCD, phenomenological models
were developed to describe observations; two main classes of these models are briefly
reviewed in Sections [2.2] and [2.3] Finally, some useful definitions and relations, used to
analyze experimental data, are given in Section [2.4]

2.1 Nuclear matter at the LHC

In ultra-relativistic heavy-ion collisions (anti)matter is produced under extreme con-
ditions, resembling those of the early Universe [§]. Due to very high energies and
densities, for a short time matter existed in a deconfined state, characterized by weakly
interacting quarks and gluons, forming a plasma (the so-called Quark-Gluon-Plasma,
QGP). Quantum chromodynamics, the theory of the strong interaction, explains how
hadrons can not form under these conditions because of the running coupling constant:
it vanishes at high energies and the strong force becomes ever weaker, a phenomenon
known as asymptotic freedom. The energies at which such matter is produced in col-
liders can be expressed using temperature 7' since QGP is assumed to be in (local)
thermodynamic equilibrium, and they reach hundreds of MeV. At the same time particles
and antiparticles are indistinguishable by their interactions, resulting in their equal
numbers, so that the baryochemical potential ,uBE| is zero. T and pup define a phase
diagram of the nuclear matter, as sketched in Figure [2.1] The region representing the
early Universe is marked with a white arrow. Ordinary nuclear matter occupies a small
area at T~ 0 and pup ~ 1 GeV. It is surrounded by hadron gas which undergoes a
phase transition into QGP at higher temperatures. The critical point indicates where
the energy density becomes continuous and a crossover takes place for lower values
of up at around T ~ 160 MeV. Regions investigated in different experiments are also
shown, with the LHC achieving a vanishing baryochemical potential at high temperatures.

The evolution of the collision system at the LHC can be roughly divided into several
stages in its proper timeﬂ First, relativistically contracted (in the laboratory frame)
nuclei-disks clash (¢ = 0) and set off hard scattering processes, characterized by high

!The baryochemical potential is defined as u = (OE/0B) s, v+ Where E is the energy and B the baryon
number of the system. It is more closely discussed in Section

?Here, time is measured in fm/c since fm is a typical scale of the strong force and particles are moving
at velocities close to c.
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Figure 2.1: Phase diagram of strongly interacting matter (image taken from [EI])

momentum transfer between partons before (¢ < 1 fm/c) a thermal equilibrium is reached
and the QGP is formed. The medium cools down as it expands and eventually undergoes
a transition into hadron resonance gas at around 10 fm/c after the initial collision. This
corresponds to the crossover in Figure 2.1 and is called chemical freeze-out because the
average transferred momentum is not sufficient to cause inelastic processes, thus fixing
the hadron chemistry. Elastic collisions continue, changing the momentum spectra of the
particles, until the mean free path becomes so large that all interactions stop: a kinetic
freeze-out occurs. Hadrons move further away from the interaction region and eventually
reach detectors.

2.2 Statistical Hadronization Models

The following overview is based on Ref. [10].

Since extreme densities are achieved in heavy-ion collisions, and particles are produced
at high multiplicities, it is natural to invoke a statistical description to explain some
of the observed phenomena. The class of models that realize this approach is called
statistical hadronisation models or thermal models. Their core assumption is that all
final hadronic states are equally likely, if they are compatible with the conservation laws
dictated by the Standard Model of particle physics . This follows from the Liouville’s
theorem for a (closed) system at equilibrium. The conserved quantities are the quantum
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numbers of the system (usually charge @, baryon number B, strangeness S), each with a
corresponding chemical potential (1, 1p, ps); they are used to construct a partition
functionf] The Hamiltonian H describes a hadron resonance gas and reproduces all
mesons and baryons with masses up to around 1.5 GeV/c? and 2 GeV/c?, respectively.
Macroscopic quantities of the system, such as the average particle number, are obtained
from the partition function using known thermodynamic relations.

For large systems like Pb—Pb agreement between data and prediction is achieved by
using Grand Canonical (GC) ensemble. In this case, five free parameters of the partition
function (the three chemical potentials 11, 1B, ps, temperature 7" and volume V') can be
reduced to three by assuming strangeness (fixes ;15) and charge (fixes ;1) conservation,
with the latter value determined by the isospin assymetry of the colliding nuclei. The
ensemble-average multiplicity (V;) of species i is obtained asE| (more details can be found
in [10]):

o> k+1 )
) = g 3 A () 2.
where m; is the particle mass, g; spin-isospin degeneracy factor, Ko the modified Bessel
function and \; = exp{(Biup + Sipts + Qipg)/T} the fugacityﬂ By building particle
ratios (N;)/(N) the volumes V' cancel out and only two free parameters remain: the
baryochemical potential pup and the temperature T. The ratios therefore provide an
accessible observable for a direct comparison between model and data. This is exploited
in Section [£.4]

To get the total measured multiplicity (/V;) one has to consider an additional term which
describes contributions from resonance decays (j):

(Ni) (T, V, ji) = (No)™ (T, Vi +Zrm )T,V ) (22)

where (N;)™ and (N;) R denote the thermal average number of particle i and of reso-
nance j, respectively, and I';_,; the branching ratio of the decay j — i. The model can
be extended by including corrections related to repulsive interactions of hadrons and
strangeness suppression in the partition function.

Figure shows global fits of particle yieldsﬁ measured by the ALICE Collaboration
in Pb—PDb collisions at \/syn = 5.02 TeV with three different implementations of the
thermal model. At the LHC energies it can be safely assumed that matter is produced
in the same amount as antimatterﬂ which implies a vanishing baryochemical potential

3Similarly to how the chemical potential p (of the particle number N) is contained in the fugacity A =
e NP of the Grand Canonical partition function of standard statistical mechanics (here 8 = 1/(kgT),
with temperature T and the Boltzmann constant kg).

4Here kg = 1.

® As hinted above, (N;) is found by calculating the GC partition function Z;(T,V, ji) = Tr (e_’gH)\i) and
then using the relation (N;) = \i[33- In Z;(T, V, i@)]z, v.

5dN/dy is discussed in Section IZ_F‘, it is a quantity directly connected to particle multiplicity.

"See, for example, Refs. [11], [12]; [13]
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Figure 2.2: Thermal model fits to the hadron yields measured in central Pb—Pb collisions at
VSnN = 5.02 TeV by ALICE. The fits are performed with three implementation of the statistical
hadronisation models. The parameters that are estimated from the fits are the chemical freeze-out
temperature 7" and the volume V' (ALICE preliminary results).

up = 0. The chemical freeze-out temperature, which describes the transition of QGP to
a hadron gas, is found to be around 153 MeV [14]. A slightly higher value of around 156
MeV is estimated for Pb—PDb collisions at /syy = 2.76 TeV [15]. Calculations in lattice
QCD predict comparable values of around 155 MeV [16]. These findings suggest that
hadrons and mesons are produced in a thermodynamic equilibrium characterized by a
common (freeze-out) temperature for all particles.

In case of smaller collision systems (e. g. pp or p—Pb) a better description is achieved
with Canonical models (CSM) [10], which require exact conservation of charges (Q, B,
S). This limits the number of accessible multi-hadronic states, a phenomenon called
canonical suppression.

2.3 Coalescence models

Another approach used to predict the hadron production mechanism is implemented in
coalescence models. They assume that nuclei are formed at the kinetic freeze-out with
the probability dictated by how close nucleons are in phase space, i. e. by how close
their momenta and position are. The key observable in such models is the coalescence
parameter B 4, related to the probability to produce nuclei of mass number A with respect
to protons (p):
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d3N BN\
Exa——>2 = By (E p> (2.3)

dph " dp

ﬁp:

Tb‘;ﬁ

where Ed3N/dp? is invariant yield of nucleons (p) and nuclei (A4) (see Section and
the nucleus momentum p'4 is assumed to be distributed evenly among its A nucleons,
Pp = Pa/A. The (approximate) isospin-invariance of the strong force is used to equate
proton and neutron yields and momentum distributions.

In the simplest version of the model |17], B, is independent of the particle momentum
and the size of the emitting source:

2a+11 1 (4 N\ My
Ba=—ima <3p0) prw (24)
where M4 is the mass and J4 the spin of the nucleus, m the mass of the nucleon, and
po the maximum relative momentum of the nucleons required for bindingﬂ As B4 was

shown to depend on both nucleus momentum and event centrality |[11], more advanced

m

models of coalescence were developed. The state-of-the-art description uses Wigner
density function to describe probability distribution of the nucleus in momentum space
for a given final state (expressed as a nuclear wave function in coordinate space) and a
correlation function.

2.4 Kinematic observables

This section summarizes some of the observable quantities frequently used in high energy
heavy-ion physics, and in particular in the following chapters of the present work. This
section use natural units, i = ¢ = 1, for compactness. In the following, the direction of
the flight of a particle is set to be the z axis in the laboratory frame and the x and y
axis define a plane perpendicular to it. It is a useful prescription for describing particle
kinematics on colliders, see Chapter

Transverse momentum pr, defined as the component of particle momentum perpendicular
to the longitudinal axis z (pr = /p2 + pg), often plays a central role in high energy

scattering experiments since it is the same in the colliding system’s rest frame and the
laboratory frame of the experiment (particles are accelerated along the beam axis z so no
Lorentz boost is applied in the transverse plane) and is always related to the processes at
the collision point. The particles travelling in the transverse plane are carrying a part of
the center-of-mass energy, which is available for the particle production, while the ones
that continue moving longitudinally may have not participated in the collisions (called
spectators).

8When only momentum correlations are considered, as it is the case in the simple coalescence, Eq.
can be rewritten in terms of the probability to find A out of total of N nucleons inside a sphere with
radius pp in homogeneous momentum space. This results in Eq. without the factor (2J4 + 1)/2‘47
which reflects the probability for the nucleons to match the spin of the resulting nucleus.
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Another useful quantity is the rapidity, defined as:

1. F 1 24+ p? 0
yziln —i—pz:iln m* 4+ p° + pcos (2.5)

E—-p. 2 /m2+p2—pcosh

for a particle of mass m and energy F, momentum p, emitted at an angle 6 with respect
to the beam axis; p, is its longitudinal momentum. Rapidity has two valuable qualities:
it is additive (unlike the velocity) and rapidity intervals are unchanged by a Lorentz
boost in the z direction. It follows from the definition that |y| — oo if the particle
has low transverse momentum, and y = 0 if it travels perpendicular to the beam axis.
Hence measurements in the mid-rapidity region 0.5 < y < 0.5 provide Lorentz-invariant
quantities describing the particles created in the collisions.

Pseudo-rapidity is defined as:

1
n = —Intan(0/2) = §ln ;i: i_iz
z

It can be used to describe spatial coverage of detectors around the collision point. In the
high energy limit, p > m, these two quantities coincide:

(2.6)

1 + pcosf
n Ly [Pl peosO (2.7)
2 |p| —pcosb
When measuring particle production as a function of some accessible observable, e. g.
the transverse momentum, it is preferable to work with a Lorentz invariant quantity.
A quick calculation shows that d®p /E does not change under a Lorentz boost 3 in the

longitudinal direction z:

;o . _ . pdp. _dpz . _dpz /
dp’, = v (dp. BdE)—7<dpz 5 5 >— EW(E Bp-) = g F

where the primed quantities (E’, p’,) describe the system moving with the velocity 8 in
the reference frame of the unprimed system (E, p.) and + is the Lorentz factorﬂ The first
and the last equality follow from the ordinary Lorentz transformations and the second
one from the differentiation dF/dp, = p,/E. Thus, the invariant differential yield can
be expressed as:

3N d3N d3N
E— =E =
d°p dprdp.  dprdy

where it is used that dp,/E = dy, which follows from Definition This and the
previous quantities are extensively used throughout this work.

(2.8)

9TheLorentz factorisde finedasy = 1/+/1 — 2 in natural units.



3 Experimental setup

The Large Hadron Collider (LHC) is currently the world’s most powerful particle accel-
erator, reaching colliding energies of the order of several TeV. Among the four major
experiments located at the LHC, ALICE is the most suitable one for the study of heavy-
ion interactions, production of nuclear matter, and the properties of the Quark Gluon
Plasma. The present chapter provides a brief overview of the LHC and the ALICE
detector under the conditions at which it is found at the time of the data collection for
Xe—Xe collisions.

3.1 LHC at CERN

The CERN research complex (see Figure consists of an intricate chain of accelerators
and other experimental facilities. Before being injected into the LHC, particles undergo
several stages of acceleration and beam manipulation, with the exact steps being different
for protons and larger nuclei, like Pb and Xe. This is due to the production methods and
the initial degree of ionization: protons are obtained by acting with an electric field on
atoms of hydrogen gas, ionizing them. The resulting protons are then directly injected
and accelerated in a linear accelerator LINAC?2 as a first step in the CERN’s accelerator
chain; they then undergo a step-wise acceleration in Proton Synchrotron Booster (PSB),
the Proton Synchrotron (PS), and the Super Proton Synchrotron (SPS), before being
injected into the LHC. The Pb ions, on the other hand, are extracted from a purified
lead sample, heated up to 500°C by microwave radiation; the partially ionized nuclei are
then guided to another linear accelerator LINAC3, after which they pass a stripper foil,
losing more electrons. The following stages in the preparation of beams include the Low
Energy Ion Ring (LEAR) and the already mentioned PS, in which another aluminium
stripper foil rids the lead ions of the remaining electrons. The resulting beams are
accelerated once again in the SPS and then guided to the LHC. A similar procedure is em-
ployed for Xe, with a dedicated ion source and modifications made to LINAC3 |18 19, [20].

As mentioned above, LHC is the final component of the CERN’s complex. It is a 26.7
km long machine consisting of two opposite rings, with sections dedicated to curving the
beam trajectory (realized through 1232 superconducting dipole magnets), focusing of the
beam (realized through 392 superconducting quadrupole magnets), and acceleration (16
radiofrequency cavities). The beam pipes are operated with an ultra-high vacuum to
prevent collisions with residual gas atoms. The maximum energies reached by the LHC
are \/snn = 5.02 TeV (Pb—Pb), /snn = 5.44 TeV (Xe—Xe), (/snn = 8.16 TeV (p—Pb),
and /s = 13 TeV (pp) during Run 2 and /s = 13.6 TeV (pp) at the start of Run 3. Here,
/s indicates the center-of-mass energy of proton collisions and /syn that of ions per
nucleon pair, calculated as:

10



3 Experimental setup

CMS
LHC North Area .,
“GlF++,
CENF

ALICE LHCb

SPS

i

AWAKE
HiRadMat

2011

ISOLDE

[ 1992 |

RiBs ::_I—I REX/HIE

2001/2015 East Area :
n-ToF | IRRAD/CHARM |
2015 :

J— _AY 1959 (628 m) — S

LINAC 2 J ) CIk3

L/: 2008 |

LINAC 3
lors 2005 (78 m)
P ions P RIBs (Radioactive lon Beams) P n(neutrons) P p (antiprotons) » e (electrons)
LHC Large Hadron Collider SPS Super Proton Synchrotron  PS Proton Synchrotron ~ AD Antiproton Decelerator  CTF3 €

AWAKE Advanced WAKefield Experiment  ISOLDE Isotope Separator Online  REX/HIE Radioactive EXperiment/High Intensity and Energy ISOLDE

LEIR Low Energy lon Ring  LINAC LINear ACcelerator n-ToF Neutrons Time Of Flight HiRadMat High-Radiation to Materials
CHARM Cern High energy AcceleRator Mixed field facility IRRAD proton IRRADiation facility ~GIF++ Gamma Irradiation Facility

CENF CErn Neutrino platForm

Figure 3.1: CERN accelerator complex; image taken from .

VSNN =V ZiJAiN/ Zi Ak /'s (3.1)

where y/Z/A is the correction for the ion i and k, contained in two beams (A being the
atomic mass number and Z is the atomic charge).

The LHC has four points at which two oppositely rotating beams cross each other (yellow
circles in Figure . The four main LHC experiments, ALICE, ATLAS, CMS, and
LHCb, are located there. The two biggest detectors, ATLAS and CMS, were designed
to investigate a bright spectrum of particle physics phenomena; they are located at
the points of highest 1uminosityE| and are equipped with multi-purpose detectors. The
smallest experiment of the four, LHCD, is dedicated to studying the physics of particles
with a charm or a beauty quark. It is a low-luminosity experiment that employs a series
of forward detectors for particles flying in one direction. The main components of the
ALICE detector relevant to this analysis are described in the following.

!Luminosity is a characteristic of an experimental setup, defined as L = v, where v is the frequency,
with which particle bunches with Na g particles collide with each other crossing the area A.

NpNp
A

11
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Figure 3.2: The ALICE apparatus during Run 2 (2015-2018).

3.2 ALICE detector

The ALICE (A Large Ion Collider Experiment) detector is designed to study the physics
of strong interactions under high densities and temperatures using heavy ion probes. The
complete setup has dimensions of 26 x 16 x 16 m® and weights around 10% t. A model of
the experiment, including its components, is shown in Figure The detector can be
divided into three parts: the central barrel (1, 3-9) embedded in a solenoidal magnet
(10) which provides the fields of 0.2 — 0.5 T, the arrays of forward detectors (2, 17, 18),
and the muon arm (12-14).

Since collisions of heavy ions inevitably produce a high number of particles, the detector
was specifically optimized to cope with extremely high values of charged particle mul-
tiplicity densities of up to (dN¢/dn) = 8000 in the midrapidity region. It has a low
material budget, allowing for light (anti)nuclei measurements at low momenta; also for
this reason the magnetic field is kept at (relatively) low values. The present analysis is
performed with the detectors located in the central barrel: the Inner Tracking System,
the Time Projection Chamber, and the Time of Flight detector. The description of the
detector systems is based on the ALICE performance report [22].

Inner Tracking System

The Inner Tracking System (ITS) is the closest detector to the collision points, providing
the full azimuthal acceptance and the pseudorapidity coverage of |n| < 0.9. It consists
of six cylindrical layers produced with three different technologies. The two innermost
layers make up the Silicon Pixel Detector, used for the reconstruction of primary (i. e.,

12
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Figure 3.3: Schematic representation of the track reconstruction using the ITS for the hypertriton
decay (3H — 3He + m~). The full blue point indicates the primary vertex, in which hypertriton
is produced, while the full orange point indicates the secondary vertex. The solid lines represent
the reconstructed tracks of helion (light teal) and pion (light orange), while the dashed lines show
extrapolations to the primary vertex. The SPD layers of the ITS are drawn as light grey lines;
the intersections with the tracks symbolize measured signals.

collision) and secondary (i. e., points of decay of unstable particles) vertices in a high
multiplicity environment as well as for determining the distance of closest approach DCA,
defined as the closest distance between the extension of the reconstructed track and
the primary vertex; this is exemplified in the sketch of Figure [3.3] for hypertriton decay
(3H — 3He + 7)) (DCA is also discussed in the next chapter). DCA value plays a vital
role in determining the origin of detected particles: primary from collisions or secondary
from weak decay or spallation processes, i. e. from interaction with the detector material
or the beam pipe. The other four layers constitute the Silicon Strip Detector (SSD)
and the Silicon Drift Detector (SDD). These also provide tracking information and can
additionally serve as a particle spectrometer at low momentum values by measuring
particle energy loss. Furthermore, the outermost SSD is essential for track matching
between the ITS and the TPC; see next Subsection.

Time Projection Chamber

The Time Projection Chamber (TPC) is the main tracking device of ALICE. It consists
of a cylindrical field cage with an inner diameter of 1.2 m and an outer diameter of 5
m, covering the pseudorapidity region of |n| < 0.9, see Figure It is divided into two
chambers by the central high voltage electrode, which creates uniform electric fields of
400V /m parallel to the beam axis. Each chamber is filled with a mixture of Ar-COq
gas (90%-10%), which gets ionized by the charged particles traversing the active TPC
volume. The electric field then guides the freed electrons to the end plates of the cage,
where the multi-wire proportional chambers (MWPC) amplify their signal by creating an
electron avalanche. The cathode plane of MWPC is divided into 18 trapezoidal sectors

13
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Figure 3.4: Schematic layout of the Time Projection Chamber; individual components are explained
in text.

in the azimuthal direction and 159 pads in the radial direction (570132 pads in total). A
row of pads with a measured signal (which can be associated with a track) is referred to
as a cluster, with the maximum number of clusters for a particle being 159, following
the discussion above. It is obvious that a higher number of clusters allows for better
track reconstruction. The number of electrons detected in by each pad is indicative of
the energy deposited by the passing particle over a given distance. This is denoted by
the specific energy loss dE/dx, which allows particle identification using the Bethe-Bloch
formula, which reads in its simplest form:

dFE _ A nZ? ( e? > [ln (2m66252/1 (1 B 52)) B 52] (3.2)

dz  mec® 82 \dreg
where (3 is the particle’s velocity in units of the speed of light ¢, £ and Z are its energy
and charge, m,. and e are the electron mass and charge, respectively, x is the traveled

distance, n is the electron density of the target, and I parametrizes the target’s mean
excitation energy. The particle identification procedure is demonstrated in Chapter [4
The energy loss measurement is complemented by the measurement of the arrival time
with respect to the nominal time of the collision, as well as the spatial coordinates of the
triggered pads. This information, together with the data collected by the ITS, is used for
track reconstruction with a subsequent back-propagation to estimate the primary vertex.

The TPC is characterized by excellent tracking and PID capabilities over a wide momen-
tum range (from 0.1 GeV/c up to 100 GeV/c) with a pp-resolution ranging from 1% at 1
GeV/c to about 3% at 10 GeV/c and a dE/dz-resolution of about 5 to 7%, depending on
the collision system. This comes at the cost of a considerable electron drift time (around
90 ps), which results in a lower data acquisition rate of around 1 kHz.

14
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Figure 3.5: Distribution of the sum of amplitudes in the VO scintillators for Xe—Xe collisions at
V/SNN = 5.44 TeV. The distribution is fitted with the NBD-Glauber fit shown as a red line. The
inset shows the most peripheral region.

Time of Flight Detector

Another detector critical for the current analysis is the Time Of Flight detector (TOF).
Like the TPC, it also provides full azimuthal coverage in the central pseudorapidity region
of —0.9 <7 < 0.9. The TOF cage is filled with a gas mixture of CoHsoF4 (90%), C4Hio
(5%), and SF¢ (5%), and has a high voltage applied to its external surfaces. It consists
of 1593 individual Multigap Resistive-Plate Chambers, which detect electrons released
in hard collisions of the gas molecules with passing particles. The main observable is
the time of the signal with respect to the time of the collision. Details of the particle
identification with the TOF detector are given in Analysis Chapter.

TOF is used for the PID in the intermediate transverse momentum range, up to around 3
GeV /c for lighter particles like pions and up to 6 GeV/c for deuteron. The time resolution
depends on the collision system, being around 80 ps in Pb—Pb and 120 ps in pp collisions.

Other detectors

Other detectors shown in Figure [3.2] are less relevant to the current study, having been
designed for different applications and conditions. Noteworthy, however, is the VZERO
(VOM) detector, which consists of two arrays of forward scintillators counters, VOA
and VOC, covering the pseudorapidity regions of 2.8 < n < 5.1 (direction of particles
is close to the beam axis, according to the definition of pseudorapidity Eq. and
—3.7 < n < —1.7 (particles fly almost antiparallel to the beam axis), respectively. The
VOM provides the minimum bias (MB) trigger, defined as a signal in either VOA, VOC,
or SPD. The centrality c of a collision can be defined as [23]:
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with oxn being the total nuclear interaction cross-section, b the impact parameter of
the event and do/db the impact parameter distribution. In ALICE, the centrality is
measured as the percentile of the hadronic cross section corresponding to a particle
multiplicity above a given threshold [23]; the cross section distributions can be replaced
by the corrected number of observed events, so that the centrality can be estimated via
the number of recorded particles per event. One usually restricts the total cross-section
(or equivalently the event number) to exclude the large QED contributions coming from
the ultra-peripheral collisions, thus considering the centrality between 0 and 90%. The
results of such a study for the Xe—Xe system are shown in Figure [3.5| with a Glauber

model fit and the resulting centrality classes, indicated by blue and white sections under
the fit.

Another noteworthy detector is the Transition Radiation Detector (TRD), located between
the TPC and the TOF. Its main purpose is to provide additional identification for electrons
and pions; thus, it is not exploited in this work. It does, however, affect the number
of particles that can reach the TOF due to absorption in its material; this can be used
to measure the inelastic cross-section of particles (the so-called TPC-TOF method). In
this analysis the TRD is considered when calculating the systematic uncertainty due to
imprecise track matching between the TPC and the TOF detectors.
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4 Analysis

In the following chapter the methods used to analyze the data and the logic behind
them are described. It is organized as follows: first, the observables of the experiment
and the measures taken to improve data quality are explained in Section [f.1.1] The
discussion is continued in Section [£.1.2] where it is explained how relevant particle species
can be identified and isolated from the rest of the data sample, which is then shown in
Sections [4.1.3] and [4.1.4] The following four sections are dedicated to the discussion of
the corrections applied to the measurements to take into account the finite resolution of
the experiment. Finally, the systematic uncertainties, introduced in the previous steps of
the analysis, are addressed in Section

4.1 Raw spectra extraction

4.1.1 Event and track selection

The data studied in this analysis were collected with the ALICE detector during Run 2 of
the LHC in October 2017. Xenon nuclei (1°Xe®**) collided at the center-of-mass energy
of \/sNN = 5.44 TeV for the first time at the LHC with the beams provided by the SPS.
The luminosity amounted to 3 x 1072°cm~2s~! 18], and the detected hadronic interac-
tion rate was around 80 — 150 Hz. The solenoidal magnet of the ALICE apparatus was
operated in a low-field configuration of 0.2 T. A total of about 1.14x10° events (~ 79% of
the recorded events), fulfilling the minimum requirements listed below, was collected with
a minimum bias (MB) trigger (corresponding to the centrality of 0 — 90%). The average
charged particle multiplicity density of MB events was calculated by combining the values
of individual centrality classes taken from [24], amounting to (dNu,/dy) = 331.3 £7.9.

The analysis is done at midrapidity (|y| < O.jzl) in the geometrical region |n| < 0.8, where
the full azimuthal coverage of the ALICE central barrel is given. The primary vertex of
events is required to have a maximum distance of 10 cm to the nominal interaction point
with at least one contributor per vertex.

For the purposes of studying particle production, only primary particles are considered,
i. e. those which are directly produced in collisions. To improve the quality of recon-
structed tracks, some basic cuts are applied, similar to previous analyses by the ALICE
Collaboration [11, 12} (13| |25]. The selection criteria reflect the characteristics of the
detector during Run 2 [26]. They allow to increase the resolution of the track momentum
and dE/ daﬂ while suppressing the background from tracks with wrongly associated hits.

!Definitions of y, 7 and other used quantities are given in Section

2See Sections and
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Figure 4.1: Dependence of the number of (anti)deuteron candidates on the DCA cuts.

Some of the imposed conditions (e. g. on DCA, X%TS as discussed below) also contribute
to minimizing the number of secondary nuclei originating from interactions with the
detector material or the beam pipe, as well as from weak decays. The track selection
proved useful for achieving a reasonable data quality while keeping most of the relevant
tracks. The minimum number of clusters of the TPC (n1F¢.
passing of a given particle is required to be at least 70 out of 160. The same restriction

) which registered the

applies to the number of pads crossed by a track but not resulting in a signal due to the
limited reconstruction efficiency. The goodness of a trajectory fit, quantified by its x?
value, is required to be below 4 per cluster for the TPC measurements and below 36 per
cluster for the ITS. However, the latter was further constrained to 3.3 for (anti)deuteron
measurements done with the TPC at lower momenta: the selection reduces the number
of deuteron candidates while leaving the number of antiparticles unaffected. This leads
to a reduction in the fraction of secondary nuclei (produced in spallation processes with
the detector material) since the antideuterons are assumed to originate mostly from
the primary collisions rather than from other processes due to the baryonic number
conservation. This is illustrated in Figure [I.I] which shows the best fit-to-data functions
describing the evolution of the primary fraction with transverse momentum, for different
glb;ters cutsﬂ It is clear that the stricter cut of 3.3 allows to perform the
analysis of particles with pp > 0.6 GeV /c, while x?/ nglssters
primary contribution for pr < 0.8 GeV/c. The discussion of the primary fraction is
continued in Section

values of the x?/n
< 36 results in a vanishing

To ensure a reliable reconstruction, tracks are also required to have at least two hits in
the ITS detector (nlI% ). Additionally, it is required for deuteron candidates to be
registered by at least one of the two innermost ITS layers (nﬁi?

of secondary nuclei comes from constraining the discrepancy between the origin of a

). Strong suppression

3How these functions are obtained is described in detail in Section m
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Figure 4.2: Three dimensional correlation plot (counts as a function of DCA, and DCA,,) of
the deuteron and antideuteron data (left) and helions and antihelions (right). Due to different
production rates counts differ by a factor of ~ 10.

reconstructed track and the position of the primary vertex, the so-called distance of the
closest approach (DCA). The absolute value |DCA.| along the beam axis is required to
be less than 0.2 cm and in the plane perpendicular to it [DCA,,| is set to 0.2 cm for *He
and 0.1 cm for deuteron. The reason for these values is twofold: first, one observes a clear
correlation between DCA,, and DCA, with most counts found at DCA,, ~DCA = 0,
suggesting the primary origin of these particles (igure . The number of candidates
was additionally investigated for different values of DCA cuts, shown in the right panel
of Figure for deuterons. While the number of deuteron candidates drops drastically
with increasingly stricter cuts, the one of the antideuterons changes only insignificantly.
This can mean that the cuts affect mostly secondary nuclei, which are not present for
antideuterons but constitute a considerable fraction of deuterons. Lastly, the cuts on the
DCA,y are chosen to be looser for helions to avoid rejecting too many primary candidates
with respect to the sample size.

These selection criteria are summarized in Table 411

4.1.2 Particle identification

To associate the reconstructed tracks with actual particles, additional steps are taken.
Different detector systems are better suited for particle identification (referred to as
PID) in different momentum regions. Generally, in the TPC the PID is done through
measurements of the energy deposited by a particle in the detector over a given distance,
i. e. by measuring its specific energy loss dE/dx. This value is then compared to the
one expected for a particular particle specimen for the same transverse momentum,
parameterized by the Bethe-Bloch formula. By dividing the difference between the
predicted ((dE/dz)getpe) and the measured value by the corresponding resolution of
the energy loss measurement (o4p /dm), one obtains a criterion for the PID, the number
of deviations from a particle hypothesis n,:

E —
Ng = d /dx <dE/dx>Bethe (41)
OdE/dx
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Figure 4.3: Dependence of the number of (anti)deuteron candidates on the DCA cuts.
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Selection cut
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X2TPC /NDF
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X1TS/ Mclusters

TPC
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TPC
crossed

TPC
NaE/dx

TPC TPC
crossed / n found

TPC TPC
clusters / Nerossed

ITS
clusters

SPD
Mhitd

DCA,

DCA,,
nTPC

n
n

n

n

nEOF

<038
<05

<4

< 36 (3.3)"

> 70

> 70

> 50

> 0.8

> 0.8

> 2

> 14

< 0.2 cm

<0.1(0.2)" cm

€ [-2.5,3.2] ([-3.0,3.0])f
€ [-3.0,3.5]

Table 4.1: Summary of track and event selection criteria. * the value in parentheses is the cut
used in the TPC analysis of deuteron; the other is used with TOF for deuteron and TPC for *He.
¥ The cut is only applied for deuteron. T The value in parentheses is used in the 3He analysis.

TPC
o

TOF

and n,

(See text for details; for n,

see the following section)
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Figure 4.4: Specific energy loss (left) and particle velocity (right) as a function of the reconstructed
track momentum as measured by the TPC and TOF, respectively, in Xe—Xe collisions at

\/SNN = 5.44 TeV .

The flight time measured by the TOF detector can be evaluated similarly by taking
the difference between the measurement and the prediction and dividing i by the time
resolution of the detector. The prediction t1op is hereby calculated for a given particle
mass m using the measurements of momentum p and track length L. The relationship
between m and tpop can be readily expressed as:

2
m = ptEOF 1 2LT (4.2)
c“lror

Figure [4.4] shows the specific energy loss measured by the TPC in Xe—Xe collisions as a
function of reconstructed momentum, published in a previous analysis of light baryons
and mesons . Although not shown in the figure due to the low relative abundance, the
3He signal is well separated over the whole pr range thanks to the quadratic dependence of
dE/dz on the particle’s charge number z, being 2 for He. Therefore, the measurements
of 3He are done using the TPC detector over the full momentum range. For deuterons
(z = 1), however, the TPC analysis works well in the lower momentum region before
their energy loss becomes similar to that of other, more abundantly produced species.
The information from the TOF then complements it for pp higher than 1.15 GeV/c (see

Fig right).
4.1.3 Signal extraction using TPC

Due to statistical limitations of the collected data, the measurements in transverse
momentum are grouped within appropriate intervals, forming the so-called pp-bins. This
approach also allows for an interval-based correction for secondary nuclei, using the shape
of counts distributions in DCA,, (discussed in Section .

The identification of 3He particles is done in four transverse momentum regions, from
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Figure 4.5: n, distributions of (anti)helion candidates, measured in four transverse momentum
regions from 2 GeV/c to 6 GeV/ec.

2.0 GeV/c to 6.0 GeV/c. The n, distributions of (anti)nuclei candidates that passed the
selections discussed in the previous section are shown in Figure with 3He in blue
and *He in red. As mentioned before, the peak around n, = 0 indicates the clear *He
signal signature measured in the TPC and the effectiveness of the track selection cuts.
Nonetheless, a smaller rise in counts can be observed at nJF¢ ~ —5 in the first two bins,
which, as one can conclude from the knowledge of Bethe-Bloch parametrizations, most
likely come from triton. The same contamination is not seen in antihelions, suggesting
the secondary origin of these (helion) particles. Taking into account the falling trend
with n, the contamination is deemed insignificant in the region of signal extraction
—3 < nIPC < 3, and the yields are obtained simply by counting the number of candidates
in this region. The contamination is instead considered for the estimation of the systematic
uncertainty.

The counts of (anti)deuteron candidates are shown in Figure in green (magenta) in
two transverse momentum intervals from 0.8 GeV/c to 1.0 GeV/c and from 1.0 GeV/c to
1.15 GeV/e. Tt is clear from the figures that the track and event selection cuts alone are
not enough to guarantee the purity of a deuteron sample; the increase in counts seen at
lower values of nEPC < —3 GeV/e, assumed to originate from secondary processes and
other particle species, is likely to continue and contribute to the counts in the region of
the signal extraction (—3.0 < nI9F < 3.2). For this reason, the background on the left is
fitted with an exponential function, shown as a dashed line, and the signal is fitted with
a skewed Gaussian function (thin solid line):
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Figure 4.6: Deuterons (left) and antideuterons (right) signal extraction with the TPC in the
transverse momentum region 1.0GeV/c < pr < 1.15 GeV/c

(met)” <+
' Ne < p+ 70 (4.3)

1

feignal(no) = A { “
Ng = U+ 710

Where A, i, o, and 7 are free parameters corresponding to the normalization constant,
the centroid, the width of the Gaussian, and the number of os from the mean, at which
the function becomes exponential, respectively. This form was chosen over a normal
Gaussian to account for the asymmetric tail on the right, present also in the case of
the rapidly falling background contamination in the lowest pp-bin. Consequently, the
interval for the signal extraction is chosen to be asymmetric: the signal fit is integrated in
[—2.5 + p, 3.2 4 p] using the fit estimate for p. Its lower bound is increased with respect
to the usual -3.0 to limit the number of contributing secondaries, and the upper bound is
extended to allow for the asymmetry in the signa]lﬂ The integral of the fitted function is
subsequently divided by the bin width to correct for the discretization of the histogram.

4.1.4 Signal extraction using TOF

The TOF detector provides the basis for the deuteron analysis, with a clear signal
spanning from 1.15 GeV/c to 6 GeV/c.

In the energy loss spectrum (Figure 4.4]), deuterons are close to protons and other much

4Variations of the limits are included in the systematic uncertainty; see Section
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Figure 4.7: Deuterons (left) and antideuterons (right) signal extraction with the TOF in the
transverse momentum interval 3.50 GeV/c < pt < 4.00 GeV /¢

more abundantly produced species. This results in a considerable background contri-
bution in nTOF distributions of deuterons, being the lowest at lower momentum values
(most significant signal separation between d and p in Fig. and getting dominant
with higher momentum, where the velocities of all particles converge to 1. To account
for this background, two exponential functions are used together with a skewed Gaussian
(Eq. to fit the data. One of thirteen bins is shown in Figure while all of them can
be found in Appendix, Figures[7.3|[7.4 For the yield extraction, the signal fit function is
integrated in the interval [—3.0 + u, 3.5 4+ p] with the mean p estimated from the fit and
then divided by the bin width. The interval is asymmetric to account for the exponential
tail on the right of the signal.

4.2 Corrections to the raw spectra

The previous sections described the signal extraction methodology for (anti)d and
(anti)3He. To obtain the raw yields d2N/(dptdy), one divides the counts by the size of
the rapidity window (Ay = 1) and the width of the corresponding transverse momentum
intervals. The results are shown in Figure (1.8

Several peculiarities can be observed in these histograms. First, the slight discrepancies in
the numbers of particles and antiparticles are visible over the whole transverse momentum
distributions of deuteron and He (anti)nuclei spectra. Furthermore, the deuteron distri-
butions have a pronounced discontinuity at 1.15 GeV/c, where the transition between
the TPC and TOF as the primary PID detector occurs. Both of these features can be
explained through different reconstruction efficiencies of the detectors for particles and
antiparticles, which are momentum-dependent, as addressed in the next section. Another
interesting feature of the raw spectra concerns the lowest momentum region (pr < 1.5
GeV/c), where the number of particles is larger than that of antiparticles. This effect
is due to a higher probability of particle production in reactions of primary collision
products with the constituents of the detectors or the beam pipe (spallation processes),
which can be (at least partially) qualitatively understood by the final states of these
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Figure 4.8: Raw yields of (anti)®He (top) and (anti)deuteron (bottom).
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Figure 4.10: Centroids from the fits of the reconstructed TOF signal for (anti)deuterons produced
in a dedicated Monte Carlo simulation, before and after the recentering.

particles having a larger available phase space (the phase space decreases with higher
momentum thus decreasing the total reaction rates, according to the Fermi’s golden rule).
As shown in Section additional measures are taken to correct for this secondary
contribution.

4.2.1 Detector efficiency and acceptance

Not every particle emitted in a collision is measured, and not every detected particle
is measured equally well. The detector’s geometry determines its acceptance with its
coverage around the experiment. Detector efficiency depends on the interaction cross-
section of a specific particle with the material inside the detector at a given energy, as
well as the probability of the detector producing a signal upon registering the particle
and other processes in the reconstruction chain. To estimate the combined influence
of these factors on the measurement, a detailed model of the complete detector system
with correct dimensions and material was produced, and the propagation of particles was
simulated using Monte Carlo algorithms.
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Figure 4.11: Reconstructed momentum spectra of (anti)*He (left) and (anti)deuterons (right)
(Monte

In particular, the particle propagation in the simulation used in this thesis was per-
formed with the GEANT4 package [27], while HIJING [28] serves as an event generator.
(Anti)nuclei are injected in the simulations used for this study, on top of the underlying
events. The injected (anti)nuclei are generated with a flat transverse momentum and a
flat rapidity distributions, as shown in Figure Similar results are obtained for 3He

(see Figure in Appendix).

To match the conditions of the data, the same selection is applied as described in Section

including the geometric cut on pseudorapidity (acceptance of the detector) and

TPC and nTOF

b o . The latter is done after correcting the n,

the same PID restrictions on n,
distributions for a possible miscalibration of the signal: the reconstructed counts were
plotted in narrow intervals (100 MeV /c wide for TOF) against their n, values and fitted
with a skewed Gaussian functiorﬁ The mean values p of the fits are then plotted for each
pr-bin, and the mean for particles and antiparticles is then fitted, in the case of the TOF
signal, with a sum of linear and exponential functions (Figure left). This procedure
is then repeated after shifting the nEOF value for every track with the latter function
depending on the track-pr. As shown in the right panel of Figure the resulting signal
distributions are centered at zero. Such correction is unnecessary for the TPC because

no signal shift is observed. The resulting spectra for both particles are given in Figure

Both particles have a vanishing detection efficiency at low momenta (helions: pp < 1.0
GeV /¢, deuterons: pp < 0.5 GeV/ CEI) while the efficiency rises steeply and saturates for

5The only cut applied to the generated particles ensures that they (like the data) belong to midrapidity.

5No background from other species is present as the MC data collection is done with a specific particle
code (PDGcode). Also, only "primary” particles are considered, as only those are generated with a
flat distribution (Figure .

"The ”momentum-threshold” for detection is higher for helions, which experience a higher energy loss
at low momenta, by being more massive than deuterons (see the Bethe-Bloch formula); also they
carry twice as much charge. These two facts result in a smaller curvature radius r of the particle
trajectory in the magnetic field B according to a simple relation p = ¢Br, where p is the momentum
and ¢ the total electric charge of the particle. The particle then does not leave the innermost parts of
the detector and thus does not reach the TPC.
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higher values of pr. Antiparticles are expected to have a lower detection rate due to the
likely absorption and annihilation processes with the matter of the detector material.
The GEANT4 results confirm this trend for both particles. One also recognizes the dis-
continuity in (anti)deuteron detection efficiency, coinciding with the one seen in the data:
the material of the TRD prevents some particles from reaching the TOF detector. The
small peak in reconstructed (anti)helions is a known feature of the TPC measurements
[22] at pr < 1 GeV/c. The low-field configuration of 0.2 T employed in Xe—Xe collisions
leads to a shift of this peak to higher momentum values.

The product of acceptance « and efficiency e of the detector is obtained as the ratio of
the reconstructed tracks to the generated particles for each pr bin:

(rec)
N|y|<0.5,\77|<0.8

(gen)
Nyyi<os

axe= (4.4)

To use the resulting fine-binned histogramsﬂ for the spectrum correction, a weighted
average is built from its values for each bin of the particle spectra, with weights provided
by a Levy-Tsallis function describing the deuteron production in p—Pb collisions at
VSNN = 8.162 TeV [12] and an mry-exponential function of *He in the same system,
for deuteron and 3He, respectively. The reweighting is done to correct the artificially
flat distributions of generated particles. The results of the procedure can be seen in
Figure repeating the trends discussed for the reconstructed spectra. In particular,
the higher efficiency of 3He is a consequence of using the TPC detector for PID, while
(anti)deuterons travel through the entire length of the TRD detector to be registered by
the TOF.

4.2.2 Secondary nuclei in spallation processes

As mentioned at the beginning of Section a considerable fraction of secondary nuclei
remains unfiltered in the lowest momentum bins, while the number of antinuclei is
unaffected. Assuming no statistical fluctuation, the particle-antiparticle discrepancy in
these bins can be indicative of such secondary nuclei. This hypothesis is supported by
comparing the DCA,, evolution with transverse momentum for particles and antiparticles
after the complete event, track, and PID selectionlﬂ (Figure . While most of the
antideuteron DCA, values are contained inside a narrow band around zero, deuteron has
an almost homogeneous distribution to the right and left of the center for pp < 1.2 GeV/ec.
It is, therefore, reasonable to suggest that this constant contribution is also present in
the central region used for signal extraction [—0.1 cm, 0.1 cm]. It is known, in fact, that
the secondary nuclei, while having a flat distribution over most of the DCA,, range, also
have a peak at zero due to the wrongly assigned clusters of the ITS detector. To quantify
this effect, one again uses simulated data from Monte Carlo. This time separation of
simulated particles by their origin of production (primary, secondary from the material,
and, if applicable, secondary from decays), available from simulation, allows one to make

8Figure in Appendix.
Including the cut on DCA along the beam axis.
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Figure 4.12: Acceptance x efficiency of the used detectors for (anti)*He and (anti)deuteron.
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Figure 4.14: DCA,, distributions of deuteron (teal circles) and antideuteron (pink diamonds)
candidates in the upper panel and of helions (green circles) and antihelion (light pink diamonds)
in the lower panel in two pr intervals.

predictions about the shapes of their DCA,, distributions. The shapes then can be
compared to the measured ones and thus used to estimate and subtract the remaining
secondary contribution. To this end, the DCA,, distributions of the data are first plotted
in the same momentum intervals used in the PID part of the analysis. Two histograms
are shown in Figure for (anti)3He and (anti)deuteron; the rest can be found in
Appendix. Deuterons have a visible background in the first bins (an example is given on
the left of the top panel of Figure , while helium has almost no counts to either side
of the center (for pp > 2 GeV/c, see the bottom pannel of Figure . This does not
change even if the selection on DCA, is loosened to 0.5 cm. With no information outside
of the relevant region |[DCA,,| < 0.2 cm, no reliable estimate of secondary contribution
using the template method is possible, and so it is neglected and only considered as a part
of the systematic uncertainty (Section. The following discussion focuses on deuterons.

Monte Carlo templates (i. e. simulated DCA,, distributions) have to fulfill the same
selection criteria as the data. Due to the lack of primary particles in MC productions for
the Xe—Xe systenﬂ, a data-driven approach is taken for the primaries: antideuterons are
used to model the fraction of primary nuclei since antinuclei are almost always produced

%The type of production used for fitting DCA,, templates to data (general purpose Monte Carlo) is not
the same as the one used for efficiency estimation.
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Figure 4.15: Monte Carlo template fits of deuterons in two transverse momentum intervals.

in the primary vertex. The templates are fitted to the data, requiring each of them to be
between 0 and 1 with respect to the total deuteron counts. The fitting is done in the
region where the production of secondary particles is expected to be relevant: from 0.6
GeV/c to 1.8 GeV/c, after which this contribution is neglected. Figure depicts some
of the results. The fits seem reasonable in the central DCA,, region but less so outside
of it, which is also reflected by their relatively high x?/NDF values. The fits are carried
out using the TFractionFitter method implemented in ROOT. The content of each bin is
varied individually, taking the statistical uncertainties into account for the normalization.
A somewhat better convergence is achieved by using more narrow bins; this allows for a
better description of a steep increase in the fraction with pp. The latter is illustrated
in Figure [4.16] in which the primary fractions obtained using the default pp-bins of the
analysis are drawn as full, light-grey circles, and the ones from finer bins as empty blue
circles.

To minimize statistical fluctuations of the templates, the discrete values of primary
fractions (narrow bins) are fitted with different functions, also shown in Figure [4.16]
together with their y2NDF values. The functions differ mainly in the low-momentum
region (pr < 0.65 GeV/c), where the primary fraction is vanishing and, therefore, is
harder to estimate. The most appropriate description is apparently given by the simple
form fprimary(pT) =1—0 e tPrwhich is then used to correct the raw yield: the integrals
of the function in the transverse momentum intervals of the analysis are divided by the
corresponding bin widths, and the yields are multiplied by the resulting factor. The other
shapes are utilized as an estimate of the systematic uncertainty, see Section [4.3]

4.2.3 Secondary nuclei from weak decay

Another possible source of secondary (anti)nuclei production is weak decay. The only
significant process for helions (antihelions) is (anti)hypertriton decay, 3H — *He + 7~
(3H — 3He + 7). The corresponding contribution in the pr-spectra can be estimated as

€decay (pT) (dN/dy)f’\H
eed-down \P = -BR - 4.5
freteaonn (1) = 2 oy B (AN g one (%5
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Figure 4.16: Fraction of primary deuterons calculated using the template fit method in the bins of
the analysis (full grey circles) and in more narrow bins (empty blue circles). Also the fit functions
are given.

Where €gecay and eprimary are reconstruction efficiencies of secondary (from decay) and
primary helions, BR is the branching ratio of this reaction (taken to be 25% [29]), and
the last term denotes the ratio of pp-integrated yields of the two particles.

The efficiency of reconstructed particles from weak decay is obtained using a dedicated
MC production; decay/Eprimary is shown in Figure in narrow bins in the left panel
and rebinned to match the helion bins in the right. As usual, the values are hereby
reweighted using the mr-exponential function to account for the shape of the spectra.

The measurements of all available hypertriton yields carried out by ALICE (divided by
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Figure 4.17: Monte Carlo analysis: ratio of the reconstruction efficiency of helion particles from
weak decay to one of the primary helions in narrow and analysis bins of transverse momentum.
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Figure 4.18: ALICE measurements of the (anti)hypertrtion-to-(anti)helion ratios as a function of
charged particle multiplicity in different systems and energies. The dashed line shows a prediction
of the vanilla canonical statistical model for the kinetic freeze-out temperature of 155 MeV.
Statistical uncertainties are represented by vertical lines, systematic ones as boxes.

the corresponding helium yields) are shown in Figure in a half-logarithmic scale.
They are used for a linear extrapolation to the Xe—Xe charged particle multiplicity
value, (dNeh/dn)|y.,1<0.5 = 331.3. The resulting value is 0.250 £ 0.050 (0.241 £ 0.050) for
SHe/3H (*He/3H), where the statistical uncertainty is estimated by evaluating the fit at
(dN.n/dy) = 331.3, with its free parameters increased and decreased by their respective
statistical errors (the realted systematic uncertainty estimate is adressed in Section .

The resulting correction on the yield is shown in Figure for helions. It is considered
negligible for (anti)deuterons in accordance with previous studies [12].

4.2.4 Energy loss at low momentum

Looking back at the response curve of the TPC detector (Figure or the Bethe-Block
formula for its description, one recognizes the steep rise in specific energy deposition
of particles at low momentum. In practice, it means that low-energy particles are
more likely to lose a considerable fraction of their energy before being detected; their
measured momentum is therefore lower than it was at production. To quantify this
effect, one makes use of the previously discussed Monte Carlo simulation: the difference
between the reconstructed momentum of a track p%en and the initial momentum of the
generated particle pif"® (corresponding to the same track) is plotted as a function of the
reconstructed transverse momentum (Figure . If the two quantities demonstrate a

systematic discrepancy (peak in counts at p& " — pii"® # 0), then the distribution is fitted
with a pf°-dependent function representing the energy loss correction. The fit can be

used to correct the measured momentum values on a track-by-track basis, after which the
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Figure 4.19: Primary fraction of (anti)helions, after subtracting the (anti)nuclei from feed-down.
See text for the calculation of statistical uncertainty.

PID and the other steps of the analysis are repeated. In the present case, however, no
obvious deviation from zero is observed, and thus no correction is applied. A splitting of
the distribution is seen for 3He, where a deviation usually occurred in previous analyses
[11]. The (anti)helion is studied for the values of transverse momentum greater than 2
GeV /e, so no correction is applied since no systematic energy loss is obesrved in this
region.

4.3 Systematic uncertainties

The steps taken to analyze the data inevitably introduce systematic uncertainties as a
result of incomplete knowledge of some indirectly involved quantities (e. g. hadronic
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Figure 4.20: Difference between the reconstructed and the ”"true” momentum as a function of the
reconstructed, obtained from Monte Carlo simulation for (anti)deuterons (left) and (anti)>He

(right).
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particle 3He (3m)
pr range 2.0—-25GeV/c 4.5—-6.0 GeV/c
Source of uncertainty
Track selection negl. negl.
ITS-TPC matching 5.3% (5.3%) 4.2% (4.2%)
Secondaries, material 5.7% negl.
Secondaries, feed-down  2.3% (2.3%) 2.2% (2.2%)
Triton contamination 2.5% negl.

Hadronic cross-section
Material Budget

1.0% (3.0%)
0.3% (0.2 %)

1.0% (3.0%)
0.2% (0.3 %)

Total

8.6 % (6.5 %)

4.8% (5.6 %)

Table 4.2: Systematic uncertainties of helions (antihelions) in the first and the last transverse
momentum bins.

cross-section, detector material) but also due to the remaining discrepancies between data
and simulation (e. g. primary fraction, tracking). The following sources of uncertainties
are considered in the next sections:

o Track selection (reconstruction)

o Signal extraction (PID)

o ITS-TPC matching efficiency

e TPC-TOF matching efficiency

o Correction for secondaries from material
o Correction for secondaries from decay

e Triton contamination

e Hadronic cross-section

e Material budget

The summary of the results is given in Tables and and Figures and
The individual contributions are summed in quadrature to obtain the total systematic

uncertainties.

Track selection

The uncertainty associated with the cuts on reconstructed tracks (Section is calcu-
lated by varying these criteria 50 times in predefined ranges with a uniform distribution.
Since some of the cuts are highly correlated (for example, the number of TPC clusters,
crossed rows, and clusters used for PID), they are varied simultaneously. In the case of
(anti)deuterons, each set of cuts is varied separately from the others, which are kept at
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particle d (a)
pr range 0.6 —0.8 GeV/c 5.2—6.0 GeV/c
Source of uncertainty
Track selection 7.6% (2.2%) 1.2% (0.9 %)
Signal extraction 5.5% (4.0%) 0.5% (0.5%)
ITS-TPC matching 3.2%(3.2%) 3.5%(3.5%)
TPC-TOF matching negl. 6.2%(7.2%)
Secondaries, material 4.2% negl.
Hadronic cross-section 1.0%(3.0%) 1.0% (1.0 %)
Material Budget 1.0%(0.3%) 1.0% (1.0%)
Total 10.9% (5.7%) 7.4%(8.2%)

Table 4.3: Systematic uncertainties of helions (antihelions) in the first and the last transverse
momentum bins.
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Figure 4.21: Summary of the contributions to the systematic uncertainty of (anti)helions.
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Figure 4.22: Summary of the contributions to the systematic uncertainty of (anti)deuteron.
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Variable Default value Variation
IDCA.| 0.2 (0.1,0.7)
[IDCA,y| 0.1(0.2) (0.1,|DCALy|/2)
x?/NDF 4.0 (3.0,5.0)
Xtrs/Mehmtors 36 (20, 45)
Xtrs/Mehmters| 3.3 (2.5,8)
M husters 70 (65,100)
Merossed 70 Melusters
"dE)ds 50 NG — 20
M rossed/ Miound 0.8 (0.7,0.9)

Table 4.4: Track variables with their default values (Section 4.1.1)) and ranges for uniform, random
variations. Correlated variables are varied together. () The cut of 3.3 and the range (2.5, 8)
applies for the study of (anti)deuterons with the TPC, for 0.6 GeV/c < pr < 1.15 GeV/c.

their default values. Track variables and their variations are summarized in Table [£.4]

For each variation, the data is refilled anew using two-dimensional histograms (trans-
verse momentum versus n, ), which are then used to rebuild the distributions of n, in
the pr intervals of the analyses. To prevent failed fits from contributing to the final
uncertainty, the fitting parameters are readjusted until all x?/NDF values are below 4.
For (anti)deuterons, all fits are then performed again, and the yields are extracted by
integrating the signal function, whereas for (anti)helions the counts were resumed in
the relevant region. Also the simulated data is refilled to recalculate the new efficiency,
consistent with the changed reconstruction conditions. As was pointed out in the pre-
vious sections, the fraction of primary deuterons is highly dependent on the DCA and
X%TS cuts. For this reason the primary fraction correction is also recalculated for the
variations of these cuts, in the same way as in Section otherwise, the default one
is used. After all the corrections, the yield distributions are plotted for each pp-bin,
and the uncertainty is determined as the standard deviation of the counts divided by
the mean. One such distribution for each particle and antiparticle is shown in Figure

The so-called Barlow test is used for helium particles to estimate the statistical influence
in the calculated tracking systematics. The criteria C' for accepting the uncertainty as
systematic can be expressed as

C = Ldef — Lvar

2

2
Odet — 9var

Where z4ef and v, are some default quantity and one obtained through some variation,
respectively, and ogef and oy, are the corresponding statistical uncertainties. The sta-
tistical uncertainty is considered dominant if the absolute value of C' is less than one,
in which case the variations are discarded. Figure [£.24] shows the values of the Barlow
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Figure 4.23: Frequency of occurrence per 50 variations for each value of counts in a pr interval,
obtained by varying all track selection cuts (helion and antihelion, top panel) and the cut on
X#1s/NDF (deuteron and antideuteron, bottom panel).
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Figure 4.25: The total tracking uncertainty together with its individual components for deuterons
(left) and antideuterons (right).

criterion, in two pr bins, estimated for helium using the aforementioned variations. The
systematic uncertainty of track selection is neglected since |C| < 1 in all four bins.

The test was not done for deuterons since the variations were investigated for each
cut individually, resulting in smaller deviations from the default value zqcf,and hence a
smaller C'. A conservative decision was made to avoid underestimating the uncertainty
by keeping the calculated values added in quadrature. The total tracking uncertainty,

as well as its constituents, are given in Figure in the two panels for deuteron and

ITS
clusters

which is not surprising considering the effect of this cut on the secondary deuteron
particles (see Figure [4.1).

antideuteron. It is dominated by the cut on XIQTS /n in the first bins of deuterons,

Signal extraction

The fits used to extract the deuteron counts allow for a more accurate distinction between
the signal and the background (as well as for suppression of statistical fluctuations). How-
ever, they may originate a systematic over- or underestimation of the yields. To take this
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into consideration, the background fits are subtracted from the measured distributions,
and the remaining counts are summed in the same n, regions as done for fits. Half the
difference between the yields obtained with the two methods is included in the systematic
uncertainty, amounting to about 1.5% on average. This (and other contributions to PID)
are relevant for (anti)deuterons only, as the (anti)helion counts are obtained by simple

summation and are (mostly) already limited to [n1TC| < 3.

The extraction range (—2.5 < nIF¢ < 3.2 and —3.0 < nIOF < 3.5) is itself an estimate
based on the distribution shapes and the knowledge of the detector response. Fifty
variations were generated to estimate the uncertainty due to a possible under- or over-
counting of candidates based on their PID response. For the TOF, the left bound of the
extraction range is uniformly varied in the interval (-4.0, -2.0) and the right one in (2.5,
4.0). Similarly, the TOF ranges were (-4.9, 2.5) and (3.0, 4.5). This contribution is of
the order of 1% for deuteron and antideuteron.

The final uncertainty due to the PID is computed as a quadratic sum of the two
contributions.

ITS-TPC matching efficiency

The ITS-TPC matching efficiency is defined as a fraction of tracks with clusters in both
the TPC the ITS to the total number of tracks in the TPC. Discrepancies between
the values computed with the data and the simulation indicate limited knowledge of
the underlying processes and must be evaluated and included in the final uncertainty.
This task is performed once by the ALICE Data Preparation Group for each beam and
detector configuration [30] and is known to be the same for all particle species since it
depends only on the detector conditions for each collision system and energy. The values
recommended for Xe—Xe collisions at 5.44 TeV are shown in Figure [£.26] together with
the reweighted values in the transverse momentum intervals of the current (anti)helion
analysis. The reweighting is done using the Levy-Tsallis function (for deuterons) and the
mr-exponential (for helions) from the study of the p—Pb system at \/syx = 8.16 TeV
112].

Secondary nuclei from material

In the case of deuterons, a part of the uncertainty due to the primary particle correc-
tion is already indirectly included in tracking, where the value of the DCA,, cut is
randomly generated. Other sources of uncertainties are the binning of DCA,, distri-
butions, the pr intervals (and their size) used for fitting the function describing the
fraction evolution in momentum, and the function itself. The first two are calculated
together using 70 variations by an algorithm that rebins the DCA counts in all possible
ranges from —1.3 cm < DCA,, < 1.3 cm to —0.4 cm < DCA,, < 0.4 cm (default is
—1.1ecm < DCA,y < 1.1 cm), also making sure that the central bins are the most
narrow ones. At the same time, the pr intervals for template fits are slightly varied
(bin width ranging from 0.03 GeV/c to 0.15 GeV/c). If the final fits of the primary
fraction in momentum have a x?/NDF value higher than four, then the whole algorithm is
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Figure 4.26: Values of systematic uncertainty due mismatched ITS and TPC tracks, calculated
by the Data Preparation Group of ALICE [30] and reweighted for use in this analysis.
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Figure 4.27: Left: values of primary fractions in each transverse momentum bin, obtained by
varying the bins of DCA,, distributions and their intervals 70 times, each time fitting the points
with a function and finally integrating the function in the intervals of the deuteron study, divided
by their widths. Right: the resulting uncertainty in half-logarithmic representation.

recursively repeated and the above steps are performed again. For the used 70 variations
additional 200 were generated and discarded based on this condition. The contribu-
tion is relevant only in the lowest bins since it falls exponentially with pr (see Figure |4.27)).

The primary fraction is also estimated in the default configuration of Section [£.2.3] using
the functions shown in Figure The uncertainty amounts to the difference between
the maximum and minimum values of the yield, obtained with the functions in each
momentum interval of the analysiﬁﬂ7 divided by two. It is negligible in all the bins but
the first two, as it is already clear from Figure

" The integral of each function is taken in the corresponding momentum interval of the analysis and
then divided by the interval width.
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Figure 4.28: ALICE measurements of (anti)hypertriton/(anti)helium ratios in different systems,
fitted with a linear function (light green line) in a half-logarithmic scaling. The other two
lines represent the fits of the data points shifted up and down by their systematic uncertainty.
Statictical (systematic) uncertainties are indicated by vertical lines (boxes).

Secondary nuclei from feed-down

The hypertriton-to-helium ratio, needed for the calculation of the feed-down fraction of
helions, is extrapolated using the limited knowledge of the hypertriton production at
different multiplicities, inevitably leading to uncertainties. The ratios are shifted upwards
and downwards by their systematic uncertainties and fitted again by a linear function
(Figure . Half of the difference between the values predicted by these two functions
for the multiplicity of this study (331.3) is taken as the uncertainty of the ratio. The
branching ratio of the hypertriton two-body decay, another component of the feed-down
correction, was measured by the STAR collaboration with an upper limit of 40%. The
final feed-down uncertainty is evaluated by using the maximum and minimum values of
;’\H /?He and BR to get two extremes of freed-down and dividing the difference by two. It
amounts to around 2% in all momentum bins.

Deuterons, by contrast, were found to be unaffected by the weak decay of hypertriton
[12], so no correction is included.

Triton contamination

Although the background contamination of the n ¥ distributions of helium is considered
insignificant (see Figure , it is still evaluated in the first two pp-bins and included
in the uncertainty. The counts at negative values of n1*¢ (-6 < nIPC < —3) are fitted
with a Gaussian and an exponential function (Figure [4.29), taking half the difference in
the resulting yields as uncertainty. The resulting uncertainty is 3% in the first bin and

8% in the second.

Material budget, hadronic interaction and TPC-TOF matching

The detector material budget stands for the thickness up to the middle point of the TPC,
expressed in units of the radiation length. It is determined in photon conversion studies
with a precision of 4.5% [22]. To estimate its effect on the reconstruction efficiency,
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Figure 4.29: nIPC distributions of (anti)helions, with supposed the triton contamination fitted by
a Gaussian (exponential) function, plotted in blue (purple).

dedicated Monte Carlo simulations are produced with the material budget changed by
+4.5%; reconstruction efficiencies emayx and emin are then recalculated for the two cases
and the relative uncertainty oypg is obtained as

emax(pT) - 5min(pT)

2e4ef(pr)
where e4ef stands for the efficiency obtained with the default material budget. In the
present case, this uncertainty is inherited from the previous analyses |12} [13] (since it is not

omB(PT) =

expected to be dependent on the collision system), amounting to 1% for (anti)deuterons
and 0.2%-0.3% for 3He.

The hadronic cross-section, describing the interaction probability of particles with the
detector material, is used as an input in the Monte Carlo simulation and is subject to
uncertainty. Figure shows the ALICE measurements of the anti-*He cross-section
for several values of momentum. The default GEANT4 prediction (red line) is scaled to
obtain the best fit to data (blue dashed line) with an uncertainty (blue band), resulting
in 0.77 £ 0.21. The effect on the reconstructed particle spectra is computed using new
MC productions, with the cross-section parameterized by (0.77 4+ 0.21) times the default
value oy, giving the uncertainty of 3% for antihelions, momentum-independent [12]. An
analogous calculation yields 1% for helions.

Another uncertainty, related to the TPC-TOF matching efficiency, originates from the
material budget of the TRD detector and is only relevant for deuterons, for which the
TOF is used for particle identification. It can be traced back to the measurements of
proton interaction length Ay in the TRD and the total inelastic cross-sections for protons
and deuterons. The resulting uncertainty is pp-dependent, with a rise at 1 GeV /¢ and
from 4 GeV/c onward. The values can be found in Table
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Figure 4.30: ALICE measurements of the total inelastic antihelium cross-section for several values
of momentum. The red line shows GEANT4 prediction, the dashed blue line with the band is the
fit to the data and its uncertainty.
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In this chapter, the final results of the study are reported, combining the intermediate
steps of the analysis Chapter [4] First, in Section the transverse momentum spectra of
(anti)helions and (anti)deuterons are presented, with applied corrections for the detector
acceptance and efficiency, primary fraction, and feed-down (for helions). The spectra are
fitted with Blast Wave function which are also shown. Then in Section [5.2] integrated
yields are calculated together with their uncertainties. Matter-to-antimatter ratios are
given in Section [5.3] followed by a comparison of some observables to the predictions by
the coalescence and the statistical model (Section .

5.1 Corrected spectra

The corrections to the raw yields are applied according to Eq. for (anti)helions and
Eq. for (anti)deuterons:

d2N 1 Nobs (pT)
= 1 = fteed-down 5.1
dy de Nevents A?JAPT (Oé X {5) (pT) ( ffe dd (pT)) ( )
d2N _ 1 Nobs (pT)fprimary (pT) (5 2)

dy de Nevents AZJAPT (Oé X 5) (pT)

where Ngps stands for the raw counts, Neyents for the number of the collected events
(1.14 x 106), a X € is the detector acceptance and reconstruction efficiency, freed-down iS the
fraction of (anti)helions originating from weak decays, fprimary is the fraction of deuterons
produced in primary vertex and Ay Apr are, as before, the widths of the rapidity and
transverse momentum intervals. The results for (anti)deuterons and (anti)helions are

shown in Figures respectively.

The spectra are fitted with the Boltzmann-Gibbs Blast Wave function, used for a
hydrodynamical description of particles produced by an expanding medium in local
thermal equilibrium (Eq. . This allows one to make predictions for the spectra in the
unmeasured regionﬂ

1 d?N /R (pT sinhp) (mT coshp>
— =A drrmrly | ————— | K1 | —— 5.3
pr dpr dy 0 PO\ Tin ' Tkin (5:3)

Here A is a normalisation factor, Iy and K7 are the modified Bessel functions of the first

and second kind, mt = /m? — p?r is the transverse mass, r and R are the radial distance
from the centrer and the radius of the fireball, p = tanh™(3(r)) = tanh~*(Bs(r/R)") is

Ywhich are pr < 0.6 GeV/c and pr > 6.0 GeV/c for deuterons, and pr < 2 GeV/c and pr > 6.0 GeV/c
for helions.
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Figure 5.1: Transverse momentum spectrum of deuteron (left) and antideuteron (right) n the
integrated-multiplicity class after applying the corrections discussed in the text.
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Figure 5.2: Transverse momentum spectrum of the average helion and antihelion spectrum in the

integrated-multiplicity class after applying the corrections discussed in the text and matter-to-
antimatter ratios.
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Figure 5.3: Transverse momentum spectrum of the average deuteron and antideuteron spectrum
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Particle M (GeV?/c?) A B Tiin (MeV) n

d 1.876 337144688 0.75+0.06 186.0+37.8 0.5340.19
d 1.876 278245372 0.75+0.05 189.1+28.9 0.5240.16
(d+d)/2 1.876 2940 4+ 5281 0.75+0.05 188.2+30.1 0.5240.16
(®He + 3He) /2 2.809 200+ 764 0.74+0.15 200.2+4.8 0.23+0.71

Table 5.1: Estimated values of the free parameters A, 8, Tkin and n of the Blast wave fits (see
text for details). The particle mass M is fixed.

particle dN/dy (dN/dy) Extrapolated (AN /dy)pp_p1,

function
(*He +3He)/2 6.59 x 107°  6.60 x 107> 17.3% (10.71 4+ 1.79) x 107°
(d+d)/2 2.79 x 1072 2.78 x 1072 5.0% (3.97 £0.70) x 1072

Table 5.2: Momentum-integrated yields dN/dy compared to the Blast Wave integrals
(AN/AY) function and the results from Pb—Pb collisions at \/syny = 2.76 TeV (because of the
spatial constrains, their statistical and systematic uncertainties are summed in quadrature). The
extrapolated fraction is stated as well, i. e. the integral of the function in the unmeasured region
divided by the total dN/dy.

the boost angle with transverse expansion velocity at r, 8(r), and at the surface, fs, n
is an exponent of the velocity profile and finally Ti;, represents the temperature at the
kinetic freeze-out. The Blast Wave function has four free parameters: A, Bg, Tkin and
n. They are estimated from fits and given in Table The fit of the average deuteron
spectra is shown in Figure with its 2 value.

5.2 Integrated yields

As already mentioned, the integrated yields dN/dy are obtained by integrating the
spectra over the whole transverse momentum range. In the regions with data points,
those are summed, while the Blast Wave fits are integrated in the low and high transverse
momentum regions. The results can be seen in Table and compared to the values
obtained with fitted functions (AN /dy) s nction 2lone and with those from a previous study
in the Pb—Pb system at /syy = 2.76 TeV. In both cases, the data and the fits yield
very close values of AN /dy. The resulting yields for Xe—Xe collisions are of the same
order of magnitude as the yields measured in Pb—Pb collisions, slightly lower as expected
for a smaller system.

In the following, the uncertainties of the yields are calculated. Since the Blast Wave
function is used only as an approximation for the general shape of the spectra, other
functions are also employed to account for eventual discrepancies in the fit. These are
Levy-Tsallis, Bose-Einstein, Fermi-Dirac, Boltzmann, power law, and mr-exponential
functions. The exact forms used are given in Appendix, and the fits are shown in Figure
(.71 The Levy-Tsallis helion fit exhibits a larger deviation from the data points, but
considering the smaller data sample and hence the larger statistical uncertainties, it is
kept for further calculations.
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Figure 5.4: Average deuteron (left) and helion (right) spectra, fitted with different functional
forms.

Shape Mean (x1072) Std. dev.(x1072) Uncertainty
Blast wave 2.792 0.031 1.11%
Boltzmann 2.783 0.032 1.15%
Levy-Tsallis 2.838 0.026 0.92%
Bose-Einstein 2.782 0.032 1.15%
Fermi-Dirac 2.783 0.032 1.15%
Power law 2.881 0.032 1.11%
mr-exponential 2.782 0.032 1.15%
Average 1.1%

Table 5.3: Statistical uncertainties of the average deuteron yield calculated using different functions.

The statistical uncertainty of the integrated yield is estimated using the so-called Gaussian
sampling method: points are shifted independently of each other by a Gaussian distri-
bution centered at the default value with the sigma given by the statistical uncertainty
of each point. This is done 1000 times, each time refitting the spectrum and obtaining
the integrated yield. Some of the resulting distributions for different fitting shapes are
shown in Figure [5.5] These are much more narrow for deuterons than for helions, which
is evident considering the number of deuteron (16) and helion (4) pp-bins and also their
extrapolated fractions (Table . The uncertainty is calculated for each function as the
standard deviation ratio to the corresponding distribution mean (see Tables and .
The average from all the shapes is then used as the final statistical uncertainty of the yield.

A distinction is made when calculating the systematic uncertainty: the uncertainties due
to secondary particles, PID, material budget, and hadronic interaction are assumed to be
correlated across transverse momentum, and the rest are not, as illustrated in Figure [5.6
The error propagation of the uncorrelated parts is done exactly as for the statistical one:
using the Gaussian sampling on 1000 variations and taking the average values of standard
deviation divided by the mean of the yield distribution for each shape. It is found to be
1.90% (4.28%) for deuterons (helions). The correlated part is found by shifting the values
up and down all at once and taking the semi-difference of the resulting yields (Figure
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Figure 5.5: Distributions of integrated yields from the Gaussian sampling of 1000 statistical varia-
tions of deuterons (top panel) and helions (bottom panel).The blue plots show the distributions
obtained with the Blast wave function, the red plots the ones with Bose-Einstein density.

Shape Mean (x107°) Std. dev.(x107®) Uncertainty
Blast wave 6.791 1.111 16.36%
Boltzmann 8.131 1.121 13.79%
Levy-Tsallis 6.945 0.961 13.84%
Bose-Einstein 7.053 0.062 15.06%
Fermi-Dirac 6.747 1.005 14.90%
mr-exponential 6.884 1.103 16.02%
Average 15.0%

Table 5.4: Statistical uncertainties of the average helion yield calculated using different functions.
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Figure 5.6: Momentum-correlated and uncorrelated contributions to the total systematic uncer-
tainty of each analysis bin of deuteron (left) and helion (right).

[.6). The contribution is 4.61% (4.59%).

The remaining part of the uncertainty is due to the approximate nature of the fitted shapes.
Again the semi-difference between the maximum and the minimum yields, computed with
all the mentioned functions, is taken, amounting to 1.78% (8.95%) for deuterons (helions).
It is mentioned at the beginning of the section that for helium, the Levy-Tsallis function
deviates considerably from the others at lower momenta (pp < 2 GeV/c), causing a
higher uncertainty of almost 9% as a result. It is nevertheless considered to provide a
reasonable description of the extrapolated spectrum.

The final systematic uncertainty is obtained by adding all the contributions in quadrature,
the final result being:

Helium dN/dy = (6.586 + 0.988 & 0.718) x 107°
Deuteron  dN/dy = (2.790 + 0.031 + 0.147) x 1072

For completeness, individual components of the uncertainties of deuterons, helions, and
protons (see Section [5.4) are listed in Appendix (Table [7.1)).

5.3 Matter-to-antimatter ratios

The ratios of particles to antiparticles were already shown in Figures and for
individual pp-bins. They are now calculated for the total measured momentum range.

The total ratio is obtained by fitting the pp-depenndent ratios of with a constant
function, with weights provided by the statistical uncertainties propagated from yields;
the statistical error of this value is hereby given directly by the error of the fitted
parameter. The systematic uncertainty of the (pp-dependent ratios AR) is obtained by
treating differently the parts of the uncertainties which are correlated and uncorrelated
between particles and antiparticles:
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AR [(AANE o (AANE (A4 AANT (5.4)
R a A uncorr A uncorr A A corr .

Where AA/A is the correlated (or uncorrelated) part of the systematic uncertainty of a
nucleus and AA/A of an antinucleus. It is conservatively assumed that the uncertainties
due to tracking, ITS-TPC matching, material budget, and (in the case of helium) due to
feed-down are correlated between particles and antiparticles, while the others are not. As
shown in Figure the points (full symbols) are then shifted upwards and downwards
(hollow symbols) by the systematic uncertainties and fitted again. The semi-difference of
these two values is taken as the uncertainty on the final ratios, shown as bands in the
figure. The results are:

Deuteron R =1.00+£0.014+0.06
Helium R=087+£0.18+0.09

The ratios are found to be compatible with one within the uncertainties, implying a
vanishing baryochemical potential as was already the case in the previous ALICE studies.

5.4 Comparison to models

Proton yield

To calculate the observables which then can be used for a direct comparison with model
predictions (SHM and coalescence, see Chapter , knowledge of the proton spectrum
is required. Proton production in the Xe—Xe system was analysed together with pions,
kaons and ¢-mesons in a recent study [25] in several centrality classes (Figure[5.9). Since
only the minimum bias events are analyzed in he current work, the corresponding proton
spectrum is obtained by combining the spectra of individual centrality classes multiplied
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Figure 5.9: Proton plus antiproton spectra in Xe—Xe collisions at /syn = 5.44 TeV in a linear
and a semi-logarithmic scale. These results are taken from Ref. .

by their fraction of centrality (with respect to the 90% of MB; so, e. g., all of the counts
in the 5% most central events are multiplied by 5/90, and so on). This is possible due
to the fact that the measured number of events is independent of the centrality. The
resulting average proton spectrum is shown in Figure [5.10]

Coalescence parameters

The coalescence parameters By and Bs (Section [2.3) follow from Eq. as

BA:< 1 < d2Ny )) < 1 < d2N,, ))A:(zpr,p)A—l d2N 4/ (dpr,a dy)

2mpr, 4 \dydpr, 4 2pr,p \dydpr,p

for a nucleus of mass number A. Here, d> N/ (dp,p dy) denotes the pr-differential proton
yield and d®2Ny4/ (dpr 4 dy) the yield of deuterons or helions, scaled down according
to the relation pr,, = pr, a/A. To build the yield ratios, protons are reweighted and
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Figure 5.10: Average proton spectrum, calculated for the 0-90% centrality, using the data of Ref.
[25].

rebinned as shown in Figure [5.11} The evolution in transverse momentum of the coales-
cence parameters Bs and Bs is presented in Figure [.12] The Bs and Bjs increase with
increasing momentum, which is also observed in other systems at different energies. It
may be linked to the size of the emitting source as suggested by the modern coalescence
models but can not be explained by simple coalescence, see Section [2.3]

Also the EPOS event generator |31] was used to simulate the proton spectra with a
total of around 2.8 million events. By rescaling the generated proton spectra to match
the data and applying the pp-dependent correction on an event-by-event basis, a source
size of 6.9 fm was found to provide the best agreement with the data. The deuteron
spectrum is then calculated with the Wigner formalism, described in details in Ref. [32]
assuming a Gaussian wave function for the nucleus. The EPOS spectra is compared
to the measurements in Figure The ratios of the EPOS spectra to the data fits
of protons and deuterons are shown in Figure 5.14 The shape of proton spectra is
reproduced reasonably well (flat distribution with a systematic shift of around 6%, due
to a larger abundance of antiprotons in the EPOS simulation), whereas the ratio for
deuterons shows deviations from unity of around 50% depending on the pt region. The
comparison of the resulting By coefficient from EPOS and from the data is shown in
Figure The simulation does not seem to reproduce the measurement (Figure ,
presumably due to the incomplete matching of the spectra: at higher momentum values
(pr 21 GeV/c) EPOS overestimates protons and underestimates deuteron production.

Ratios to protons and 7,

To verify the main conclusion of the SHM that a common freeze-out temperature Tg,
underlies particle production at the stage of thermodynamic equilibrium (see Section
2.2)), proton, deuteron and helion yields dN/dy are plotted against their mass number A
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Figure 5.12: Coalescence parameters Bs and Bs as a function of pr/A in the multiplicity-integrated
MB events. Like before, lines result from propagation of the statistical uncertainties, boxes from
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Figure 5.13: Spectra of protons (left) and deuterons (right) as a function of transverse momentum
divided by the mass number. The EPOS simulations were performed and the results provided by
Maximilian Horst in a private correspondence.
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and fitted with:
dN/dy
(2J +1)

where m is the particle mass and 2J + 1 accounts for the spin degeneracy of the particle
(Figure |5.16). The fit yields the chemical freeze-out temperature

= Ce ™/ Ten

Ten = 158.6 £ 2.8 MeV

which is compatible with the values obtained in earlier ALICE measurements as well as
lattice QCD calculations (Section . Particle yields in the Xe—Xe seem to follow an
exponential trend with a penalty factor of 344 + 51, which describes the yield suppression
with every additional nucleon. As expected, this value is slightly higher then in Pb—Pb
collisions (307 + 76 at \/syn = 2.76 TeV [11]) and considerably lower then in p—Pb
(668+76 at /snn = 5.02 TeV [13]) and pp (9724169 at \/syn = 5.02 TeV [33]) collisions.

Particle yield ratios to protons offer a suitable observable to differentiate between light
(anti)nuclei production mechanisms. The values obtained in this study together with
all the other results of the ALICE Collaboration are shown as a function of charged
particle multiplicity in Figure for deuterons to protons in the top panel and for
helium (and triton) to protons ratios in the bottom. Predictions by the coalescence and
the canonical statistical modeld? are shown as well. The CSM assumes the chemical
freeze-out temperature of 155 MeV and is realized for two values of the correlation
volume, V. = dV/dy and V. = 3dV/dy. In case of tritons and helions, the coales-
cence predictions for two- and three-body coalescence are plotted. The former assumes
the creation of a deuteron as an intermediate step before the formation of a helion (triton).

The measurements in the Xe—Xe system confirm once again the smooth trend in multi-
plicity. The d/p and *He/p ratios measured by ALICE increase monotonously at lower
multiplicities ((dNg,/dn) < 100) and seem to saturate at higher. This is in qualitative
agreement with both models. The coalescence models describe the deuteron ratios very
well across the whole measured multiplicity range but are almost indistinguishable for
values (dNe,/dn) 2 100 from the CSM prediction. The increase in ratios going from
pp to Pb—Pb and Xe—Xe systems is approximately 3 times greater for helions. Even if
the measured ratio (*He +2 He)/(p + p) for Xe-Xe lies closer to the CSM line, it can
still be compatible with the coalescence prediction considering the large statistical and
systematic uncertainties, as well as the spread of measurements from Pb—Pb studies.

2Which, according to the standart statistical mechanics, converge to GC models at higher multiplicites.
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6 Conclusion and outlook

The first measurements of (anti)deuterons and (anti)helions in Xe—Xe collisions at
V/SNN = 5.44 TeV have been presented and discussed in this thesis. The data collected
in October of 2017 at CERN by the ALICE detector provides a unique insight into
a system of an intermediate size, bridging the gap between lower-multiplicity pp and
p—PDb and high-multiplicity Pb—PDb collisions. The remarkable capabilities of the three
main detector systems, the I'TS, the TPC and the TOF, were exploited for track recon-
struction and particle identification in the integrated-multiplicity class (MB). Helion
and antihelion particles were analysed with the TPC in the transverse momentum range
2 GeV/c < pt < 6 GeV/c, whereas the TPC and the TOF information was used for the
identification of deuterons and antideuterons in the regions 0.6GeV /¢ < pr < 1.15 GeV /¢
and 1.15 GeV/c < pr < 6 GeV /¢, respectively. Corrections to the raw spectra were
applied using a dedicated GEANT4 simulation and the integrated yields were obtained
by extrapolating the particle spectra to the unmeasured regions, with the extrapolated
fraction being 17.3% for the average of helions and antihelions and only 5% for deuterons
and antideuterons, thanks to the unique characteristics of the detector as well as the
low field configuration of 0.2 T of the solenoidal magnet. The ratio of particles to
the antiparticles was calculated in the total measured transverse momentum interval
and was found to be consistent with unity for both (anti)helions (within uncertainties)
and (anti)deuterons. The uncertainties of the integrated yields were slightly reduced in
comparison with similar analyses at adjacent multiplicities (see, for example, Figure
by taking advantage of the better knowledge of the detector effects and differentiating
between the correlated and uncorrelated contributions. Using the previously published
results for protons, and the coalescence parameters By and B3 were calculated in the
intervals 0.3 GeV/c < pr < 3 GeV/c and 0.625 GeV /¢ < pp < 2 GeV/c, respectively
for deuterons and helions, and a rising trend was observed. In addition, a dedicated
simulation was performed with EPOS, yielding a value of 6.9 fm for the size of the
particle emitting source and a prediction for Bs, which, however, is not consistent with
the measurement and requires further investigation. The common chemical freeze-out
temperature was extracted from the fit of the total yields of protons, deuterons and
helions in the present system and was found to be compatible with the previous studies
and predictions hinting at the (local) thermodynamic equilibrium at some stage of the
medium evolution. The yield penalty factor was measured to be close to previous results
for Pb—Pb and much lower then for p—Pb, in agreement with the general considerations
of the system size. Finally, the ratios to protons were given for the minimum bias cen-
trality with the results supporting the idea of a smooth evolution with charged-particle
multiplicity. This hints, once again, to a common production mechanism of particles
independent of the colliding particles and the center-of-mass energy, but only depending
the system size.
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6 Conclusion and outlook

Outlook

After a three-year-long shutdown phase, a new period of operation of the LHC, Run
3, has started in July 2022. It was designed to provide considerably higher luminosi-
ties and collision rates, with the latter expected to reach 50 kHz in Pb—Pb collisions
[34], to be compared with 80—150 Hz of the Xe—Xe collisions in 2017. To make use
of these improvements the ALICE detector underwent a substantial upgrade during
the shutdown. The ITS was restructured and now consists of 7 layers equipped with
Monolithic Active Pixel Sensors (MAPS), each covering a smaller area then the SPD
sensors and thus improving the resolution of the primary event vertex (and secondary
decay vertices) as well as reducing the material budget thanks to the compact technology
of MAPSH An even more prominent change was made to the TPC, where the Multi-
Wire Proportional Chambers (MWPCs) were replaced by the Gas Electron Multipliers
(GEMs). GEMs consist of two copper surfaces under a voltage, enclosing an insulator
layer in between; each such foil is perforated with small holes of the outer diameter
of 70 pm. The purpose of this design is to reduce the dead time of the detector by
preventing most of the ions (resulting from electron amplification) from travelling back
into the drift region and distorting the otherwise homogeneous electric field. This results
in a much higher data-taking rate of up to 50 kHz compared to the maximum of 3
kHz with the MWPC technology. Lastly, a new data handling system, the so-called
Online-Offline O, is installed to cope with an increased data stream of up to 1.1 TB/s [35].

Higher data volumes will allow for more precise measurements of the light (anti)nuclei
abundances, setting stricter constraints for the two models and helping to acquire a better
understanding of particle production mechanisms as well as deeper insights into the
nature of Quark Gluon Plasma. Higher luminosities will also pave way for the studies of
heavier (hyper)nuclei, possibly the ones unobserved so far due to the statistics limitations.
A better and deeper understanding of the production mechanism may eventually allow
for a conclusive interpretation of any future measurements of antinuclei in space, reaching
an important milestone in the searches of dark matter.

"More information on this and the other upgrades can be found in [34].
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7 Appendix

Functions used for yield extrapolation

e Levy-Tsallis:

d2N pT 1—
—A p,— 1— —f] “
dy dpr LT PT ( Q) T
e Boltzmann:
d2N ,
= A _mT/TB
dy dpr BPT ™TE
e Fermi-Dirac:
d2N ’ -1
= App pr (emT/TFD + 1)
dydpr
e Bose-Einstein
d2N ’ -1
— = A (mT/TBE—1>
dy dpr BEPT| €
e mr-exponential:
d2N ,
— A _mT/Ent
dy de mt PT€E

e modified power law:

A2N 27"
= Aprpr| 1+ (m)
dy dpt Po

Where pr is transverse momentum, mr is transverse mass: mr = y/m? + p?r and m/

is modified transverse mass with an additional parameter py: mmp = \/ m? + (pr + po)?.
The other quantities represent free parameters.
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region 0.6 GeV/c < pt < 1.15 GeV/c

a . . . a . . . P T g
< this work. 5 r this work. 5 this work |
5 5 5
3 Xe-Xe, |5, = 5.4 TeV, 0-90% 3 ®  XeXe, |5, =544TeV,000% 3 8 XeXe 5 =544TeV,090% |
Oqp2 i 06Gevic<p <08 Gevie | O 08GeVic<p <1 Gevic o g 1GeVic<p, <1.15 GeVic
+a ENRLE +a 107 o +a E
3 ] £ ] % +3 3
1 [ 1S ]
I # 1
10 ERRIS
i r il | ‘ 1 r
i mlm wwn mmm ‘\I\I\HI\I\lI\II\I I Hum Il r
) NH\‘HN H" \HH“ o JHI L 0 LD
bR L i
-1.5 -1 -0.5 0 0.5 1 5 0.5 . K X 0
DCA,, (cm) DCA,, (cm) DCA,, (cm)
P e T - T Ty @ — e - T e ) T T T
st this work 15 ¢ this work 15 ¢ this work 3
) § e assuTevosn 4B ®  XeXe |5, =544Tev.000% 4 Q [ o XoXofu=544Tov.000% ]
o ‘ I.‘EGSV/L‘([ZY<1 36 GeVic o + *® 135 GsV/L‘(pY(T 56 GeVic ~ o L 8 1 55GeV/c<pY<l.75 GeVic 4
107 %4 E L & +d - el +d ,
E o ¢ 30k . ¢ 4 10°E : £l
£ '3 +3 ] E ¢ = E E 3 3
[ 8 ] £ ; ] £ é ]
10 ﬁ ERRS 3 ERR i =
£ } ] E ) E F E
r 1 F b 1 L ]
3 b 1 L ! i
1 E At g |
m e g a4 I hidha i e ] fhifv e d 2 e { |
-1.5 0.5 5 1 1.5 -1.5 -1 0.5 0.5 1 1.5 15 1 05 0 0.5 1 15
DCA y (CM) DCA,y (cm) DCA,, (cm)
3 =] @ T T T
£°F ! owork | ER- T3 ' ook | o E10°F this work 3
s ®  XeXe (s, -=544Tev.080% | O [ $ XeXe s, -544Tev.0s0% | Q F i XeXe, 5, =5.44TeV,000%
o r  Cimawieep<2cve ] O g evespamone © & 225Gevic<p <25 Govie
r : +d 7 r +d 1 F ° +d B
= 43 — - 43 - 2L . 43 .
B o ER- 4 3 10 ¢ E
F ¢ 7 £ . | £ 3
[ zi 1 3 1 I & ]
10 ? = 10 ~ 10 % |
F 15 E E 4 E E by 3
g it 10t §I° 1 3
EOWTN! ! YT R E ) Y b
1 | = U= b B A4 0.\ . I = 1 ! LA A | 5
-1.5 -1 5 0.5 1 1.5 -1.5 -1 -0.5 0 0.5 1 1.5 15 -1 0.5 0 0.5 1 1.5
DCA y (CM) DCA,, (cm) DCA,, (cm)

Figure 7.2: DCA,, distributions of deuterons (teal cirlces) and antideuterons (light pink diamonds)
in the transverse momentum region 0.6 GeV/c < pt < 2.5 GeV/c. Contribuion of the secondary
nuclei is neglected starting from pr = 1.8 GeV/c

64



7 Appendix

2] ) T T T T T T 2] F T T T @ F T T T |

S r S r 4 € |

5 e i 5 f . 15 o ]
3 | XeXe, |5, =544 TeV,0-90% -#~“ = this work 3 =, this work H . % this work

o MIREY GoVio < p, <135 GeV, “ 8 | 1ssGevicep <1ssGevie  J v 1 8 [ rscevecpcrmoee £ T ]

L 4

1O o - 002 \ 10 anoretas \ 4 e e A \ .

[ -# Deuteron + . 7 = & 3

Global Fit . 1 4 < t ] r A ]

[ Background Fit Y

1/
&;j:\ R
——
&,

10 signal Fit ‘T ¢ 10 f‘+ = 10 ? + t 4 E
£ ‘f 3 = | + r ]
L ‘ \ 41 7 ~3 k
LD ) KA T
L L L L L L | I L L \: £ L L L L | | L W | \:
8 6 4 =2 0 2 4 6 8 6 4 2 0 2 4 6 8 8 6 4 =2 0 2 4 6 8
o nIoF 1o
@ T T T T T T T T e T T T @ T T T T T T T
€ = €t 4
5 t i 45 1 3
3 Xe-Xe, S,y = 5.44 TeV, 0-90% this work 3 this work 3 I 155GeVic<p_<1.75 GeVic this work -
[SHF 1.1569%<p <1.35 GeVic 19 1.35 Gevie < p, <155 Gevie O !
3 T E = = = 2INDF = -
X2/NDF = 0.94 B E E YINDF = 0.43 3 E #INOF =086 3
[ & Antideuteron ] C ] f ]
Global Fit ] [ ] [ ]
Background Fit
E — Signal Fit E = 10 = 10 |
g £ F E E f 3
| ‘ T :f f f ] ! TT T 1
1 WL T 3 1= ’% s f * 3
Ll 1 1 . 1l L 1 1 1l [ 1 | 1l
-8 -6 -4 -2 0 2 4 6 8 -8 -6 -4 -2 0 2 4 6 8 -8 -6 -4 -2 0 2 4 6 8
\TOF \TOF \TOF
n n n
“ ET T T T T T T T 2] [ T T T T H 2 T T T il
T r ER=EE 1 € ]
3 [ 175GeVic<p. <2 Gevie A this work 13 r this work 1 3 I this work 7
o I Pr A\ 18 | 2Ceve<p<zasGove s ] S [ 2mGevecp <25 Gevic Ao ]
XINDF =136 £ L JUNDF = 1,17 i 22INDF = 1.69 7
107 Y = 4 At t Y, N
E < 3
F Y 1 oF 4 A 1071 4 A -
i b 1 F J S 'y ]
1ol : * i F ) et - +5F \g ]
E [ 7 T+ !

=M
S
.
.
A
(s
_+_‘
ins
RS
S =
e
‘+
4+4
e
4
;8
<+
e
—¢
-5

10— -
1= F | = —
=l L Il L Il Il L L L L Il L Il Il L Il B 10F L L Il L Il Il L H
-8 -6 —4 -2 0 2 4 6 ) -8 -6 —4 -2 0 2 4 6 TOSF -8 -6 —4 -2 0 2 4 6 TOBF
N~ N~ N~
@ T T T e [T T T T T T T T 2 T T T T T T T
5 B this work T 5 B this work 7 5 [ ‘this work
8 [ 175GeVic<p <2 GeVic 4 8 |- 2GeVic<p <225 GeVic 4 8 [ 225GeVic<p <25 GeVic o 4
102 %INDF = 1.01 - ¥2INDF = 1.07 y b [ X?INDF = 0.66 1
5 EIT = R i & i
[ 1k . f ¥ % ]
[ ] bt gy + 1
10l o/ N i i3 Y + 1
: Ty N R s e 3y o+ A st 4
H‘T | + ¥ p} i *+ |
7 10 =
L B 10 -
1= - . ] E 3
| =l L Il H L L Il L Il Il L Il H |1 L Il Il H
8 6 4 2 0 2 4 6 8 8 6 4 =2 0 2 4 6 8 8 6 4 2 0 2 4 6 8
N N N
@ [ T T T He T T T T T T 7 2 T T T
g [ thi k ] g [ thi ke ] g N thi k
[ u ] is wor is wor
S | 250GeVc<p <28 GoVie e o 18 [ Eeeeviecp <alGeve e 8 | strcove<p <as covie .
YYNDF = 1.50 Y -sv-’- ] [ ¥2INDF =0.99 Y, Y b JNDF = 0.82 7*4, wx_*
- - 10 ) + - g / \ 4
10%| — Bog s E F o B
. % R N \! ] [ **+* ¥ \ ]
LIS SN ++ guvs 100 ¥ Nt ] F 4 \c 1
L h ] L 4
T+ t \S i + R + :
f Prtdy ™ H
r FHh4 R
101 -
- 3 10 |
10 k=L L Il L Il Il L Il -+ [ L Il L Il Il L Il 1 il L Il L Il Il I Il H
-6 -4 -2 0 2 4 6 TOBF -8 -6 -4 -2 0 2 4 6 TOSF -8 -6 -4 -2 0 2 4 6 T08F
nt n nt
@ T T T e [ T T T 0 @2 T T T T T T T
= € s L
é 25 GaVie < <28 Gavie ‘this work (g) r \thiswork 5 1 é 3.1 GeVic < p <35 GeVic ‘this work
[N <p <2 1 8-y Xe-Xe, 5 = 5.44 ToV, 0-90% L
T =3 ) éeﬁ( b < 31 Gevie JENOF = 107
r %#/NDF = 0.74 #*/NDF = 1.35
= 1
102 ! ?# ,
ks A ] .
[ 4%t . v ¢+ + b [ ¥ +f *+
10 k=L L L L L B 101 L L
6 4 4 6 8 6 4
N

Figure 7.3: Deuterons (blue datapoints and signal fit, orange background) and antideuterons (pink
datapoints and signal fit, green background) signal extraction with the TOF in the transverse
momentum region 1.15 GeV/c < pr < 3.50 GeV/c
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Uncertainty | (*He + *He) /2 | (d +d)/2 (p+Dp)/2
Statistical 15.0% 1.1% 0.2%
uncorrelated 4.28% 1.92% (assumed correlated)
correlated 4.59% 4.61% 9.63%
shape 8.95% 1.78% 0.81%
Systematic 10.9% 5.3% 9.67%

Table 7.1: Summary of uncertainties of proton, deuteron, and helion yields. Systematic uncertain-
ties of protons were conservatively assumed to be correlated due to the missing knowledge of the

uncorrelated part.
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