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Abstract

A strongly-interacting state of matter known as the Quark-Gluon Plasma (QGP)
is formed at high temperatures and energy densities. These conditions are achieved
in heavy-ion collisions, such as the lead-lead (Pb—-Pb) collisions carried out at the
Large Hadron Collider (LHC), and key results have confirmed a QGP formation.
Smaller systems formed in proton—proton (pp) and proton-lead (p—Pb) collisions
are not expected to achieve the conditions required to form a QGP. The results
from the most recent high energy collisions achieved at the LHC, suggest this is no
longer certain. One of the key signals used to explore the properties of the matter
formed in collisions, is the production of strange hadrons. The excellent track-
ing and particle identification capabilities of the ALICE detector can be utilised to
study the production of multi-strange baryons (2%, OF). This thesis presents the
results of the production of multi-strange baryons in p—Pb collisions at a centre of
mass energy of 8.16 TeV. The transverse momentum (pr) distributions and mean
transverse momentum, (pr), are studied as a function of particle multiplicity. An
increase with multiplicity in (pr) is observed that is greater for the O than the &%,
indicating the presence of radial flow. The yields of the baryons are also measured
and normalised to pion yields in order to study the strangeness enhancement ef-
fect, originally predicted to indicate the presence of a QGP. A comparison to other
collision energies and systems, pp, Pb—-Pb and Xe-Xe, indicates that the hyperon-
to-pion ratios follow a continuously increasing trend from low multiplicity pp to
high-multiplicity Pb-Pb, independent of the initial collision energy and system

size.
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TTrees produced to obtain baryon yields, optimise the selection procedures and calcu-
late the systematic errors. The plots presented in this thesis have been produced by me
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Chapter 1

The Physics Behind the

Quark-Gluon-Plasma

For millennia, scientists have been trying to establish what the fundamental building
blocks of matter are, as well as their properties and how they interact with each other.
The original idea that all matter is made from atoms was first postulated by the Greek
philosopher Democritus in ~450 B.C. The word atom derives from the Greek atomos,
meaning indivisible, as it was originally believed that the atom was the smallest unit of
matter to exist. Aristotle’s theory, that all matter is made up of the four fundamental
elements of earth, fire, water, and air, was much more popular and prevailed for many
years. The idea of atoms was later revived in 1800 when the British chemist John Dalton
conducted experiments on compounds. He showed that a compound contains elements
in the same ratio and that different compounds can be formed with a different ratio of
the elements [3]. In order to explain his observations, he used the concept of atoms by
suggesting the elements consist of tiny particles that can be combined in different ways.

However, Dalton’s theory suggested atoms were particles made of solid matter.

J] Thompson updated this model after his discovery of the first fundamental particle,
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the electron, in 1897 [4]. Atoms were known to be neutral but Thompson had measured
electrons to be negatively charged, therefore he suggested the plum pudding model in
which atoms consist of a sphere of positive matter embedded with negatively charged
electrons. Ernest Rutherford developed the model further with the results of his famous
gold foil experiment in 1911 [5], which indicated most of the atom is in fact empty space
and the positive charge is concentrated in an area at the centre of the atom, which he
named the nucleus. He also later discovered that the nucleus was made up of positively-
charged particles called protons and also predicted the existence of a neutral particle
called the neutron, which his student James Chadwick discovered in 1932 [6]. In Ruther-
ford’s planetary model, the atom consists of a positive nucleus with electrons orbiting
around it in random orbits. The work of Niels Bohr later showed that the electrons ac-
tually occupy fixed energy levels, which they can move between when an atom emits or

absorbs energy [7].

The two types of particle in the nucleus, the positively charged protons and the neut-
ral neutrons, are known as nucleons. They were originally thought to be fundamental,
like the electron; however later studies showed they are actually made up of the fun-
damental particles known as quarks. The quarks are bound together into hadrons via
the strong force, which is mediated by massless particles known as gluons. The strong
force is one of the four fundamental forces and is responsible for holding the quarks
within the nucleons, as well as the nucleons within the nucleus. This force in particular
is the focus of the research in this thesis. The remainder of this chapter will introduce
the model describing the fundamental particles and their interactions, which is known
as the Standard Model. The discovery of the quarks and the gluons (collectively called
partons) will be outlined and the key properties of the strong force, which allow a phase
transition into a new state of matter, called a quark-gluon plasma (QGP), will be ex-
plained. The theory behind the strong force, Quantum Chromodynamics (QCD), will be

introduced and the formation of a QGP in heavy-ion collisions will be described.
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1.1. The Standard Model

1.1 | The Standard Model

Standard Model of Elementary Particles

three generations of matter

interactions / force carriers

(fermions) (bosons)
I Il M
mass = =2.2 MeV/c2 =1.28 GeV/c2 =173.1 GeV/c2 0 =124.97 GeV/c2
charge | %5 % s 0 0
spin | % U Y C Y t 1 g 0 H
up charm top gluon higgs
=47 MeV/c? =06 MeV/c2 =418 GeV/c? 0
-5 Y5 —Y5 0
» (d ) N ¢ "
down strange bottom photon
=(0.511 MeV/c2 =105.66 MeV/c2 =1.7768 GeVic2 =01.19 GeV/c2
-1 -1 -1 0
electron muon tau Z boson
e
<1.0 eV/c2 <0.17 MeV/c2 <18.2 MeV/c2 =80.39 GeV/c2
0 0 0 +1
£ Ve 17 V p % VT 1 W
electr_on muon taL! W boson
neutrino neutrino neutrino —

Figure 1.1: The particles that make up the standard model of particle physics [8].

The Standard Model of particle physics is a theory that describes the fundamental particles
and forces of particle physics, including the weak force, the strong force and the elec-
tromagnetic force. Figure 1.1 shows that the Standard Model particles are divided into
fermions, that make up matter, and bosons, which carry force. The fermions consist of
quarks and leptons, where the quarks carry fractional electric charge and colour charge,
the charge associated with the strong force. There are six quarks of different flavour
called: up, down, strange, charm, top and bottom. The leptons consist of the negatively
charged electron, as well as the heavier copies called a muon and a tau, and the cor-
responding neutrinos which are chargeless particles, originally thought to be massless

when the Standard Model was first conceived. However, the observation of neutrino
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flavour oscillations at Super-Kamiokande [9] verified that neutrinos have a small but

finite mass and provided the first evidence of beyond-the-standard model physics.

The electromagnetic force is carried by virtual photons and its behaviour is described
by the theory of Quantum Electrodynamics, developed by Shini’chiro Tomonaga, Julian
Schwinger and Richard Feynman in the 1940’s [10-14], which earned them the Nobel
prize in 1965. The weak force is mediated by the W™ and Z° bosons and described by
Electroweak theory which unifies the weak force and the electromagnetic force. This
theory was developed by Sheldon Lee Glashow, Steven Weinberg and Abdus Salam in
the 1960’s [15-17] and was awarded the Nobel prize in 1979. The later experimental ob-
servation of the W/Z bosons at the Proton Antiproton Collider in 1983 at CERN [18-21]
led to a Nobel prize being awarded to Carlo Rubbia and Simon van der Meer in 1984.
The strong force is carried by the gluons and is described by the theory of Quantum

Chromodynamics, which will be discussed further later in this chapter.

The standard model also includes the existence of antiparticles. For every particle, there
exists an antiparticle with the same mass but opposite charge. The first antiparticle,
the positron, was observed experimentally in 1932 by Carl Anderson [22] using a cloud
chamber, which earned him the Nobel prize in 1936. A cloud chamber is a container
filled with supersaturated vapour that is ionised by a charged particle passing through.
The vapour condenses on the ions formed, creating visible tracks that show the path of
the charged particles. If a magnetic field is applied across the chamber, the tracks are
curved and the charge-to-mass ratio of the particle can be extracted by measuring the
curvature of the track. The tracks measured by Anderson had the same charge-to-mass
ratio as the electron, but were positively charged and were therefore determined to be
positrons. When matter and antimatter collide they annihilate, creating energy equival-
ent to the masses of the colliding particles. In collisions of particles, such as those carried

out at the Large Hadron Collider, matter and antimatter is created in equal amounts.
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1.2 | QCD

In the late 1940’s physicists believed the particles of the atom, electrons, protons and
neutrons, to be elementary particles. They were aware that there must be some form
of strong interaction to overcome the electromagnetic repulsion inside of nuclei and
particles that experience this force, such as protons and neutrons, were named hadrons.
In the 1950’s, due to developments in particle accelerators and detectors, particle physi-
cists began to discover new hadrons at an ever-increasing rate leading to a “particle zoo’
of hundreds of so-called elementary particles. The physicists Murray Gell-Mann and
Yuval Ne’eman began trying to find a pattern in the newly discovered particles just as
Mendeleev had done with the elements [23]. They organised the particles into groups
of similar properties using a symmetry based on flavour known as the ‘eightfold way’

[24, 25], which won Gell-Mann the Nobel prize in 1969.

In 1964 Gell-Mann and George Zweig independently suggested that the structure of the
groups of hadrons could be explained by the existence of more fundamental particles
with non-integer values of electric charge, which Gell-Mann named quarks and Zweig
named aces. These particles could be combined in groups to form hadrons with the ob-
served properties [26, 27]. Gell-Mann’s name, quarks, is the one that stuck and is still

used today. The quarks and their anti-quarks can be combined together to form mesons

(99) and baryons (949).

1.2.1 | Colour

States that are a combination of the same flavour of quark, such as the () (sss), the
A" (uuu) and the A~ (ddd), seem to violate the Pauli exclusion principle for fermions
[28], which states two identical fermions cannot occupy the same quantum state (have

identical quantum numbers for properties such as angular momentum, baryon number

and electric charge). Therefore, it was proposed by Oscar W. Greenberg, Moo-Young
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Han and Yoichiro Nambu that the quarks have an additional quantum number, later
named colour [29, 30]. The three states of this new quantum number are represented
as red (r), blue (b) and green (g) colour charge. All hadrons are colour neutral with
baryons made up of rgb or 7¢b and mesons formed of either 77, g§ or bb colour-anticolour
pairs. This colour charge is analogous to the electromagnetic charge; however, the force
carriers for the strong force, gluons, also carry colour charge, unlike the photons which
carry no electric charge. This gives the strong interaction its unique properties known

as confinement and asymptotic freedom.

1.2.2 | Confinement

In Quantum Electrodynamics (QED) the potential is inversely proportional to the sep-

aration of the charges, r,

o

Ve (r) o« —*2, (1.1)

where «,,, is the electromagnetic coupling constant. However, the behaviour is differ-
ent for a strong potential in Quantum Chromodynamics (QCD). As two colour charges
are pulled apart, the gluons self-interact and the energy in the field creates more gluons
which pull the field lines together as shown schematically in figure 1.2a. This beha-
viour adds an additional ‘string-like” term proportional to the ’string’ constant, k, to the

potential. This gives the Cornell potential for QCD

4o
Vacp(r) « —575 + kr, (1.2)

where «; is the strong coupling constant [31]. As the colour charges are separated fur-
ther, the second term dominates and the equation indicates the force will increase in-
tinitely. However, as the energy increases it actually becomes energetically favourable
to break the string and create a new quark-antiquark pair from the gluon field, rather
than separate the quarks further as shown schematically in figure 1.2b. This leads to
the confinement of quarks in hadrons, preventing single quarks from being observed

experimentally.
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()
@ .. q ° @

=

Figure 1.2: (a) A diagram demonstrating the different behaviour of field lines in a QED
(left) and QCD (right) potential. In QED the field lines spread out over space, whereas
in QCD, the self-interaction of the gluons squeezes the field lines into a flux tube. (b)
Diagram demonstrating the breaking of colour strings when a quark pair is separated.
Adapted from [32].

1.2.3 | Asymptotic freedom

In both QED and QCD the coupling "constants” actually vary depending on the separ-
ation of bare charges, due to vacuum fluctuations allowed by Heisenberg Uncertainty
Principle. In QED, an electron is surrounded by electron-positron pairs which screen the
charge of the electron. As another charge is brought closer to the electron, the screening
is reduced and the magnitude of the charge of the electron appears to be greater. This
effect is represented by the coupling constant, «,,, increasing. Therefore, the strength of
the electromagnetic force is dependent on the distance scale of the interaction. Reduced
distances indicate high momentum transfers in the interaction, so the strength of the
coupling constant is usually described in terms of the four momentum, Q. For the QED

coupling constant, this is described by

14
1- ?%_f-((ln(Q/me)

“em(Q) = (1.3)

2
where « = £ and m, is the mass of the electron [33].

In QCD, a similar effect is seen, however, a colour charge will be surrounded by virtual

7



Chapter 1. The Physics Behind the Quark-Gluon-Plasma 1.2. QCD

gluon loops as well as quark-antiquark pairs. These gluon loops have an anti-screening
effect that counteracts the screening of the quark-antiquark pairs. The strength of the

coupling constant is described by

2
DéS(QZ) _ 11NC_2nflxs(Q0)

1+ — 5L (Q))In(Q%/Q5)

(1.4)

which gives the value of a at Q? relative to a value measured at Q% [34]. The factors
N, and n f are given by the number of colour charges (three) and the number of quark
flavours (six) respectively. With these values, the anti-screening effect of the gluons
dominates. As the colour charges are brought closer together, or Qz increases, the anti-
screening is reduced and the strength of the colour charge decreases. This can be seen
in figure 1.3, which shows the results of calculating a; using experimental data from
different measurements such as the hadronic branching fractions of T lepton decays, jet

T¢~ annihilation and the

production rates in deep inelastic scattering (DIS) processes, e
masses, mass splittings and decay rates of heavy quarkonia. This figure demonstrates
the running of the QCD coupling constant known as asymptotic freedom which was
discovered by David Politzer, David Gross and Frank Wilczek [35-37], and won them

the Nobel prize in 2004.

The asymptotically free behaviour of quarks at small separation scales, led John Collins
and Malcolm Perry to hypothesise the existence of a new superdense state of matter
made of deconfined quarks rather than hadrons that could exist in the centre of neutron
stars and in the very early stages of the Universe after the Big Bang [38]. This state of

matter is known as a quark-gluon plasma (QGP).

1.2.4 | Debye Screening

In a hot and dense medium, a common phenomenon known as Debye screening can
occur. It is common in electromagnetic plasmas, but can also be used to model the

deconfinement of quarks at lower energy scales than asymptotic freedom. When the

8
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Figure 1.3: Measurements of the coupling constant, &, as a function of the energy scale,
Q. The curves show the QCD predictions [39].

distances separating colour charges is reduced significantly, long range interactions are
screened so only short-range interactions need to be considered. This modifies the QCD
potential to

4o, _ R
Vacp(r) = =3¢ "R, (1.5)

where Rp, represents the Debye screening length [40]. As the density of the matter in-
creases through heating or compression, the Debye screening length reduces. When Rp
becomes comparable to hadronic radii at ~ 1 fm, the forces between the quarks become
smeared by nearby colour charges and the hadrons melt into a quark medium in which

quarks and gluons continue to interact strongly but can not be bound into hadrons.

1.2.5 | Phase Diagram

A phase diagram is used to show the different states of a substance under different

conditions. The phase diagram for hadronic matter is shown in figure 1.4. It shows

9
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the relationship between the temperature, T and the chemical potential, yz, where g
is related to the net baryon number density of the system and is zero in a vacuum and
approximately 1 GeV for normal nuclear matter. Phase transitions occur when matter
changes from one state to another, indicated by the curved lines on the diagram. At
the critical point, different phases can coexist in the same conditions. As shown on
the diagram, the QGP of the early universe is found at high temperatures, where pp is
almost zero. This is the region of the phase diagram being explored by ALICE [41] at
the LHC [42].

* e L g L] * ~
~ ® ° ,.66\ ~ ° e
& € .
© A 5 ab) ° @
E z e Quark Gluon Plasma
@ o ®
5 2 L] L ]
g = & L] L4
Eli1f o @ & -

lllustration de Carla Martinez Rivera

S E
f L Colour Superconductor?
[ ]
rrr/:rr ®
- g - .
Photon ~ Liquid gas-transition @
rrGas&/._/:;

T
1 Gev Chemical Potential

Atomic Nucleus

Figure 1.4: Phase diagram of hadronic matter. Adapted from [43].

1.2.6 | MIT Bag Model

In order to extract useful, measurable parameters, such as the temperature of the phase
transition, the dissolving of the quarks into a quark-gluon plasma can be modelled us-
ing a model such as the MIT bag model [44]. This model treats the quarks as massless
particles in a finite region of space referred to as the bag. Confinement is provided by
an external bag pressure, B, which balances the internal pressure from the quarks. In

the high temperature, T, limit, the coupling constant approaches zero due to asymp-

10
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totic freedom. This means the quarks and gluons themselves are non-interacting and
they can be modelled as an ideal gas. The equation of state for an external gas of pions
and an internal free gas of quarks and gluons can be compared and an approximation of

the transition temperature and density can be found, where the pressure of both is equal.

From this model, with a value of BY* ~ 220 MeV, the values obtained for critical tem-
perature and density at which matter transitions to a QGP are T, ~ 160 MeV and €, ~
1.2 GeV fm ™ [31]. For a more rigorous approach that takes into account the interactions

of the particles near the critical temperature, Lattice QCD calculations have to be used.

1.2.7 | Lattice QCD

Lattice QCD is a technique for studying QCD and the QGP that uses a discretisation of
the QCD Lagrangian, which describes the dynamics of the quarks and gluons, onto a
4D grid of three spatial dimensions and a time dimension [45]. Figure 1.5 shows cal-
culations of the energy density, €, over T plotted as a function of T/T., where T, is
the critical temperature, for three different numbers of quark flavours; two or three light
quark masses are used in calculations or the 2+1 label corresponds to the case where two
light quark masses and a strange quark mass four times heavier is used. There is a clear,
sharp increase in energy density indicating a phase transition from hadronic matter to
a deconfined QGP at a temperature of T,(Ny = 3) = 154 £ 8 MeV and T(N; = 2) =
173 4+ 8 MeV [46]. The value of energy density in the ideal gas model, €, is indicated
in the diagram. At higher temperatures, the deconfined matter is predicted to approach
this limit, however this does not seem to be approached for temperatures close to T, for
any of the number of flavours studied, indicating that interactions between quarks and

gluons remain in a QGP.
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Figure 1.5: Energy density as a function of T/T, for different numbers of quark flavours
in QCD. The curve labeled 2+1 flavour corresponds to a calculation using two light
quark masses and a four times heavier strange quark mass [46].

1.3 | QGP formationin a Collider

Time 2>

Initial State Energy Stopping Hydrodynamic £~
Hard Collisions Evolution Hadron Freezeout

Figure 1.6: Time evolution of a heavy-ion collision. Adapted from [47].

In order to create the extreme conditions required for nuclear matter to undergo a phase
transition to a QGP, two heavy nuclei can be collided at sufficiently high energies. In
heavy-ion collisions, the colliding ions are travelling at almost the speed of light so are
Lorentz-contracted and can be considered as two thin disks as indicated in figure 1.6.
The collision of these disks leads to a large amount of energy being deposited in a small
region of space, therefore creating the critical conditions for QGP formation. Once the
QGP reaches thermal equilibrium it is governed by the laws of thermodynamics as it

expands and cools until it reaches hadron (also known as chemical) freeze-out at which

12
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point the deconfinement ceases and the particles hadronise.

When the nuclei collide, the nucleons can be considered as either participants or spectat-
ors of the collision, where a participant is defined by a nucleus undergoing at least one
inelastic collision. The number of participants, N, and spectators, N;,,., are connec-
ted to the centrality of the collision. This is defined by the value of the impact parameter,
b, of the collision which is the distance between the centres of the colliding nuclei in the
plane perpendicular to the collision axes ie. the overlap of the colliding nuclei. The cent-
rality is defined to be very central at low values of b and peripheral at high values of
b. The centrality of a collision cannot be measured directly so a measurable quantity is
mapped onto Monte Carlo simulations, as explained in more detail in sections 2.2.1 and
3.2.5. Different classes of events can be defined by dividing the total integrated cross-
section into percentile classes based on the centrality of the collision. A 0-10% centrality
class would include the most central events and a 80-100% class would include the most
peripheral events. When looking at small collision systems such as pp, multiplicity can
be used as an indicator of event activity instead. The multiplicity of the event is defined
by measuring the number of charged particles produced in the collision and dividing
the data up into multiplicity percentile classes. A 0-10% multiplicity class would con-
tain events with the highest multiplicity and a 80-100% class would contain the lowest

multiplicity events. An example of this is given in section 3.2.5.

The space-time evolution of the QGP after a collision at t = 0 fm/c has occurred, is il-
lustrated in the right-hand side of figure 1.7. In the pre-equilibrium phase (t < 1 fm/c),
the quarks and gluons scatter and high-momentum particles and photons are produced
in abundance. At this stage, particle production involves large Q7 transfer so particle
production can be calculated using perturbative QCD (pQCD). The inelastic collisions
modify the flavour of the colliding particles. Due to the collisions, the system eventu-

ally thermalises. The rapid collective expansion of the system betweent =1 — 10 fm/c

13
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can be modelled using relativistic hydrodynamics. Between t = 10 — 15 fm/c the QGP
cools and the energy density decreases until the system is no longer deconfined and
hadronisation starts. The point at which momentum exchanges become insufficient for
inelastic interactions, chemical freeze-out occurs, after which the flavour composition
of the system is fixed and the system evolves into a hadron gas. The matter continues
to expand until kinetic freeze-out at ¢+ > 15 fm/c, at which point, the mean distance
between the hadrons is greater than the range of the strong interaction and therefore

elastic interactions also cease and the hadrons leave the interaction region.

x, K. p, ..

a K. p, ... i

Hydrodynamic
Evolution Pre-Equilibrium
Phase (< 1)
a) without QGP

\ b) with QGP £

A B

Figure 1.7: Space-time evolution of a heavy-ion collision for two scenarios. The left
shows the evolution without any QGP production and the right shows the result includ-
ing initial QGP production, with the kinetic freeze-out temperature T, and the chemical
freeze-out temperature, T, indicated [48].
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Chapter 2

Heavy-lon Collisions

The following chapter will outline the experiments that have been carried out to search
for the QGP and the analysis methods that have been used to confirm its existence and

study its properties in more detail.

2.1 | Heavy-lon Collider Experiments

After its theoretical prediction, two particle accelerators began the search for a decon-
tined state of matter simultaneously in 1986 through fixed target experiments at the Al-
ternating Gradient Synchrotron (AGS) [49] at Brookhaven National Lab (BNL) [50] and
the Super Proton Synchrotron (SPS) [51] at CERN. The experiments initially began col-
liding light nuclei such as oxygen-16, silicon-28 and sulphur-32, but in the early 1990’s
began collisions with heavy nuclei such as gold-197 and lead-208. The AGS achieved
centre-of-mass energies per colliding nucleon pair of /sy = 4.6 GeV [52], however,
the SPS reached /sy = 17.2 GeV in Pb-Pb collisions and /sy = 19 GeV in S-S col-
lisions [53]. The results from the SPS programme provided enough evidence for CERN
to announce the creation of a new state of matter in 2000 [54, 55]. The evidence for

QGP formation was based on results from seven complimentary experiments at the SPS:

15



Chapter 2. Heavy-lon Collisions 2.1. Heavy-lon Collider Experiments

NA44 [56, 57], NA45 [58, 59], NA49 [60, 61], NA5O [62, 63], NA52 [64, 65], WA97 /NA57
[66, 67] and WA9S [68, 69].

At the same time, a new high-energy collider at BNL called the Relativistic Heavy-
Ion Collider (RHIC) went into operation. Here, gold ions were collided at top energies
of \/syn = 200 GeV. At this energy, larger, hotter fireballs (the hot and dense matter
formed in the collision) with a longer lifetime were created, allowing the creation of a
QGP to be confirmed in a series of white papers published in 2005, summarising the
results from the four different experiments, STAR, PHENIX, PHOBOS and BRAHMS
[70-73], which were all in good agreement with each other. The temperatures and dens-
ities created in the collisions at RHIC far exceeded the predicted critical values for QGP
formationof T, =154 =8 MeV and e, ~0.5-1GeV/ fm? [46]. The onset of the LHC, cap-
able of colliding Pb-Pb ions at energies of /sy = 2.76 TeV in Run 1 and /sy = 5.02
TeV in Run 2 !, has created even more extreme conditions of temperature and energy
density and has allowed a more detailed characterisation of the QGP and its properties.
For example, an effective temperature of T,; = 297 12" & 41°%" MeV [74] has been
measured in central Pb-Pb collisions at , /sy = 2.76 TeV at ALICE using direct photons
(see section 2.2.3 for details). This is 34% higher than the T, ¢ = 221 419" +19%* MeV
[75] measured in central Au-Au collisions at /sy = 200 GeV at RHIC.

2.1.1 | Charged-Particle Multiplicity

The charged-particle multiplicity of a collision relates to the number of particles pro-
duced in the final state. This is expected to be of the order of thousands for Pb—Pb colli-
sions and ~ 10 on average for p—p collisions, with p-Pb providing intermediate values.

The energy density, €, of matter created in a collision can be related to the charged-

'LHC data-taking periods are divided into runs as described in more detail in section 3.1
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particle multiplicity by the Bjorken formula,

1 dE; _ 1 dN

€= At dy A_Td_y<pT>’ (2.1)

where % is the transverse energy per unit rapidity 2 produced, T is the time taken
for the QGP to form and A is the overlapping area of the colliding nuclei [76]. The
transverse energy can be approximated by the transverse momentum, pr, and charged-
particle multiplicity, N, of the event. This led Bjorken to originally suggest that even
proton—proton collisions could create energy densities high enough for QGP formation,
if multiplicities are high enough [77]. However, experiments have not yet shown con-

clusive evidence of this.

2.2 | Experimental Observables

The QGP cannot be observed directly, so in order to study it, observables have to be
identified that can be measured from the particles produced in the collision. They can
provide information about the QGP and its properties. Five such observables are sum-

marised here.

2.2.1 | Jet Quenching

One of the key signatures of QGP formation involves studying the production of jets,
where jets are defined as cones of hadrons formed by the hadronisation of a parton pro-
duced in a hard scattering process. Within a QGP, the scattered partons lose energy due
to interactions with the hot and dense medium through collisional or radiative energy
loss. This means the hadrons produced in the jet have a lower momentum than expec-
ted, leading to the QGP signature known as jet quenching. This is illustrated in figure

2.1, which demonstrates the interaction of the parton with the medium before hadron-

*Transverse energy is the energy component transverse to the beam and the rapidity is a variable
related to the angle of the particles produced relative to the beam axis. See section 3.2.1 on the ALICE
coordinate system for more details.
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12 fm

Eto<Bry

Figure 2.1: Diagram showing a back-to back jet produced near the edge of a QGP fireball.
One jet leaves the medium with energy Ery. The other travels a significantly larger
distance through the medium and interacts through multiple random scatterings and
gluon radiation before hadronisation, therefore it is detected with energy Er, < Er.
[78].

isation occurs.

The level of suppression can be measured using a quantity called the nuclear modifica-
tion factor,
dNya/dpr

Ry, = , (2.2)
Aa <Ncoll>dep/de

which gives the ratio of the charged particle yield, N, as a function of pr in heavy-
ion (AA) collisions compared to pp collisions, scaled by the average number of binary
nucleon-nucleon collisions, N,,;;. The value of N, is a theoretical parameter related to
the centrality of the collision (the overlap of the colliding nuclei) that can be calculated
using a Glauber model [79]. This simulates millions of Pb—Pb collisions with varying
impact parameter, b, and calculates the number of individual nucleon-nucleon collisions
that occur in each event, N,;;. The distribution of N,,;; maps onto the measured track

multiplicity in the data that is used to form centrality percentile classes. Therefore, the
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X-Y plane X-Z plane

Figure 2.2: Diagram showing a Glauber modelled Pb—Pb event with impact parameter,
b = 7.8, in the transverse (left) and longitudinal (right) plane. The shaded particles
indicate those participating in a collision, whereas the unshaded indicate spectators of
the collision [80].

same classes in the data can be used in the N_,;; distribution to find the average (N_,;)
for each class. An example of a Pb-Pb Glauber event is shown in figure 2.2 with an im-

pact parameter of b = 7.8.

A value of R4, < 1 indicates jet quenching. Figure 2.3 shows results from ALICE
at the LHC at /sy = 2.76 TeV that indicate there is a strong amount of jet quenching in
central heavy-ion collisions compared to peripheral collisions, reaching a minimum of
Rap =~ 0.2at pr =7 GeV/c[81], providing evidence for the presence of a QGP in these

events.

Measurements of R4, have also been made in p-Pb collisions at /syy = 5.02 TeV
[82]. The results are shown in blue in figure 2.4, alongside results for central (red) and
peripheral (green) Pb—Pb collisions. The measurements at ALICE show a value of R 4 4
consistent with one within systematic uncertainties across all pr, indicating that there
is no suppression and therefore no presence of a QGP in these collisions. Results for
R 4 4 in run 2 p—Pb data would confirm if this is still the case at higher collision energies.

However, it is also worth noting that measurements of R 4 , make the major assumption
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Figure 2.3: Plot showing the nuclear modification factor, R 4 4, in central (0-5%) and
peripheral (70-80%) heavy-ion collisions at ALICE (left). Central results are compared
to measurements from STAR and PHENIX (right) [81].

that no QGP is produced in the reference pp collision system, which may not be valid at
high collision energies where high multiplicities are produced, and therefore could bias

the results.

High pr suppression, indicating jet quenching, can also be measured using two-particle
angular correlations. This involves identifying trigger (frig) particles within an event
that have a pr above a chosen threshold, that are assumed to originate from a jet. Asso-
ciate (assoc) particles are then identified which have a p; lower than the trigger particle
but above a lower threshold py. The angular difference in the transverse plane, Ag,
between the trigger and associated particles can then be plotted, where ¢ is indicated
in figure 3.4. The results give two peaks at Ap = 0 and Ag = 7 as the jets are produced
back-to-back. Results for ALICE are shown in figure 2.5. A suppression in the away-side
jets can be seen at Ag = 7w when central (0-5%) Pb—Pb results are compared to peripheral
(60-90%) Pb-Pb results and proton-proton results, indicating the jets produced in the

central Pb—Pb collisions have been suppressed traversing the QGP.
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Figure 2.4: R,, measured in p-Pb collisions at /syy = 5.02 TeV (blue) shown

alongside measurements in central (red) and peripheral (green) Pb-Pb collisions at
VSNN = 276 TeV [82].

Measurements of two-particle correlations have also been made by CMS and ATLAS.
Results from high-multiplicity collisions in small systems, including pp collisions at
Vs = 7TeV [83]and /s = 13 TeV [84] and p-Pb collisions at \ /sy = 5.02 TeV [85,
86], have shown long-range correlations in the near-side particles (¢=0) across 7 (angu-
lar variable related to the polar angle, 0, defined fully in section 3.2.1), which are not
predicted by MC simulations. Figure 2.6 shows results for 2D particle correlations in
low-multiplicity (a) and high-multiplicity (b) pp collisions, where correlations across %
at ¢=0 are visible only in (b). This effect is interpreted in Pb—Pb collisions as a result
of the hydrodynamic expansion of the QGP medium formed in the collision. The ob-
servation of this effect in small systems provides some evidence for QGP formation in
high-multiplicity pp/p-Pb collisions, however, more results from other observables are

needed to confirm this conclusion.
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Figure 2.5: Two-particle angular correlation yields for 4 < pr,assoc < 6 GeV/c and 8 <
pr,trig <15 GeV/c in central (0-5%) Pb-Pb events (histogram), peripheral (60-90%) Pb-
Pb events (red circles) and pp events (blue squares). The fully corrected results with the
background subtracted are shown. Adapted from [87].
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Figure 2.6: The 2D two-particle correlation functions in pp collisions at /s = 13 TeV for
pairs of charged particles in the range 1 < pr < 3 GeV/c. Results are shown for (a)
low-multiplicity and (b) high-multiplicity events. The sharp peaks from jet correlations
around (A¢, An) = (0, 0) are truncated in order to illustrate the long-range correlations
better [84]. ¢ is shown as ¢ on this figure.
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2.2.2 | Charmonium Suppression

Charmonia, such as J /1, are defined to be bound states of the charm quark and its anti-
quark. ]/ suppression was predicted in 1986 [88] to be a signature of the formation of a
deconfined quark-gluon plasma. The mass of the charm quark, 1.3 GeV, makes thermal
production unlikely at the temperatures reached in the high-energy collisions carried
out at particle colliders, therefore the charm quarks present in the final state have been
produced by initial hard scattering of partons and experience the whole evolution of the

system.

As discussed in section 1.2.4, the onset of a QGP causes Debye screening of the quarks.
When the screening radius, rp, is less than the radius of the hadron, ry, the strong force
can no longer hold the quarks together and the hadron becomes deconfined. The ra-

dius of a charmonium meson is more than the Debye radius in a QGP. Therefore, in the
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Figure 2.7: Plot showing the transverse momentum dependence of the J /¢ R 4 4 as meas-
ured by ALICE [89] in the 0%—-20% most central Pb-Pb collisions at /sy = 2.76 TeV
compared to PHENIX [90] results in the 0%—20% most central Au-Au collisions at /sy y
=02TeV.
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QGP, the binding of c¢ quarks into a J /1 meson is restricted, leading to a suppression in
the measured production of J/¢ in Pb—Pb collisions compared to pp collisions. This is
measured using R 4 4, as was done for jets, where the yields of |/ are used rather than
charged particle yields in equation 2.2. Any charmonia produced in the initial collision,
‘melt” in the QGP and the ¢ quarks then hadronise at the phase boundary with other

quarks.

Extensive studies of ] /1 production at SPS and RHIC [91-95] showed suppression across
a wide energy range in central heavy-ion collisions. At the higher energies achieved at
the LHC the thermal production of charmonia at low momenta becomes significant.
After deconfinement, low momentum c¢ pairs close in phase space can recombine to
form charmonia in the final state, producing low momenta J /1. This regeneration coun-
teracts the suppression of J/¢ and leads to a less suppressed signal for J/¢ at the LHC
compared to RHIC, as shown in figure 2.7. The red points in figure 2.7 indicate the sup-
pression of J /1 is smallest at low pr due to recombination contributing to the measured

yield at these momenta.

2.2.3 | Direct Photons

The inclusive production of photons in a hadron collision is a combination of decay
photons, produced by decaying hadrons, and direct photons. Direct photon production
can therefore be measured by subtracting decay photon yields from inclusive photon
yields. The direct photons are produced at all stages of the collision and escape unaf-
fected and so carry important information about the conditions of the medium at pro-

duction.

At high pr, where the production is dominated by hard scattering of initial partons, the
prompt direct photon yields can be predicted using pQCD calculations so their meas-

urement can be a useful test of the theory. Atlow pr, the thermalisation of the QGP and
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Figure 2.8: Plots showing direct photon spectra in Pb-Pb collisions at /sy = 2.76 TeV
measured at ALICE for the centrality classes 0-20% (scaled by 100), 20-40% (scaled by
10) and 40-80%. In (a), they are compared to NLO pQCD predictions in pp collisions at
the same energy scaled by number of binary nucleon-nucleon collisions and in (b), they
are compared to model calculations of direct photon spectra [74].

hadronic matter produces thermal direct photons with a spectrum strongly dependent
on the properties of the QGP, so can give information on the collective flow and temper-

ature of the medium.

The inverse slope parameter of the low pt region can be extracted from an exponential
fit < exp(—pr/T,fs) of the direct photon spectrum after the prompt pQCD contribution,
shown by the dashed orange line in figure 2.8a, is removed. This can be used to calculate
the average temperature of the medium. A temperature of T, = 297 + 1297 4 47°%
MeV [74] has been obtained for central Pb-Pb collisions at /sy = 2.76 TeV. A compar-
ison of direct photon calculations using models that contain QGP formation agree with

measured spectra within uncertainties as shown by figure 2.8b.
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2.2.4 | Collective flow

Anisotropic collective flow refers to anisotropies seen in the final momentum distribu-
tions of particles produced in nuclear collisions that indicate the existence of collective
behaviour in the matter produced in the collisions. In-plane elliptic flow was first sug-
gested as a signature of collective behaviour in a QGP in the 1990’s [96]. This signal was
experimentally observed as azimuthal correlations between particle momenta and the

plane of the reaction, first at AGS [97] and later at SPS [98].

It was initially predicted that a QGP would have similar properties to a weakly interact-
ing gas, meaning the mean free path of the partons would be large, giving the medium
a large viscosity which would prevent any strong collective expansion. A very strong
elliptic flow measurement at RHIC [99] contributed to the understanding that a QGP is
actually much more similar to a strongly interacting liquid. The measurement of flow
is important in studying the early evolution of the QGP as the final anisotropies in the
momentum distributions originate from the initial geometry of the overlap region of the

colliding nuclei, which create pressure gradients in the hot and dense matter formed.

The anisotropies can be quantified using Fourier coefficients of the particle spectra,

vy = (cos[n(¢ —¥,)]), (2.3)

where 7 is the flow harmonic order, ¢ is the azimuthal angle of the particles and ¥, is
the azimuthal angle of the reaction plane, estimated by the event plane which can be
calculated by measuring the azimuthal distribution of particles produced in the event
[100-102]. The first harmonic is known as directed flow, the second harmonic as elliptic

flow and the third harmonic as triangular flow.

Measurements of flow allow constraints to be put on the equation of state, as well as

measurements of the kinematic viscosity, 17/s (ie. shear viscosity over entropy density
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Figure 2.9: Plot showing the root-mean-square anisotropic flow coefficients computed

1/2
as a function of centrality, compared to experimental data of <v$,> ,n € 2,3,4 from

1/2
the ALICE collaboration (left) and data of <v$l> ,n € 2,3,4,5 from the STAR (filled

points) and PHENIX (open points) collaborations (right). The bands indicate statistical
errors. Adapted from [104].

ratio) to be made. The predicted quantum lower limit of # /s for all fluids is 1/47 (in

natural units) [103], so a fluid with this viscosity is called a perfect fluid.

Experimental data from RHIC were found to be consistent with 77 /5=0.12 [104], whereas
later measurements from ALICE are consistent with a value of 77/5=0.2 [104] as shown
in figure 2.9. These low values of 77/s indicate the QGP is a near-perfect fluid and the
change from RHIC to ALICE results allows constraints on the temperature dependence
of 77/s to be made. The flow increases moving from central to peripheral collisions at the
LHC in the left of figure 2.9 due to the spatial anisotropy becoming larger as the overlap

region becomes less circular and more almond-shaped.

The high energies at the LHC allow the elliptic flow to be studied in detail by meas-
uring the variable with different identified particles to study the mass ordering effect,
as well as the higher flow harmonics which can reveal more detailed information about

the initial anisotropy in the matter formed.
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2.2.5 | Strangeness Enhancement

The enhanced production of strange particles was one of the first proposed signatures of
QGP formation in 1982 [105]. In a deconfined quark-gluon plasma, s5 quark pairs can be
produced abundantly through the annihilation of light quark-antiquark pairs, g7 — s3,
or predominantly, the collision of two gluons, gg — s5. In fact, for a plasma large
enough, the lifetime is long enough for the strange quarks to reach saturation, where the
rate of s53 annihilation balances the rate of formation. The hadronic, rather than partonic,
degrees of freedom in a hadron gas mean far less strangeness is produced, as the energy
threshold for strange hadron production is much higher than strange quark production.
A measurement demonstrating enhanced strangeness production was therefore sugges-
ted as a test for QGP formation. This increased production can be measured by looking
at the yields of strange hadrons compared to pion yields in heavy-ion collisions and
comparing to the results in smaller systems such as proton-proton and proton-ion colli-

sions, where QGP formation is not expected.

Evidence for the enhancement of strange hadrons was first seen in experiments at AGS,
BNL, where an enhancement in strange Kaon production was seen [106], and SPS, CERN
[107, 108], which also measured enhancements with A [109], & [110] and ) [111]. This
enhancement was predicted to follow a hierarchy dependent on the strangeness con-
tent of the particle with the most enhancement expected for (3 which was confirmed
experimentally [107]. The same pattern of enhancement, A < E < (), was seen at dif-
ferent collision energies [112-114] and with different colliding heavy ions [115]. After
the LHC came online, the enhancement was measured there as well [116]. Results for
the hyperon-to-pion ratios are shown in figure 2.10 as a function of <N ,,,>, the average
number of participating nucleons in the collision, which is a measure of the centrality
of the collision. The results for Pb-Pb at all centralities are enhanced compared to pp
results by ~1.6 and 3.3 for & and () respectively. The STAR results are also shown on

the plot for comparison. The level of enhancement is reduced at the LHC compared to
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STAR results from RHIC as the reference pp measurement is taken at a higher energy,

so the relative production of strangeness is increased.

Hyperon-to-pion ratio
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Figure 2.10: Plot showing the hyperon-to-pion ratio in Pb—Pb and pp collisions meas-
ured as a function of <N,,,.,> by ALICE [116].

In order to look at the results in small systems such as pp in more detail, the strange

yields were measured as a function of <dN;, /dn>, instead of <N ,,,;>, which is the av-

erage charged particle density in the collision and is an estimate of the multiplicity of

the collision. This variable can be measured across collision systems so allows a more

detailed look at pp and p-Pb collisions in order to compare to results in heavy-ion colli-

sions. Initial measurements from p—Pb collisions led to a surprising result that demon-

strated the hyperon-to-pion yields increase smoothly as a function of <dN_;, /dy>, almost

reaching saturation levels seen in Pb-Pb collisions and predicted by thermodynamic

models of the QGP [117].
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When pp data were also analysed in multiplicity bins, the same trend was seen with
the yield ratios rising as a function of multiplicity, seemingly independent of the colli-
sion system as figure 2.11 shows. The effect seen is not well reproduced by Monte Carlo

generators commonly used at the LHC that model microscopic particle production, PY-

THIAS [118], EPOS-LHC [119] and DIPSY [120].

PYTHIAS simulates events using colour reconnection [120], which builds on the Lund
model for string hadronisation [121], in which partons are connected by strings that
can stretch and break to form hadrons through string fragmentation. These strings can
connect to other strings nearby to form string junctions which increase the colour field.
This leads to increased baryon formation and suppressed meson production, however
the model predicts a flat hyperon-to-pion ratio with multiplicity which does not repro-
duce the data. EPOS is a core-corona model (described further in the next section),
with a central region containing a high number of strings and a surrounding region of
lower string density. Locally thermalised clusters form in the core which hadronise ac-
cording to statistical physics. This model predicts an increase in the hyperon-to-pion
ratio with multiplicity, however, the best description of the trend seen in the data is
from DIPSY. In this model, the interactions between gluon strings fuse together to form
gluon ‘ropes’ with a higher string tension, which have an increased energy release dur-
ing fragmentation and are more likely to hadronise into strange quarks and diquarks.
This generates an enhanced amount of strange hadrons in the final state with increasing
multiplicity. However, this model still does not match data quantitatively, especially for

multi-strange baryons.

In order to check the results seen are not due to the differences in the particle masses,
the baryon-to-meson ratios can be evaluated for both strange and non-strange particles.

The observed ratios for A/ Kg and p/ 7t shown in figure 2.12 are approximately flat with
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no multiplicity dependence, indicating that the enhancement is not related to the differ-

ences in hadron mass.
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Figure 2.11: Plot showing the strange-hadron-to-pion ratio in Pb—Pb, p—Pb and pp col-
lisions measured as a function of <dN,/dn> by ALICE [122]. The pp data are com-
pared to values from MC model calculations using PYTHIAS8 [118], EPOS-LHC [119]

and DIPSY [120].
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Figure 2.12: Plot showing the baryon-to-meson ratio in p-Pb and pp collisions measured
as a function of <dN,,/dn> by ALICE [122]. The pp data are compared to values from
MC model calculations using PYTHIAS8 [118], EPOS-LHC [119] and DIPSY [120].

2.2.5.1 | Theoretical Models of Strangeness Enhancement

A statistical hadronisation model (SHM) [123] can be used to model the rates of particle
production in a high-energy collision. This assumes there is a thermally equilibrated
source producing the hadrons at the point of hadronisation, which is presumed to be
the QGP. This means the partonic conditions before the hadronisation stage are not con-
sidered. The relative yields of particles can be predicted using a statistical model that
takes into account the temperature at chemical freeze-out, the volume of the system and
the chemical potential of the system. SHM were first introduced by Fermi [124] and de-
veloped further by Hagedorn [125], where the thermally equilibrated source was called
a fireball. The fireball produced in the collision radiates particles, following the laws
of statistical physics. Models of this type have successfully reproduced particle yields
in heavy-ion collisions as shown in figure 2.13. However, results from elementary col-

lisions, such as proton—proton collisions, have also been well reproduced as shown in
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figure 2.14. This is unexpected as a locally equilibrated QGP is not expected to form.

A Grand Canonical approach can be used to describe the system produced in a heavy-
ion collision, in which quantum numbers for strangeness (S), baryons (B) and electric
charge (Q) are conserved on average across the whole system. Small fluctuations are
considered negligible compared to the large number of particles in the system. If the
volume of the system is small, such as in the smaller systems produced in proton—proton
and proton-lead collisions, a canonical approach has to be used in which exact quantum
numbers are conserved. This conservation reduces the phase space available for particle
production. Therefore, although the observable of increased strange particle yields in
A-A collisions was initially labelled strangeness enhancement, with a SHM the results
can be interpreted as an absence of canonical suppression, leading to the higher strange

particle yields in Pb—Pb collisions compared to p—p and p—A collisions.
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Figure 2.13: Thermal model fits [126-128] to light flavour hadron yields in central (0-
10%) Pb-Pb collisions at /sy = 2.76 TeV at ALICE. The top panel shows the fit results
and the data with the lower panels showing the difference between the models and data
normalised to the model value (middle panel) and to the experimental uncertainties
(bottom panel) [129].
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Figure 2.14: Thermal model fit of light flavour hadron yields in pp collisions at 1/s = 200
GeV at RHIC. The top panel shows the the measured midrapidity densities vs the model
values and the bottom panel shows the residuals [130].

Results from ALICE for ratios of particle yields to pions for several particle species are
shown in figure 2.15 compared with the THERMUS model [127] predictions modelling
strangeness canonical suppression, which are shown by the continuous curves. There is
reasonable agreement between data and model for most particles, however the largest
deviations can be seen for ¢. As ¢ consists of s3, it is technically a strangeness-neutral
particle, so the canonical suppression model predicts no suppression of this particle,
which should lead to a flat dependence on multiplicity. However, a rising and falling
trend is seen in the data, indicating the model is not capturing the particle production

mechanisms in this case.
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Figure 2.15: Ratio of particle to pion yields for different particle species as a function
of midrapidity pion yields in p—p, p—Pb and Pb-Pb collisions compared to THERMUS
model predictions shown by the continuous curves [131]. The variations in the THER-
MUS curves are due to variations in the chemical freeze-out temperature used in the
model at 146, 156 and 166 MeV.

Another possible way of interpreting the increasing strange-to-pion yield ratios in pp
collisions is by using the core-corona method. This models the matter produced in a
collision as two separate components consisting of a central region, "the core", with high
energy density that has reached thermal equilibrium and an outer region, "the corona",
surrounding it with a much smaller energy density, where individual N-N interactions

take place. The yield from the core and corona are calculated separately and summed
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together to get the total yield of particles. The core can be modelled by a grand canon-

ical ensemble, whereas the corona is represented by a canonical system. This means

the total strange yields are affected by the enhancement in the core and the canonical

suppression in the corona. As figure 2.16 shows, recent results using this model have

demonstrated hyperon-to-pion data from ALICE can be reasonably reproduced with no

system size or initial collision energy dependence observed and a ratio that purely scales

with multiplicity. The deviations seen in (p 4 p) yields are explained due to proton and

anti-proton annihilation in the rescattering stage not being included in the model. These
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Figure 2.16: Particle yield ratios to pion yields as a function of multiplicity in p—p, p—
Pb and Pb-Pb collisions for a) 5 b) A+ A c) ¢ and d) p+ p. Closed points show
core-corona model results and open points show ALICE data [132].
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results suggest there is partial formation of a QGP in high multiplicity small collision

systems.

2.2.5.2 | Transverse momentum distribution models

Statistical models can be used to describe the transverse momentum distributions of
hadrons produced in the collisions. In particular, a Lévy-Tsallis fit [133] is used to fit
the data in the analysis described in this thesis, so that p integrated yields and (pr)
can be calculated. This model describes the distribution of transverse momentum for
hadrons that come from a thermally equilibrated source. Both the soft, thermal physics
and the hard processes at large momenta are described by the model with exponential
behaviour at low momenta and a power law at higher momenta. The pr distribution

follows the equation:

dZN - dN (1’!—1)(11—2) My —m —n
dprdy — dy PT T[T+ m(n —2)] (1+ nT, ) : (2.4)

where T is the kinetic freeze-out temperature, my is the transverse mass defined by

mr =/ pZT + m* and n is an exponent.

Additional functions for the transverse momentum given here were used for compar-
ison to the Lévy-Tsallis results in order to estimate the systematic uncertainties, as shown

in appendix C. In the following functions C corresponds to a normalisation constant:

1. A standard Boltzmann distribution,

d’N
dprdy

= Cmrp pr exp (—%) . (2.5)

2. The Boltzmann-Gibbs Blast-Wave model [134], which assumes an emission source
undergoing radial expansion in local thermal equilibrium. The shape of the particle

pr spectra are given by the function

1 dN /R (pT sinhp) (mT COShp)
— N [ rdrmp 1, (PLERRP) g (ZCCOSHP (2.6)
prdpr  Jo RN ! Tyin
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with
p = tanh™(B7), (2.7)

where [, and K; are modified Bessel functions. The parameters of the model are

the transverse flow velocity B and the kinetic freeze-out temperature Tj;,,.

3. A mp exponential, where the pr spectra are assumed to decrease exponentially

with my: )
d°N mr
dprdy C prexp <__T ) . (2.8)

4. A Bose-Einstein distribution,

d°N 1
=C ) 2.9
dprdy Pr exp(mp/T) —1 29)
5. A Fermi-Dirac distribution,
2
N L (2.10)

~C .
dprdy ~  PTexp(mr/T) +1

2.3 | Summary

These first two chapters have attempted to outline the physics motivation behind the re-
search presented in this thesis. The understanding of particle production processes and
how they propagate through the medium are of great interest to the QCD theory com-
munity and more data is essential to the development of new models. As section 2.2.5
showed, the current results are not being accurately reproduced by theoretical models
and so more work is needed in this area for a better understanding of strangeness pro-
duction. The next chapter will describe the experimental setup used to collect new data

on this phenomenon.
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Chapter 3

The ALICE Experiment

The following chapter will describe the Large Hadron Collider and the ALICE exper-
imental setup itself with particular focus on the sub-detectors which are used for the
analysis outlined in this thesis. This summary is based on the detailed descriptions

given in [42], [135] and [41], which can be referred to for further information.

3.1 | TheLHC

The Large Hadron Collider (LHC) is a particle accelerator and collider based at the
European Organisation for Nuclear Research (CERN) near Geneva, Switzerland [42].
It is 27 km in circumference and located approximately 100 m underneath the French-
Swiss border. During development earlier accelerators were incorporated into the design,
with the tunnel built for the Large Electron-Positron Collider (LEP) [136] being utilised,

as well as the Super Proton Synchrotron (SPS) [137] being reused as an injector system.

The CERN accelerator complex is illustrated in figure 3.1. A sample of protons is pro-
duced for the LHC by breaking molecular hydrogen into atomic hydrogen and stripping

the hydrogen atoms of their electrons. These protons are passed into the Linear Accel-
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erator 2 (LINAC2). The LINAC2 accelerates the protons up to 50 MeV, before injection
into the proton synchrotron booster (labelled booster in figure 3.1), which accelerates
them further to 1.4 GeV. The protons are then fed into the Proton Synchrotron (PS) for
further acceleration up to 25 GeV before injection into the Super Proton Synchrotron
(SPS), where the protons are accelerated up to 450 GeV. The protons are then injected
directly into the LHC in bunches of 1.15 x10M protons. Each bunch crossing (BC) is
separated by 25 ns (which corresponds to ~ 7.5 m) and there are up to 2556 bunches per
beam. They are accelerated in the LHC further up to 6.5 TeV, leading to proton—proton
collisions at a centre-of mass energy of 13 TeV. Each SPS fill requires three to four cycles
of the PS and the LHC requires 12 cycles of the SPS for filling. The cycling time of the
PSis 3.6 s and for the SPS it is 21.6 s, therefore filling takes approximately 4 minutes per
beam [135].

For lead ions the process is similar, however, the ions are produced from a source of
isotopically pure lead-208. The solid metal is heated to form a vapour and then ionized.
The ions are extracted and accelerated in LINAC3 and then fed into the Low Energy Ion
Ring (LEIR) which splits the beam into bunches of 2.2 x 10° ions. Bunches are acceler-
ated from 4.2 to 72 GeV in pairs, which takes about 2.5s. With 592 ion bunches per beam,
a complete fill takes about 10 minutes [138]. From the LEIR the bunches are fed into the

PS and follow the same path as the protons to the LHC.

The LHC is made up of eight sectors as shown in figure 3.2. The eight sectors con-
sist of a straight section and two transition regions at the ends. Each insertion point
is used either for collisions, injection, beam dumping or beam cleaning. Two separate
beam pipes circulate the entire accelerator with two beams of particles travelling in op-
posite directions. They are guided around the accelerator by a magnetic field provided
by superconducting magnets. These have to be kept at a temperature of 1.9 K for oper-

ation, which is achieved by using superfluid helium. Dipole magnets keep the particles
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Figure 3.1: Schematic diagram detailing the layout of the CERN acccelerator complex,
where the LHC is shown by the largest ring in the dark blue. The chain of smaller ac-
celerators used to accelerate the particles before injection into the LHC, including the
LINACs (Linear Accelerators), the Proton Synchotron (PS), the Super Proton Synchro-
tron (SPS) and the LEIR (Low Energy Ion Ring), are also shown [139].

in their circular orbit and quadrupole magnets are used to focus the beams at four inter-

action points around the ring. At these points, the main LHC experiments are located:

ALICE, ATLAS [140], CMS [141] and LHCb [142].

LHCb is designed to study CP violation in pp collisions through b meson decays. ATLAS
and CMS are general purpose detectors which are primarily used to take measurements
of high-luminosity pp collisions, in order to study the Higgs Boson (discovered in 2012
[143, 144]), as well as to search for physics beyond the Standard Model. ALICE is op-

timised for the study of heavy-ion collisions.

The LHC first successfully collided proton beams in September 2008, however an elec-

trical failure nine days later led to a year-long shutdown to repair the accelerator. In
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Figure 3.2: Schematic diagram showing the layout of the LHC [145].

November 2009, pp collisions restarted, beginning Run 1 of the LHC which lasted until
February 2013. During this time, pp collisions at /s = 0.9, 2.76, 7 and 8 TeV were run,
as well as three heavy-ion runs with Pb-Pb collisions at /sy = 2.76 TeV in 2010 and
2011 and with p-Pb collisions at /sy = 5.02 TeV in 2013. A long shutdown (LS1)
then commenced where many of the detectors, and the LHC itself, were upgraded. The
LHC then restarted in April 2015 for Run 2 which continued until October 2018. Higher
energy collisions of /s = 13 TeV for pp collisions, \/5yy = 5.02 TeV for Pb-Pb colli-
sions and /sy = 8.16 TeV for p-Pb collisions, were carried out during this run, as

well as a brief run of Xe—Xe collisions at /sy = 5.44 TeV.
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3.2 | The ALICE Detector

The ALICE detector is optimised to study the high multiplicities produced in heavy-
ion collisions, with excellent particle identification (PID) capabilities over a wide mo-
mentum range (~0.1 - 100 GeV/c). It is designed to study nuclear matter at extreme
conditions of temperature and energy density in which a QGP is produced. It is a 10,000
tonne detector with dimensions of 16 m by 16 m by 26 m. It is made up of eighteen
different detector sub-systems which are designed to provide a broad range of measure-
ments that can be used to analyse the heavy-ion collisions at the LHC. It consists of a
central barrel encased in a solenoidal magnet with a field of 0.5 T and a forward muon

spectrometer. The layout of the detectors within ALICE is shown in figure 3.3.

3.2.1 | ALICE coordinates

The ALICE detector follows a right-handed Orthogonal Cartesian coordinate system
with the origin (x,y,z = 0) at the very centre of the detector. The x axes is defined to
be pointing to the centre of the LHC, the y axes points up and the z axes is parallel to
the beam pipe pointing away from the muon spectrometer, as indicated in figure 3.4.
The variables studied can be divided into transverse and longitudinal, where the lon-
gitudinal components refer to the z-components and the transverse components com-
bine the x and y components. For example, the transverse momentum is defined by
pPr =/ pi + pj. As the pr of the colliding nucleons is approximately 0, transverse mo-
mentum in the final state is of interest as it is created in the collision. The azimuthal
angle, ¢, increases counter-clockwise from the x axis (¢ = 0) to the y axis (¢ = 71/2)
with an observer at positive z. The polar angle, 6, increases from +z (6 = 0) to the x — y

plane (6 = 7/2)to —z (0 = m).

The longitudinal variable pseudorapidity is given by

q:%ln(:ﬁr_—gz> = —In [tan (g)}, 3.1)
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Figure 3.3: Schematic diagram of ALICE showing all the sub-detectors [41]. The red
solenoidal magnet is also shown.
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where 7 is the momentum vector for a particle, p, is the momentum along the z axis
and 0 is the angle between the particle’s momentum and the z axis. 7 = 0 when 6 = 90°

ie. along the y axis. At very high relativistic energies, 1 is a good approximation of the

_1/E+p,
y= > (—E—Pz)' (3.2)

These variables can be used to define different rapidity regions. Particles produced close

variable rapidity defined as

to the beam line with small 6 have 7 £ 3 which is known as the forward region. Particles
associated with the transverse region have || < 0.5, which is known as the mid-rapidity

region.

The side of ALICE with the positive z-axis and y, #>0 is referred to as the A-side and
the opposite region with y,77<0 is referred to as the C-side. In this thesis the analysis
takes place on p—Pb collisions in which the protons travel from A to C and the lead ions

travel from C to A.

Figure 3.4: Diagram showing the ALICE coordinate system. Adapted from [146].

In symmetric systems like Pb—Pb and p—p, the centre of mass rapidity y-,, and lab rapid-

ity v, are the same. However, for p-Pb collisions in the lab frame, the centre of mass
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frame is moving with a shift in rapidity given by

Ay ~ %ln

ZiA] 1 [8x1] _

where Z and A are the atomic and mass numbers of the colliding particles [147]. For this

system, the shift is towards negative rapidities so at v, = 0 (midrapidity), y,,, = -0.465.

3.2.2 | ALICE subdetectors

The ALICE detector consists of 18 different subdetectors divided into three groups: cent-
ral barrel detectors, forward detectors and the muon arm. The central barrel covers the
pseudo-rapidity interval —0.9 < 77 < 0.9 and contains detectors used for vertex recon-
struction, tracking, PID and momentum measurements. It consists of the inner tracking
system (ITS), the time projection chamber (TPC), the transition radiation detector (TRD)
and the Time of Flight detector (TOF). In the mid-rapidity region there is also the High
Momentum Particle Identification Detector (HMPID), the Photon Spectrometer (PHOS)

and the Electromagnetic Calorimeter (EMCAL).

The forward detectors are in the high pseudo-rapidity region and therefore at a small
angle with respect to the beam pipe. They are used for triggering and measuring global
event charecteristics. They consist of the Time Zero (T0), VZERO (V0), Forward Multipli-
city Detector (FMD), Photon Multiplicity Detector (PMD) and Zero Degree Calorimeter
(ZDC). The TO measures the event time with a precision on the order of 10" "s. The
FMD and PMD can provide multiplicity information and the ZDC is used to differenti-
ate peripheral and central collisions by measuring the energy of the spectator nucleons

that do not participate in the collisions.

In the forward pseudo-rapidity region (—4 < 1 < —2.5) also lies the muon spectrometer,
which has a front absorber, a dipole magnet as well as tracking and trigger chambers,

and is used to study heavy quarkonia, open charm, W and Z bosons via their muon
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decays. Finally, the ACORDE detector is an array of scintillators on top of the ALICE
solenoidal magnet that is used for studies of cosmic rays. In the following sections more

detailed descriptions of the detectors used in the analysis in this thesis are given.

323 | ITS

The Inner Tracking System (ITS) is a high-resolution tracking detector made up of six
layers of silicon detectors illustrated in figure 3.5. The ITS can locate the primary and sec-
ondary vertices with a high resolution, which is important for strangeness analyses that
measure the decays of hyperons with decay lengths on the order of centimetres. The four
outermost layers also provide dE/dx measurements for low-momentum particles that
can be used for particle identification (PID). The ITS surrounds the beam pipe between

4 < r < 43 cm, covering the rapidity range || < 0.9.

3.2.3.1 | Silicon Pixel Detector

In order to handle the high particle density close to the beam pipe (up to 50 particles per
cm?), the innermost two layers are Silicon Pixel Detectors (SPD) which have a spatial
resolution of 12 ym in the r¢ direction and 100 ym in the z direction. The SPD is made

of a matrix of 2D reverse-biased silicon detector diodes connected by a conductive solder

SSD

SDD

SPD

R,=43.6 cm

Figure 3.5: Diagram showing the layout of the 6 ITS layers at ALICE [41].
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bump onto readout chips. The readout is binary, meaning the output generates a pulse
when the signal in a cell increases above a set threshold. The detector modules are
made of half-staves that contain two ladders of silicon sensor matrices made of 256 X
160 cells. The whole sensor matrix has an active area of 12.8 mm (r¢) by 70.7 mm (z).
The ladders are attached and bonded to a pixel bus which carries data/control lines
and power/ground planes. A multi-chip module (MCM) is bonded to the pixel bus at
the end of the half-stave and controls the front-end electronics and is connected to the
readout system via optical fibre links. Two half-staves are connected to a carbon-fibre
support sector with an MCM at each end to form a stave. The SPD contains 60 staves
in total with 240 ladders of 1200 chips and 9.8 x 10° cells. The SPD is surrounded by
an aluminium coated carbon-fibre shield that prevents heat radiating to the Silicon Drift
Detector layers. The concentration of pixels in the SPD allows the primary vertex to be
identified with a resolution better than 100um, as well as measuring secondary vertices

with very good accuracy.

3.2.3.2 | Silicon Drift Detector

The middle two layers are Silicon Drift Detectors (SDD) which have a spatial resolution
of 35 ym and 25 ym in the r¢ and z directions respectively. They provide good multi-
particle tracking and two of the four dE/dx samples used for ITS PID. They are made
from 300 pm thick silicon with a sensitive area of 70.17 (r¢) x 75.26 (z) mm?. The sensitive
area is split into two drift regions by a central cathode strip with a high bias voltage of
—2.4 kV applied, which generates a drift field. At the bias voltage of —2.4 kV a drift
velocity of 8.1 ym/ns is provided. There are 8.91x10* cells per layer of 294x202 ]/tmz
each, which are readout by 512 electronic channels. Electrons produced by ionisation of
charged particles passing through the detector, drift towards the 256 anodes at the ends
of the detector. Measurement of the drift velocity allows the position of the original
particle with respect to the anode to be identified. Energy loss of the particles as they

interact with the detector is also measured, providing PID information.
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Figure 3.6: Diagram showing a silicon strip sensor [148].

3.2.3.3 | Silicon micro-Strip Detector

The track density is reduced significantly at the outermost layers (<1 particle per cm?) so
they are made with double-sided Silicon micro-Strip Detectors (SSD). They provide the
necessary information to match tracks between the ITS and the TPC, as well as provid-
ing additional dE/dx information for low-momentum PID. The SSD has a resolution of
20(830) pm in the r¢(z) direction. It is made of 1770 individual 300 ym thick sensors with
768 sensitive strips on each side. The strips are tilted by 17.5 mrad with respect to the
sensor in two different directions as shown in figure 3.6. When two strips on opposite
sides detect a signal, the position of the charged particle passing through the sensor can

be located to the position of the two strips crossing.

3.24 | TPC

The Time Projection Chamber (TPC) is a tracking detector that surrounds the ITS, shown
with the key components labelled in the schematic diagram in figure 3.7. It allows the

complete reconstruction of tracks over a wide range of pr from about 0.1 GeV/c up to
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Figure 3.7: Diagram indicating the key components of the TPC [149].

100 GeV/c for || < 0.9. It consists of a field cage filled with 90 m> of gas made up of
neon, carbon dioxide and nitrogen with the ratio (90:10:5). This gas mixture is optimised
for drift speed, reducing multiple scattering and stability over time. The drift velocity
in the gas is highly dependent on temperature, meaning a thermal stability of 6T < 0.1
K is required, which is provided by heat screens and cooling circuits. A uniform electric
drift field of 400 V/cm is applied along the z axis by a central high-voltage electrode at
100 kV. When particles traverse the gas they ionise it, causing electrons to drift along
the chamber. When the electrons reach the Multi-Wire Proportional Chambers (MWPC)
at the end plates, they cause an electron avalanche which reaches the cathode pads on
the readout planes. The coordinates of the pad give the r¢ coordinates of the track. The
time taken to cross the chamber gives the z coordinate, where a constant drift velocity
is assumed. This allows a position resolution of 1100(800) ym in the r¢ direction and
1250(1100) pm in the z direction to be achieved for tracks at the inner (outer) radii. The
pr of a particle can also be extracted from the curvature of its track in the 0.5 T magnetic

field. A momentum resolution of 0.7% can be achieved at 1 GeV/c and up to 6.5% at

50



Chapter 3. The ALICE Experiment 3.2. The ALICE Detector

200w

180k
80 Pb-Pb {sy=2.76 TeV
160
140

120

TPC dE/dx (arb. units)

100

Figure 3.8: dE/dx of charged particles vs momentum as measured by the TPC in Pb-
Pb collisions. The lines show parameterisations of the detector response based on the
Bethe-Bloch formula [153].

around 10 GeV/c.

PID is also performed by the TPC by measuring the energy loss per unit length or spe-
cific energy loss, dE/dx. This is described by the Bethe-Bloch [150, 151] formula which

can be written as

dE 77 2\-1/2

where Z is the atomic number of the atoms in the material being traversed and S is
equal to 7, using the form given in [152]. Therefore, the energy loss is dependent on the
velocity of the particle. For a given momentum, particles of different masses will have
a different velocity, and therefore a different dE/dx. By plotting the measured dE/dx
against the measured momenta of the particles detected, particles of different masses

can easily be separated for p below ~1 GeV, as shown in figure 3.8.
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3.25 | VO

The VO detectors are plastic scintillators located either side of the interaction point,
named VOA and VOC. They are used for triggering and measuring the charged-particle
multiplicity of an event, as was introduced in section 2.1.1. The detectors are placed
at z = 340 cm (VOA) and z = —90 cm (VOC) and cover the pseudorapidity ranges of
28 <n <51(VOA)and —3.7 < 5 < 1.7 (VOC). They consist of a disk of 32 counters in
four rings, each divided into eight sectors. Particles that reach the detectors and traverse
them cause the atoms of the scintillator to excite and release energy through photons.
These photons are shifted down in frequency via wavelength-shifting fibres and trans-
ferred to photomultiplier tubes (PMTs) with optical fibres, where the total energy of
the photons is recorded. This causes a signal which is proportional to the number of
particles that have hit the detector and therefore the number of particles produced in
the collision. The distribution of the amplitude of the VO signal can be used to calculate
the multiplicity of the collision using a NBD-Glauber fit to the data [79]. For pp and
Pb-Pb collisions the sum of the amplitudes in the VOA and VOC detectors is used. For
p—Pb collisions the data from the Pb-going side are used, which for this analysis is the
VOA detector. The data are divided up into percentile classes as shown in figure 3.9, for
which the average charged-particle multiplicity per unit rapidity (< dN,,/dy >) can be

calculated.

Measurements in the V0 detectors are also used to define the Minimum Bias (MB) trig-
ger used in this analysis, VOAND, which corresponds to an event with at least one hit
in the scintillators of both the VOA and the VOC detectors. The VO detectors are also
important for rejection of events caused by beam-gas interactions i.e. interactions of the
beam with residual gas found in the beam-pipe. This is done by measuring the time of
flight of particles by each of the VO detector arrays. A beam-gas interaction can clearly be
distinguished from beam-beam events by looking at the correlation between the timing

signals in the two detectors as shown in figure 3.10.
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Figure 3.9: Distribution of measured VOA amplitude with NBD-Glauber model fit
shown in red. The multiplicity classes are indicated by the vertical lines [154].
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Figure 3.10: Correlation of weighted average time of flight of particles that are detected
in the VOA and VOC detectors [155].
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3.2.6 | TOF

The Time of Flight (TOF) detector is used to measure the time taken for particles to travel
across the detector. This information can be used for PID of particles with intermediate
momentum and, along with ITS and TPC information, can identify pions, kaons and
protons. The TOF is made from Multi-gap Resistive-Plate Chambers (MRPC). These are
a stack of ten glass plates separated with nylon wire, where a high and uniform electric
tield is applied. The gaps between the plates are filled with ionizing gas. A charged
particle crossing the gas causes an avalanche which leads to signals on the electrodes.
There is no drift time due to the small gaps between the plates and the strength of the
electric field. An average time of flight can be calculated from the signals from all the
gaps leading to a precision in timing of about 50 ps. Using the TOF timing measurement
and momentum from the TPC, particles may be identified by mass, allowing particles

with similar momenta to be distinguished from each other.

For this analysis the TOF was used as a tool to remove out-of-bunch (OOB) pileup,
which is explained further in section 4.1.1.1. This was carried out by removing a cascade
candidate if at least one of the daughter tracks has no corresponding TOF information
in the event. The resolution of the TOF is poor at low pr so the ITS is used in this region
to compensate for this. The OOB pileup is removed in this case by checking at least one
of the daughter tracks of the cascade was reconstructed using TPC and ITS information

instead of just TPC information.

3.2.7 | Trigger Operation

ALICE has a two-layer Central Trigger System (CTS) including a hardware trigger con-
trolled by the Central Trigger Processor (CTP) [156] and the high-level trigger (HLT)
[157] implemented as a software trigger. The ALICE CTP is used to communicate with

detectors and decide when they should read data out. Firstly, the CTP receives signals
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from triggering detectors that indicate a collision has occurred. The CTP then sends sig-
nals out to detectors to read out data using the CERN Timing, Trigger and Control (TTC)
system. Due to the different read out times of the detectors, the trigger system has three
different levels. The LO signal is received within 1.2 ys by detectors that require an early
indication of a collision, including the TO, PHOS, ZDC, EMCAL, ACORDE and TOF. A
L1 trigger and message is received by 6.5 us, if additional messages are received from
L1 trigger detectors (PHOS, TOF, TRD, ZDC and EMCAL) consistent with a collision.
Finally, a L2 signal is received after the drift time of the TPC which is ~ 100us. Detect-

ors are read out after a positive L2 signal has been received.

All signals are transmitted via Local Trigger Unit boards (LTUs) which communicate
between the CTP and the sub-detectors. Different trigger inputs are defined by the dif-
ferent type of events to be selected such as the VOAND trigger which selects MB events
as mentioned in section 3.2.5. A select group of sub-detectors, called a trigger cluster,
are activated to read out data for the event reconstruction. Not all sub-detectors may be
included in the trigger cluster as particular physics analyses may not require all detector
information. This means slower detectors, such as the SDD, may not be included in read
out, allowing a faster rate of read out. Multiple inputs and a detector cluster, together
defined as a trigger class, can be applied in parallel allowing data to be collected by
different groups of detectors simultaneously. In Run 2, the system allowed up to 100

possible classes to be defined.

The ALICE HLT receives the data read out from the detectors and performs online
analysis of the events recorded. With more information available, more sophisticated
triggers can be applied by the HLT. The HLT is also important in reducing the size of
the events to reduce storage requirements by selecting regions of interest for particular
analyses and compressing the data. A factor of ten compression is achieved without

significant impact on the offline tracking efficiency [157].
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3.2.7.1 | Trigger Upgrade

During the LHC Long Shutdown 2 (2019 - 2021), many of the components of the ALICE
detector are being upgraded. This includes the ALICE CTS, which will be completely
upgraded for LHC Run 3 (2021-2024), in which interaction rates at ALICE will increase
from 8 to 50 kHz for Pb—Pb collisions and 100 to 200 kHz for pp/p-Pb collisions. The
new CTP will be able to operate in a triggerless, continuous readout mode with online

data reduction, as well as the normal triggered mode. More details of the upgrade can

be found in [158].

In the first production phase, 23 CTP prototype boards were produced as outlined in
[159], a proceedings I contributed to the editing of. During the summer of 2018, as part
of my ALICE service task, a series of tests were conducted on these boards to check their
functionality. I carried out checks on all of the components connected to the Field Pro-
grammable Gate Array (FPGA) on each board to test their functionality and recorded

the results in a series of log files. No faults were found in any of the boards.

Two of the boards were then used to carry out accelerated ageing tests by placing them
in a climate chamber and cycling the temperature as is described in [160, 161]. This
simulates the thermo-mechanical stresses the boards will undergo during a lifetime of
usage at an accelerated rate. Firstly the Clima Temperatur Systeme T-40/500 climate cham-
ber, was tested to see how long a cycle would take. The settings used for the cycling
were a minimum temperature of -40°C and a maximum temperature of 85°C, both with
a tolerance of 1°C. Figure 3.11 shows the temperature recorded every minute for the
duration of one cycle. From this, the length of one cycle was approximated to be ~340

minutes and therefore, the 100 cycles required for the ageing test would be ~ 24 days.

Two CTP boards were placed in the climate chamber for 100 cycles. They were then

removed and all the previous component functionality tests were repeated to check for

56



Chapter 3. The ALICE Experiment 3.2. The ALICE Detector

100

80

—Max: 85+1°C,
Min: -40+1°C,
1 cycle~340 mins

60

Temperature (C)

400

-60
Time (Minutes)

Figure 3.11: Plot showing the change in temperature over time in the climate chamber
for one cycle from -40+1°C to 85+1°C, from which the duration of one cycle can be
calculated.

faults. The boards were then placed back in the climate chamber for another 100 cycles
and the functionality tests were carried out again. At both stages no faults were found

confirming the durability and longevity of the boards under high thermal stress.

3.2.8 | Event Reconstruction

Using the raw data from the detectors, which includes information on the activated
detector elements and timing information, the track trajectories of particles need to
be reconstructed for analysis. This allows useful variables to be extracted such as the
trajectory coordinates, particle momentum, particle energy loss and distance of closest
approach to the primary vertex (PV). When particles traverse the detectors they leave
behind signals in adjacent detector cells. These signal clusters give the position inform-
ation of the tracks. Using cluster finding reduces the effect of random noise in position

and timing measurements.
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The Kalman filter technique is used on these clusters to reconstruct the tracks [162].
First a ‘seed’ cluster is found in the outer TPC and then tracked back through the inner
TPC and the ITS, where the location of the PV can be estimated. Information from other
detectors, if available, is then added to produce global tracks. Secondary vertices are
located by combining tracks sufficiently far from the PV and utilising the topology of
the decays of unstable particles [163]. After reconstruction, the useful information can
be stored in compact Event Summary Data (ESD) files, which the analysis in this thesis

is performed on.
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Chapter 4

Identification of Multi-Strange Baryons

The following chapter will describe the analysis of the multi-strange baryon yields in
p-Pb data taken in Run 2 at /sy = 8.16 TeV. The multi-strange particles of interest
are those baryons which contain more than one strange quark. They are the 2(uss),
the & (dss) and the ()™ (sss), as well as their corresponding antiparticles EO, Erand Q.
Only charged particle tracks can be identified by the inner tracking detectors in ALICE,
so the E°, which predominantly decays via 2 A+ A° (99.524 + 0.012)% [164], cannot
be identified. The analysis is therefore carried outon &, §+, O and 5+, which are col-
lectively known as cascades due to the double weak decay they undergo. The analysis is
completed by initial event, track and cascade candidate selection (section 4.1-4.1.1), re-
moval of pileup (section 4.1.1.1), extraction of signal, where the selection procedures are
refined, (section 4.2) and calculating efficiency corrections (section 4.3). The systematic

uncertainties also have to be evaluated, which are shown in section 4.5.

4.1 | Reconstruction

The particles measured in this analysis have their properties outlined in table 4.1. The

topology of the cascade decays is shown in figure 4.1. Once a E= has been formed, it
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will travel a short distance on average, L, before decaying, which is defined by,
A 4.1)

where T is the proper lifetime, m is the PDG mass of the particle and p is the total mo-

mentum of the particle. For a E this is of the order of a few centimetres. After travelling

Table 4.1: Table showing data for cascades [164].

Particle | Mass (MeV/c%) Decay Channel | Branching Ratio | Lifetime c7 (cm)
(%)

=+ 1321.71 + 0.07 AT 99.887 + 0.035 491 + 0.04

O+ 1672.45 + 0.29 AKT 67.8 + 0.7 2.46 + 0.03

A/A 1115.683 + 0.006 | p~ 7" 63.9 4+ 0.5 7.89 & 0.06

this distance, it will undergo a weak decay. The most likely decay, with a branching ratio
of 99.887% [164], is into a A and a i (which is referred to as the bachelor). The A itself
is neutral so its path is not tracked by the ALICE detector. However, it then decays into
a pair of particles with opposite electric charge which can be identified. This A is re-
ferred to as a VO due to the distinctive V shape of the oppositely charged decay particles

produced. For the OF, the topology is the same but the bachelor is a K instead of a 7.

Due to the short decay length of the cascades, they are not measured directly in the
ITS (the two layers of the SPD are at 3.9 cm and 7.6 cm from the interaction point).
Therefore, they have to be reconstructed using the VO daughter tracks and the bachelor
track (the neutral A has no track). Firstly, the A is reconstructed from the VO daughter
tracks, then the A is associated with a bachelor track to reconstruct a cascade candidate.
A combination of geometric and kinematic selection criteria are used to identify the cas-
cades. The key topological selections are shown in figure 4.2. The VO finder used in the
analysis initially combines every secondary track with all other secondary tracks that
are oppositely charged. A cut on the minimum distance of closest approach (DCA) with
the primary vertex (PV) for the two tracks is applied to ensure the tracks are secondary

and do not originate from the PV (DCA baryon/meson to PV in figure 4.2). A cut on the
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Figure 4.1: Diagram illustrating topology of decay of the four cascade particles identified
in this analysis: 2% and O

maximum allowed DCA between the two tracks is also applied to ensure they both ori-
ginate from a A decay (DCA V0 daughters on figure 4.2). The VO decay vertex is taken
as a point on the DCA line that connects the two daughter tracks, weighted according to
the uncertainties of the positive and negative tracks. Once the vertex has been identified
it is accepted if it lies at least a minimum distance from the PV (V0 decay radius on fig-
ure 4.2). The DCA between the reconstructed trajectory of the A and the PV is checked
to pass a minimum cut to reject contributions from primary particles (DCA VO to PV
on figure 4.2). Finally, the momentum of the V0 candidate will be checked to confirm it
originates from the direction of the PV, which is carried out by putting a minimum cut
on the cosine of the angle (which corresponds to a maximum angle) between the V0 mo-
mentum vector and the vector that connects the PV and VO vertex position (VO pointing

angle on figure 4.2).
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The invariant mass of the VO can then be calculated by assuming the mass of the VO
daughters to be as expected ((anti)proton and a pion). Due to finite resolution, the recon-
structed mass will be a distribution with a width that is related to the detector resolution.
A final selection is made by applying a window in the invariant mass distribution of the
V0 candidates of £10 MeV/c? around the PDG value of 1115.68 MeV /> [164]. In order
to identify a cascade, the VO candidates are associated with all possible secondary tracks
which are bachelor candidates. A minimum cut is placed on the DCA of the bachelor
to the primary vertex in order to reject primary particles (DCA bachelor to PV on figure
4.2). The VO0-bachelor pair is accepted if the DCA between the bachelor track and the
V0 is under the maximum cut value, to ensure the tracks both emerged from the same
point, the cascade decay vertex (DCA cascade daughters on figure 4.2). The cascade de-
cay vertex is determined to be halfway between the point of closest approach of the VO
and the bachelor. A minimum cut on the cosine of the pointing angle (PA) of the cascade
candidate is also applied to check the candidate points back to the primary vertex (Cas-

cade pointing angle on figure 4.2). The cascade finding is limited similarly to the VO0s

r
| VO pointing
DCA meson .ff' S:‘L‘? \l:toers angle
to PV _.7 g
|
; J
DCA Cascade
| / baryon decay
\ )
to PV radius )
RN . Cascade
s . .
DCA Cascade , pointing angle
. - daughters ; \
DCA bachelor / \ i
to PV DCA VO to PV ; \ VO decay

radius

Figure 4.2: Diagram illustrating the topological selections placed on the cascades in this
analysis.
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by a cut on the minimum distance from the primary vertex (Cascade decay radius on
tigure 4.2). A check on causality is also made to ensure the VO vertex is further from the
PV than the cascade vertex. The values for all these cuts used in this analysis are shown

in table 4.5.

At this stage, the two VO daughter tracks and bachelor track, that have been identified
during this procedure, are either from a real cascade or are just a combination of tracks
that have a similar topology to a cascade decay. In order to separate the true signal from
the underlying background, the invariant mass of the cascade is computed. This is a
Lorentz invariant quantity so should equal the expected mass of the cascade particle if
the tracks truly originate from the decay of the expected particle. The invariant mass is

computed as M? = (L E;)* — | 7,|>. The formulae for 2~ and Q)™ are:
i i

2 2
2= 2 2 2 2 - ~
M (E‘ZF) = (\/m/\ + Pyo + \/mnjF + pbuch) - (PVO + pbach) ’ (4.2)
2 2 | 2 2 ) 2
M (Q:F) = (\/mA + Pyo + \/ijF + pbach) - (ﬁvo + ﬁbach) ’ (4.3)
where P o = Pygr + Pes- bach, bar and mes correspond to the bachelor, baryon VO

daughter and meson V0 daughter tracks respectively. The A, 77 and K™ mass values
used in the calculation are the PDG values, not the measured ones in order to reduce the

effect of experimental resolution on the calculated & and () masses.

The E and () baryons have the same decay topology as is shown in figure 4.1. This
means it is possible for some & candidates to be reconstructed as () candidates. As the
& yield is an order of magnitude greater than the (3 yield, this can have a significant
effect on the resulting () yield. In order to remove this contribution, the mass of the
() candidate is calculated as if it were a & (by using the 7t mass for the bachelor) and
a rejection window of 8 MeV / ¢? around the PDG mass of the &~ is applied. This cut is

referred to as the Competing Species or Mass Hypothesis cut.
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A selection is also placed on the proper lifetime of the particles so low-momentum
particles that originate far from the primary vertex are rejected. The cut is placed on
the proper lifetime as defined in equation 4.1. As the cascades are charged particles,
their path in a magnetic field will be curved. However, the amount of curvature is con-
sidered negligible for this cut and so the approximation has no significant consequences.
Furthermore, the cut is consistently placed in both real and MC data, therefore, any pro-
portion of particles removed by the approximation in real data, will also be removed in

MC data and thus, efficiency corrections will account for any deviations.

Additionally, in order to remove background from combinations of tracks that are of the
wrong particle species, a further selection is applied on the energy loss while travers-
ing the TPC gas. A candidate is removed from the analysis if any of its three daughter
tracks has a dE/dx value that differs by more than 4¢ from the expected value. A cut on
the minimum number of TPC Clusters is also applied to select good quality tracks. A

minimum number of 70 clusters, out of a possible 159, is required.

The rapidity acceptance interval used for this analysis is —0.5 < y;,;, < 0.0 for both
data and Monte Carlo. This is chosen to largely contain the acceptance of the central
barrel, which for asymmetric collisions like p—Pb is not symmetric around midrapidity.
As explained in section 3.2.1, ycps = Vi + 0.465, so this approximately corresponds to a
rapidity interval of 0.0 < y-); < 0.5 which is comparable to other analyses undertaken
at ALICE. The detectors used in this analysis cover |17]<0.9 so a cut is also placed in the
analysis on both daughter tracks at a lower value of |7|<0.8 to avoid edge effects in the

detector.
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4.1.1 | Data Sample and Event Selection

The analyses described in this thesis were conducted on an event sample collected at the
end of 2016 on proton-lead collisions at a centre of mass energy of /sy = 8.16 TeV.
The data set is referred to internally by ALICE as LHC16r_CENT, where CENT refers to
the CENT cluster which includes all events with the slowest detector in ALICE, the SDD,
in the readout (there is also a FAST cluster which includes events collected without the
SDD when it is busy). Two different data samples were used in the analysis which had

to be handled differently due to pile-up.

4.1.1.1 | PileUp

The effect of pileup on data has to be taken into account in any physics analysis as it
could bias the results. Two types of pileup can occur in the collisions at ALICE, called
out-of-bunch (OOB) pileup and in-bunch pileup. In-bunch pileup occurs when two col-
lisions occur in the same trigger window. In order to remove in-bunch pileup, events
with more than one vertex reconstructed by the ITS are rejected, as described in section
4.1.1.2. However, out-of-bunch pileup, where events from different bunches are mixed
together can still occur. This is due to the long drift time of the electrons in the TPC,
which means tracks can still be traversing the TPC when a new collision occurs. This
type of event is not removed by the rejection described previously if there is only one
ITS vertex, so other conditions need to be used. The probability of pile-up events in a
sample increases with the collision rate. The in-bunch pile-up probability of the data
was evaluated run-by-run by calculating the average number of interactions per bunch
crossing, y, in each run. The probability for n interactions in a bunch crossing follows a

Poisson distribution, as a function of u:

(4.4)
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The probability of two or more interactions per BC can then be calculated using

Pn>2,u)=1— P0O,u) — P(Lu)=1— (p+1) " (4.5)

The value of y for each run in the LHC16r_CENT dataset is shown in figure 4.3. In order
to avoid pile-up in the data analysed, runs with a low u value were selected to form a
subsample. The six runs selected, highlighted in red on figure 4.3, had y < 0.02. This
subsample corresponded to ~ 40% of the total MB data (11.4 million out of 29 million
events). The average yu of the events in this sample was 0.011, which means the probab-
ility of pileup in the sample analysed was P(n > 2,0.011) /(1 — P(0,0.011)) = 0.6%. This
is a significant reduction from the whole dataset which has an average u of 0.052, which

means there is a more significant probability of pileup at 2.6%.
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Figure 4.3: Plot showing the value of average number of interactions per BC, y, for each
run in LHCI6r_CENT. The red runs are used in the low interaction rate dataset.

The analysis process presented in the following sections are on this subsample of data.

However, new procedures were developed later within ALICE to handle the OOB pileup
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in the data, so the full data set could then be analysed. The same analysis procedure was

completed on both datasets and the results for both are shown in chapter 5.

4.1.1.2 | Event Selections

Basic event selections used in p-Pb collisions in ALICE were applied in this analysis.
The data selected were collected using a minimum bias trigger, which requires at least
one hit in both the VOA and VOC detectors. Also, a selection on the position of the PV
of the interaction was made, requiring it to be within + 10 cm from the centre of the
detector along the z axis. Finally, an initial cut was placed to remove in-bunch pileup
events using the SPD. Events were rejected if a secondary interaction vertex was found,

separated from the first one by more than 0.8 cm along the beam (z) axis and with

— atleast 3 associated tracklets for events with a total number of reconstructed track-

lets, N, tracklets <20,
— at least 4 associated tracklets for events with 20 < Ny, 0110t < 50, or
— at least 5 associated tracklets for events with Ny,,4/0ts > 50,

where a "tracklet’ is defined as a track in the SPD between a cluster in the first layer and

an accompanying cluster in the second layer that is aligned with the reconstructed PV.

In addition to the selections already mentioned, the data were also divided into classes
defined by the multiplicity of the event. The multiplicity is determined from the amp-
litude in the VOA detector as described in section 3.2.5. As there is a particular interest
in the multiplicity of the data, the classes were chosen to maximise the number of mul-
tiplicity bins that could be explored with the statistics available. The classes used in
this analysis are listed in table 4.2, where the highest multiplicities are contained within
the 0-5% class and the lowest multiplicities are contained within the 80-100% /60-100%

class.
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Table 4.2: Table showing VOA multiplicity classes used for cascades.

Particle | VOA Multiplicity Classes (%)
=T 0-5, 5-10, 10-15, 15-20, 20-30, 30-40, 40-50, 50-60, 60-80, 80-100
a* 0-5, 5-15, 15-30, 30-60, 60-100

Table 4.3 shows the number of events available for the analysis after the trigger selection

and event selections have taken place for the two datasets analysed in this thesis.

Table 4.3: Table showing number of events for the two data sets analysed.

No. Events

Low Interaction Dataset | Total Dataset
Total reconstructed events 15.9 x 10° 60.0 x 10°
Available after trigger selection | 12.5 x 10° 31.5 x 10°
Available after event selections | 11.4 x 10° 29.0 x 10°

4.2 | Signal Extraction

In order to extract the signal, the invariant mass of the cascades is plotted in the multipli-
city classes described in table 4.2. The data are also divided into transverse momentum
(pr) bins so that spectra can be extracted. The bins used were selected to allow a spread
of pr to be studied, but ensuring the statistics are high enough for good signal extrac-
tion. In order to optimise the statistics available in this data sample, the particles and
antiparticles were combined. Figure 4.4 shows the raw yields for both particles and
antiparticles as a function of pr. The results for particles and antiparticles are consistent

with each other.

Previous analyses have combined particles and antiparticles when extracting yields from
pr spectra. Combining at this earlier stage allowed finer multiplicity and pr bins to be
explored and reduced the effect of statistical fluctuations. The chosen bins are described
in table 4.4. The binning does not start at zero as the low momentum cascades can not

be detected, as their decay products do not traverse the detectors due to the low radius
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Figure 4.4: Plots showing raw yields for & and E+(top) and O and O (bottom). Open
circles show particle results and closed circles show antiparticle results.
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Table 4.4: Table showing pr bins used for cascades.

Particle | py bins (GeV/c%)
=+ 0.8,1.1,1.3,15,1.7,1.9,2.1,2.3,2.5,2.7,29,3.1,3.5,4,5.5
O+ 09,1.6,2.0,2.4,2.9,3.5,5.0

of the curvature of their path.

The binned data for each p; and multiplicity bin are then fitted with a Gaussian plus
second degree polynomial. A linear fit was not used due to the non-linear behaviour
of the background in some of the invariant mass plots. A signal region is then defined
as the number of ¢ (peak width) from the y (mean) of the peak. For this analysis, this
was chosen to be 40 but the effect of the size of this window was explored in the
systematic evaluations. The data are summed in the signal region in order to get the
signal+background counts. The background fit is then integrated in the signal region
in order to calculate and subtract the background and obtain the final signal value. An
example of invariant mass plots for & and () at high centrality and mid-p; are shown
in figure 4.5. The fit is shown in red and the signal region is highlighted by the vertical

green lines.
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Figure 4.5: Plots showing examples of invariant mass for E*(left) and Qi(right). The
red line shows the gaussian + 2nd degree polynomial fit to the data and the green lines
indicate the signal region.
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Figure 4.6: Plots showing peak position, y, for Ei(left) and Qi(right) across pr with
results for different VOA multiplicity classes shown by the different colours. The dashed
line shows the PDG mass.
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Figure 4.7: Plots showing peak width, o, for Ei(left) and Qi(right) across pr with res-
ults for different VOA multiplicity classes shown by the different colours.

In order to ensure the signal extraction is performing well in the chosen bins, y and

o are extracted from the fits and are plotted as a function of pr in figures 4.6 and 4.7 for
+

E* and QF. The position is in agreement with the PDG mass of the particles within 0.1%
and the widths do not show a significant pr dependence and are below 0.003 GeV/ ?

for both particles across all py.
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4.3 | Monte Carlo Corrections

The signal extracted from the real data needs to be corrected in order to take into account
the efficiency of the detectors, the efficiency of the reconstruction and selection methods
used in the analysis, the acceptance cuts of the detector and the branching ratio of the

decay channels not considered.

Samples of simulated p—Pb collisions were used for efficiency calculations. The sim-
ulated data were created using the event generators EPOS-LHC [119] (described in sec-
tion 2.2.5) and DPMJET [165], which is based on the Dual Parton Model [166]. They are
then propagated through the simulated ALICE detector using GEANT4 [167].

The efficiencies are estimated by repeating the same analysis on simulated data and
comparing the results to the known generated cascades. The only way the analyses dif-
fer is the Monte Carlo (MC) cascade candidates are checked to ensure they are associated

with a true generated cascade. The efficiency of the p7 bin is then computed as

N d iated (PT)
e(py) = —reconstructed-tassociate ) (4.6)
Pr Ngenerated(pT)

The generated distributions can be extracted from the MC data. As the production rates
of cascades are small and the generation and propagation of MC events are computa-
tionally intensive, two methods were used to increase the statistics of cascades available
in the data set. In an injected sample, up to five cascade signals are injected per event
before they are propagated. In a triggered sample, the event was only propagated if the
event generated at least one multi-strange baryon. The efficiency values obtained with
the injected and triggered samples were compared to two general purpose productions

(with no injection or triggering).

Figure 4.8 shows a comparison of all MC data sets. The bottom panel shows the ratio of

each data set to the fully merged sample of all the MC datasets. The injected sample is
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in agreement with the general purpose MC data, however the triggered sample (shown
by full turquoise circles) shows significant deviations to the other datasets, especially at
low pr, so was discarded. Deviations were attributed to errors in the MC configuration
of the sample, but further investigation would be required to confirm the source of the
deviations. The results for the two general purpose and injected sample are consistent,
therefore, the samples were merged in order to provide the maximum statistics for ef-
ficiency calculations. After merging there were ~ 1 million events available in the MC

sample.

4.3.1 | Multiplicity Dependence

The efficiency values are calculated as a function of py. However, it is also important to
check if there is a multiplicity dependence. This is done by dividing the Monte Carlo
data into multiplicity bins and recalculating the efficiency values in the same way. Fig-
ure 4.9 shows the efficiency values plotted against pr for different multiplicity classes,
compared to the efficiency values in the whole 0-100% multiplicity-integrated data.
Within uncertainties there is no significant multiplicity dependence, so the multiplicity-

integrated values are used for the analysis.
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4.3. Monte Carlo Corrections

Figure 4.8: Plots showing comparison of efficiency values obtained from different MC
data samples for & (above) and () (below). The bottom panel shows the ratio of each
data set to the merged sample. The only sample whose ratio deviates, indicated by the
closed green circles, is the DMPJET triggered sample.
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Figure 4.9: Plots showing multiplicity dependence of efficiency values for E (above)
and () (below). The bottom panel shows the ratio of each centrality class to the full
0-100% multiplicity-integrated values.
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4.4 | Signal Optimisation

The initial topological and kinematic cuts, discussed in section 4.1, are placed loosely to
remove a significant amount of background, and therefore reduce the size of the output
data files for analysis, but still allow a study of the effect of the cuts on the signal to
choose the optimum value for the default cuts and to evaluate systematic uncertainties

from the cuts.

When selecting default cut values, the goal was to minimise the background while max-
imising the signal and therefore increasing the signal to noise ratio. This can be done by

studying a few quantities in the data. Firstly, the signal significance can be calculated as

signal

Significance = 4.7)

\/signal + background

This value can be maximised to optimise the signal-to-noise ratio (SNR) but is safer (than

SNR) as it avoids the possibility of division by zero in the case of no background.

The other quantity to be checked is

signal(chosen cut)
signal(loosest cut)’

Signal loss =1 — (4.8)

which shows the amount of signal lost due to the applied cut with respect to the loosest
value already applied in the data. This is checked while keeping all other cuts at default
values for the analysis. As multiple rescatterings are more likely at low pr, the signal
significance and signal losses were checked in three different pr bins in order to check
if a pr dependent cut was required. The default cut was chosen to maximise signal
significance, while keeping signal losses below 2%. Values for the default cuts chosen

for the analysis are shown in table 4.5 for =% and O,
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Table 4.5: Values of the default cuts chosen for 25 and Q. If a different cut was used
for OF it is shown in brackets. If a pr dependent cut was required, three values are
shown corresponding to low, mid and high pr corresponding to 0.8-1.9 (0.9-2.0) GeV /c,

1.9-3.1 (2.0-2.9) GeV/c and 3.1-5.5 (2.9-5.0) GeV /c.

Default Cuts Cut value Z-(QF)
VO cos(PA) > 0.98 (0.97,0.98,0.98)
Cascade cos(PA) > 0.96,0.97,0.97
DCA Casc daughters (cm) <1.6,1514
DCA V0 daughters (¢) <1.7,1.6,1.5(1.7,1.6,1.6)
Cascades’s decay radius (cm) > 0.6 (0.5)

V0’s decay radius (cm) > 1.2 (1.1)
DCA bachelor-PV (cm) > 0.04

DCA V0-PV (cm) > 0.06

DCA V0’s meson daughter - PV (cm) > 0.04

DCA V0’s baryon daughter - PV (cm) > 0.03

V0 mass window (MeV/cZ) + 0.008

Signal extraction window (¢ from mass peak) +4

TPC PID (¢ from Bethe-Bloch curve) +4

Least number of TPC clusters > 70
Deviation from proper lifetime (no. PDG cT) <3

4.5 | Systematic Uncertainty Evaluations

Values for loose and tight cuts were also chosen in order to evaluate the uncertainty

on the possible bias introduced from the positioning of the cuts at the default locations.

Loose (and very loose) cuts were applied at looser values than the default cut if available.

Tight cuts were chosen to be placed at 5% signal loss and very tight cuts were chosen

to be placed at 10% signal loss. All cuts were adjusted if there were deviations in the

signal loss between MC and real data of more than 2% as this would introduce bias in

the corrected spectra.
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Figure 4.14: Signal deviations seen in corrected s (left) and o* (right) spectra due
to cut selection changes. The top row shows the results with the minimum VO cos(PA)
cuts, the middle row shows the results with the cuts on the minimum DCA between
the baryon V0 daughter and the PV and the bottom row shows the results with the cuts
on the minimum DCA between the VO and the PV. Error bars are Roger-Barlow errors
representing an acceptable deviation due to statistical fluctuations.
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The plots used for the selection of cuts for some key variables are shown in figures 4.10
and 4.11 for 2% and 4.12 and 4.13 for Q*. In each plot, the signal significance is shown
in the top panel by the pink line, and the signal loss fraction is shown in the bottom
panel with the black points indicating results for real data and the red points indicating
results for MC data. The default cuts are shown by the vertical dashed red line and the
cuts chosen for systematic studies are indicated by the orange vertical dashed lines. The
final cuts used are reported in table 4.6 for E¥and 4.7 for OF. The plots for all variables

can be found in appendix A.

Using the cuts chosen, the signal was recomputed for each cut position and the relat-
ive deviations with respect to the default cuts are shown for the same variables shown
previously as a function of pt in figure 4.14 for E¥and OF. These signal deviations for
the remaining variables can be found in appendix B. The errors on the deviations are
calculated as Roger Barlow errors [168], (71% =03 — (712 , where o, and 07 are the errors on
the signal calculated with the default cut and the systematic check cut. The deviations
are considered significant, only if they are larger than one o, which disregards statist-

ical fluctuations that do not contribute to the systematic uncertainty.

On top of the systematic errors already discussed, a further systematic error was added
due to the uncertainty of the material budget (amount of material in the detector). This
was estimated using Monte Carlo productions with variations in the material budget
of the detector within the MC simulation. The uncertainty on the measurement due to
the uncertainty on the material budget could then be estimated. Five productions were
used with a change in material budget of: +4.5%, +10%, 0%, -4.5% and -10% [146]. 4.5%
corresponds to the uncertainty on the material budget in ALICE, as estimated from pre-
vious analyses of photon conversions [153, 169]. The variation was raised to 10% in
two of the productions to increase the effect and better estimate the contribution to the

error, however, the result were normalised to 0.45 to estimate the variation due to the
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expected £4.5% material budget uncertainty. The ratio of the efficiency values with and
without a material budget change was then computed. The uncertainty was estimated
to be half the deviation from one of the ratio of the yields calculated with a change in
material budget to the yields without any change. The final uncertainty values used in

the analysis are shown in figure 4.15.
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Figure 4.15: Material Budget uncertainty as a function of p for EF and OF [170].
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Table 4.6: Values of the selection cuts chosen for systematic error estimation in the case

of 2%, Ifa pr dependent cut was required, three values are shown corresponding to low,
mid and high pr corresponding to <1.9 GeV /¢, 1.9-3.1 GeV/c and >3.1 GeV /c.

Syst Type Cut value
very loose loose tight very tight
VO cos(PA) > 0.95 >0.96 > 0.985, 0.996, 0.998 | > 0.99, 0.998, 0.999
Cascade > 0.95 > 0.95,0.96,0.96 | > 0.965,0.985, 0.985 | > 0.97,0.992, 0.992
cos(PA)
DCA bachelor- <20 <1.8 <14,1.0,09 <1.2,0.8,0.7
VO (cm)
DCA VO <20 <19,18,1.8 < 15,09, 0.6 <13,08,04
daughters (o)
Cascades’s de- - > 0.5 >1,14,2. >14,2.,3.
cay radius (cm)
V0’s decay ra- - > 1.1 >3.,55,7. -
dius (cm)
DCA bachelor- - > 0.03 > 0.11 > 0.19
PV (cm)
DCA  VO0-PV - > 0.05 > 0.09 > 0.14,0.13,0.11
(cm)
DCA VO0’s > 0.02 > 0.03 > 0.24 > 0.42,0.5,0.5
meson daugh-
ter - PV (cm)
DCA V0’s ba- - > 0.02 > 0.07 > 0.13,0.11, 0.11
ryon daughter
- PV (cm)
V0 mass win- - +0.009 +0.006 -
dow (MeV /c?)
Signal extrac- - +5.0 +3.0 -
tion window
(o from mass
peak)
TPC PID (o - +5 +3.5 -
from  Bethe-
Bloch curve)
Least number - - >75 >80
of TPC clusters
Deviation from - <4 <2 -

proper lifetime
(no. PDG c7)
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Table 4.7: Values of the selection cuts chosen for systematic error estimation in the case

of OF. If a pr dependent cut was required, three values are shown corresponding to
low, mid and high pt corresponding to <2.0 GeV/c, 2.0-2.9 GeV/c and >2.9 GeV/c.

Syst Type

Cut value

very loose

loose

tight

very tight

VO cos(PA)

>0.95

> 0.96

> 0.975, 0.994, 0.996

> 0.98, 0.994, 0.996

Cascade
cos(PA)

> 0.95

> 0.95,0.96, 0.96

> 0.965, 0.985, 0.98

>0.97,0.992,0.985

DCA bachelor-
VO (cm)

<20

<18

<14,10,10

<12,08,0.8

DCA Vo
daughters (o)

<2.0

<19,18,138

<15,14,14

<13, - -

Cascades’s de-
cay radius (cm)

> 0.5

>0.6,09,1.0

V0’s decay ra-
dius (cm)

>1.1

>2,25,5.

DCA bachelor-
PV (cm)

> 0.03

> 0.06

> 0.09, 0.09, -

DCA  VO-PV
(cm)

> 0.05

> 0.08

>0.1,-,-

DCA VO0’s
meson daugh-
ter - PV (cm)

> 0.02

> 0.03

> 0.11, 0.06, 0.15

DCA V0’s ba-
ryon daughter
- PV (cm)

> 0.02

> 0.06

> 0.1

V0O mass win-
dow (MeV /c?)

£0.009

£0.006

Signal extrac-
tion window
(o from mass

peak)

£5.0

£3.0

TPC PID (o
from Bethe-
Bloch curve)

+5

+3.5

Least number
of TPC clusters

>75

>80

Deviation from
proper lifetime
(no. PDG c7)

<4

< 2.

= rejection
(MeV/ ¢ from
E hypothesis)

none
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The total systematic errors were evaluated, by adding all uncertainties considered in
quadrature. A smoothing procedure was then applied to the total systematic errors in
order to remove any bin-by-bin fluctuations, which were not caused by the physics or

the detector. A summary of the topological systematic errors for chs

is shown in fig-
ure 4.16 on the left, with the total systematic errors shown on the right. For Qi, the
calculated errors in the two highest p bins, using the procedure explained, were still
significantly affected by statistical fluctuations. This can be seen in the plots of the er-
ror differences shown previously in figure 4.14, as well as the figures in appendix B.
As shown in figure 4.17, the systematic errors calculated in the first four pr bins in this
analysis were consistent with those measured at /sy = 5.02 TeV, which was not as
limited by statistics with ten times the events. This is expected, due to the very similar
analysis procedure and experimental setup. Therefore, the systematic errors from the
previous analysis were used for the final two pr bins [171], which are approximately the
same size in both analyses. A future reanalysis would combine high pt bins to obtain
better statistics that lead to more stable results in a cut study analysis. This would allow
for a better estimation of the systematic errors at high pr. The final step was to apply

the same smoothing procedure used for the EF to the OF total errors. The topological

and total errors for QT are shown in figure 4.18.

The dominant source of error across all p bins for both EF and OF is the topological
errors. Atlow pt the material budget is another significant source which reduces at high
pr- The number of ¢ used for TPC PID also dominates at low pr whereas, in the case of

the 2, at high pr, the signal extraction is more significant.
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Chapter 5

Results

In this chapter, the results for multi-strange baryon production in proton-lead collisions
at \/syy = 8.16 TeV will be presented and discussed. Results for integrated yields and
mean pr will be shown. The first section will present the initial results obtained with
the low interaction rate dataset that were presented by the author at The International
Conference on Strangeness in Quark Matter 2019 [172] and the International Nuclear
Physics Conference 2019 [173]. In the second section, the developments achieved from
analysing the full dataset will be given. The next chapter will put these results into con-
text by making comparisons between the current analysis and analyses of other hadrons,
as well as comparisons to results in other collision systems and the lower energy Run 1

results.

5.1 | Low Interaction Rate Data

5.1.1 | Transverse momentum spectra

Following the procedure described in the previous chapter, the fully corrected trans-

ot + : e
verse momentum spectra for 2= and ()~ were obtained and are shown in figure 5.1
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Figure 5.1: Plots showing pr spectra for =t (above) and o (below) for different VOA
multiplicity classes with Lévy-Tsallis fits [133] shown by dashed lines.
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for the different VOA multiplicity bins. An additional correction was applied to take
into account the influence of the Monte Carlo pr shape on the efficiency values calcu-
lated. This correction is discussed in section 5.1.1.1. The final pt spectra are fitted with

a Lévy-Tsallis function [133] which is shown in the plots by the dashed lines.

5.1.1.1 | prshape effect

At low and high pt, wider pr bins were used in order to reduce the effect of statistical
fluctuations in these regions. This is most significant at low pr, where the majority of
the signal is contained, so in this region the spectra can be influenced by the pr shape of
the Monte Carlo data. If this deviates from the shape of the measured spectra, this can
cause biases in the corrected spectra. The iterative procedure described here was used
to correct this bias. The shape of the p spectra have strong multiplicity dependence, so

a multiplicity-dependent correction needs to be applied.
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Figure 5.2: Plots showing a comparison of pr shapes of Monte Carlo input data and a
Lévy-Tsallis fit of measured data for 2 (left) and o* (right).

The pr shapes were initially checked for both EX and OF baryons by fitting the data
and Monte Carlo with a Lévy-Tsallis function [133]. A pt spectra for each multiplicity
was then produced using high granularity. The resulting p1 shapes for ¥ and OF ba-

ryons are shown in figure 5.2. The black open points shows the Monte Carlo shape in
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comparison to the real data, indicated by the full coloured points, in different multipli-
city classes. From the plots, it is clear that the Monte Carlo pr shape differs from the real

data as a function of multiplicity. The jump at 2 GeV/ c? in the 2* spectra is due to the

injection procedure, which is only carried out for particles with a py >2 GeV/ c? for 2F.

In order to remove this bias, an iterative procedure was applied to the corrected spectra.

Firstly, the ratio of the fitted shapes of the real data over the Monte Carlo input data
were computed at high granularity (higher than used in the analysis). The ratios were
used to reweight the MC reconstructed and generated pr spectra used in the analysis.
The resulting new efficiency values were then recalculated by rebinning the reweighted
pr spectra into the pr bins used in the analysis. The correction factors are calculated
from the ratio of the new efficiency values to the old ones and are applied to the meas-

ured spectra.

These steps were repeated iteratively until convergence, which was achieved after two
iterations. The results of this procedure for E* and OF are shown in tigures 5.3 and
5.4, with each row showing a new iteration. The left panel shows the reweighting factors
calculated in the first step and the right panel shows the correction factors applied in the

tinal step. The correction factors approach one as the procedure is repeated.
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applied in each stage of the iterative procedure for the & spectra.
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applied in each stage of the iterative procedure for the () spectra.
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5.1.2 | Multiplicity dependence of yields and < pr >

In order to calculate the integrated yields and (pt), two contributions were combined:
the measured data points were summed together and the integral under the Lévy-

Tsallis fit [133] was calculated in the unmeasured regions at low and high pr.

5.1.2.1 | Uncertainties

To evaluate the statistical uncertainties on the yields and (pr), the spectra were repro-
duced 1000 times and each data point on the spectra was produced by mapping a Gaus-
sian distribution with a mean equal to the original pr bin yield and a width equal to that
bin’s statistical uncertainty. The yields and (pr) were then computed with the copied
spectra and a Gaussian function was fitted to the distributions of yields/ (pt) values
obtained. The standard deviation of this distribution was taken as the statistical uncer-

tainty.

In order to calculate the systematic uncertainties on the calculated values of yields and
(p1), two contributions had to be considered. Firstly, the contributions from the system-
atic errors on the pr spectra that were shown in section 4.5. Secondly, the uncertainty
introduced by extrapolating the spectra to the unmeasured pt regions. In order to eval-
uate the systematic errors from the pr spectra, the full size of the error bands were
considered by calculating the yields/(py)at the minimum and maximum of the error
bars. The maximum deviation in the yield/(py)gave the systematic uncertainty. The

evaluation of the second contribution is described in the next section.

5.1.2.2 | Extrapolation to unmeasured p regions

As mentioned in section 4.2, due to the acceptance of ALICE, particles with a very low
pr can not be measured. Therefore, in order to calculate yields and (pr), the pr spec-

tra needed to be fitted and extrapolated in unmeasured regions at high and low pr. In
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Figure 5.5: Plots showing the default Lévy-Tsallis and other fits in highest (top) and
lowest (bottom) multiplicity bin for EF. The data and fits are shown in the top panel
and the ratio of the data to the fit is shown in the bottom panel.
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Figure 5.6: Plots showing the default Lévy-Tsallis and other fits in highest (top) and
lowest (bottom) multiplicity bin for OF. The data and fits are shown in the top panel
and the ratio of the data to the fit is shown in the bottom panel.
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order to calculate the uncertainty contribution due to the extrapolated fraction of the
yields, the spectra were fitted with five alternative functions instead of the reference
Lévy-Tsallis [133], as outlined in section 2.2.5.2. The ranges of the fits were altered in
order to achieve a x*/nd f < 2.5. This means the upper pr limit of the fit range had to

be reduced in most cases.

The results of the fits for the highest and lowest multiplicity bins are shown in figure
5.5 for E¥and tigure 5.6 for OF, with the x*/nd f values shown for all fits. The results
for the remaining multiplicity bins are shown in appendix C. The bottom panel of fig-
ures 5.5 and 5.6 shows the relative differences between the data in each pt bin and the
titting function at that point. Only the low pt extrapolation was used for uncertainty
estimation as the contribution from high pr to the yields was less than 1% for all mul-
tiplicity bins and, as already mentioned, the fit was poor at high pr for the alternative

functions used.

The measured yields and (py) values obtained with different fitting functions were
extracted and the ratio to the results with the default Lévy-Tsallis fit were calculated.
The systematic uncertainties due to the extrapolation were calculated by taking half
the maximum deviation from the Lévy-Tsallis value in each multiplicity class for both

yields and (pr).

5.1.2.3 | Results

The total yields calculated for E* and OF are given in tables 5.1 and 5.2 alongside the
mean charged particle multiplicities, d N, /d, for the corresponding multiplicity class
[174]. The fraction of the extrapolated contribution is also given. For o they range
from 23 to 44% and for O~ they range from 22 to 30%. The yields are shown in figure
5.7 as a function of dN,/dn. An increase in the yields of both 2% and OF can be seen

relative to dNg,/d7 .
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Figure 5.7: Plots showing the particle yields as a function of dN,/dy for Ei(top) and
O~ (bottom).

As well as calculating integrated yields, the mean transverse momentum, (py), was also
calculated. The (pt) for each multiplicity class are also given in table 5.1 and 5.2 and

shown in figure 5.8 as a function of dN,/dn. The results show an increase as a func-
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Figure 5.8: Plots showing the average transverse momentum, (pr), as a function of
dN.,/dy for E* and OF. Points for & are shown in purple and points for OF are
shown in blue.

tion of multiplicity, although for OF this is less clear given the size of the uncertainties.
These results demonstrate spectrum hardening, where there is an increase in the peak of
the pr distributions towards larger values of p at higher multiplicities. The values are
larger for OF than for 2% across multiplicity, indicating a mass ordering of this effect,

which supports the presence of radial flow [175].

In a Boltzmann distribution, as was shown in equation 2.5, the particle spectra are
proportional to exp(—"F), where all particle species have a common emission tem-
perature at freeze-out, T = T};,. In heavy-ion collisions, measured spectra for dif-

ferent particle species have different slopes, breaking the predicted m scaling. This
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Table 5.1: The & + & integrated yields and mean p7 in each VOA multiplicity class
with the corresponding mid-rapidity dN,/dy values given. The statistical errors and
then the systematic errors are shown. The percentage of the yields extrapolated is also

given.

VOA Mult| dNg/dyp | @ +E7)/2x(10° ) (pr), GeV/c Extrapolation,
Bins, % %
0-5 5322+ 1.38 | 1.423 £0.026 +0.127 | 1.588 + 0.015 + 0.050 | 24
5-10 4240 +1.10 | 1.069 + 0.020 + 0.094 | 1.603 + 0.017 + 0.048 | 23
10-15 37.30 £ 0.97 | 0.969 +0.021 + 0.085 | 1.554 + 0.019 + 0.055 | 25
15-20 33.64+0.87 | 0.843 +0.019 +0.071 | 1.536 + 0.017 +0.039 | 24
20-30 29.30 £ 0.76 | 0.707 +0.013 = 0.069 | 1.540 & 0.015 & 0.065 | 25
30-40 24.49 £ 0.66 | 0.594 £ 0.011 & 0.054 | 1.482 + 0.015 + 0.045 | 27
40-50 20.34 £ 053 | 0.459 £ 0.010 & 0.042 | 1.468 £ 0.019 + 0.057 | 28
50-60 16.46 £ 0.43 | 0.377 £ 0.010 + 0.036 | 1.384 & 0.020 = 0.035 | 30
60-80 10.97 £0.29 | 0.239 + 0.007 & 0.023 | 1.297 & 0.020 & 0.035 | 34
80-100 447 +0.12 | 0.087 +0.005 +0.014 | 1.109 + 0.036 + 0.055 | 44

Table 5.2: The Q™+ O integrated yields and mean pr in each VOA multiplicity class
with the corresponding mid-rapidity dN, /dy values given. The statistical errors and
then the systematic errors are shown. The percentage of the yields extrapolated is also

given.

VOA Mult| dNg/dp | (@Q +Q7)/2 x(1072) (pr), GeV/c Extrapolation,
Bins, % %
05 5322 £1.38 | 1.781 +0.121 +0.240 | 1.792 + 0.053 + 0.089 | 22
5-15 39.86 £ 1.10 | 1.141 +0.077 +0.162 | 1.944 £ 0.093 +0.121 | 23
15-30 30.77 £ 0.86 | 0.854 = 0.054 = 0.129 | 1.781 =+ 0.070 = 0.105 | 25
30-60 20.42 £0.56 | 0.447 +0.028 =0.078 | 1.750 £ 0.068 = 0.104 | 23
60-100 7.63+020 | 0.128 £0.011 £ 0.019 | 1.526 + 0.071 = 0.115 | 30

is interpreted as another component contributing to the measured emission temperat-
ure, T = Ty;, + %mvz, where %mv2 corresponds to the kinetic energy acquired by the
particles due to hydrodynamical collective expansion along the transverse plane ie. ra-
dial flow. This component modifies the particle spectra by pushing the mean transverse
momentum at emission to higher values, proportional to the particles species mass. This
effect has also been reported in pp collisions by ALICE [176] and CMS [177]. It supports

the evidence for collective behaviour in small systems that can be described by hydro-

dynamic models [175], along with other features of heavy-ion collisions observed in
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small systems [178-180].

5.2 | Full Data Analysis

The decision to use a sub-sample of the data available was described in section 4.1.1.1.
After analysis of this subset a new procedure was developed within the ALICE collab-
oration to handle OOB pile-up on a cascade-by-cascade candidate basis by utilising in-
formation from the ITS and the TOF. The cut is applied by checking that out of the three
detectable daughter tracks from the measured decay (the baryon and meson tracks from
the VO and the bachelor track from the cascade), at least one either satisfies a timing
check on the ITS or the TOF, to ensure the track is from a triggered event. Both are
checked as the efficiencies of both compensate each other in the low /high pr regions.
The ITS cut checks that the track was reconstructed with TPC and ITS hits. As the ITS
has a narrower acquisition window compared to the TPC, this cut causes tracks from
events from before or after the triggered event to be discarded. The TOF cut checks that
there is TOF information for that track, which also discards tracks from before or after

the triggered event due to its narrow acquisition window.

In order to confirm that the cuts were performing as expected, the low y data subsample
was reanalysed using the new data output with the ITS/TOF information required to ap-
ply the cuts. Some minor changes to a few of the topological cuts described in section

4.5 were made.

Once these changes were made, checks could be carried out using the chs yields. This
was done by calculating the new yields with and without the ITS/TOF cuts and com-
paring them to the previous analysis. Without the ITS/TOF cuts, the calculated yields
should be identical, therefore the ratio of the yields shown by the green points in the

bottom panel of figure 5.9 should be one. Deviations can be seen due to fluctuations
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in the data that is analysed on the LEGO train system used by ALICE ! and the small
changes in some of the topological cuts between the two analyses. The points are within

3% in agreement with each other so these appear to be consistent as expected.

The application of the ITS/TOF cuts should have minimal effect on this data set as
it has a low probability of pileup. Therefore the yields calculated should still be con-
sistent. The ratio of the yields with the ITS/TOF cuts compared to the original analysis
is shown by the red points in the bottom panel of figure 5.9. These are also below 3%
for nearly all multiplicities. The lowest multiplicity shows a deviation of 6% but this

may be attributed to some pile-up removal at the lowest multiplicity, where pileup is
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Figure 5.9: Plots showing the integrated yields for E* calculated using the original ana-
lysed data (open blue circles), the new dataset with ITS/TOF cuts (open red diamonds),
the new dataset without ITS/TOF cuts (open green stars). The bottom panel shows
the ratio of the original data set to the new dataset with (red) and without (green) the
ITS/TOF cuts.

"Due to the large size of the data sets that are being analysed, analysis code can be run centrally via
the so-called LEGO trains on the ALICE Grid system. At run-time a small number of failures can occur
so the complete data set analysed on any one train will differ slightly to that of a train run at a different
time.
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Figure 5.10: Plots showing the integrated yields for E*calculated using the low yu data
(open blue circles) and the high y data with ITS/TOF cuts (open red diamonds) and
without ITS/TOF cuts (open green stars). The bottom panel shows the ratio of the low
u data to the high u data with (red) and without (green) the ITS/TOF cuts.

most probable. (Low multiplicity events with few tracks are more prone to OOB pileup
affecting reconstruction). As no significant deviations were found with this check the

analysis proceeded to the full data set.

Firstly, the yields of the 39 runs with high u cuts were evaluated in order to make a
comparison to the low y results already obtained. The 39 runs have an average yu of
0.078, compared to the 0.011 of the original dataset so are much more effected by pileup.
The results for the yields with the 39 runs are shown in figure 5.10 compared to the six
runs. Differences can be seen in the results for low and high u runs even once ITS/TOF
cuts have been applied. These differences are significant, especially at high and low
multiplicity. In order to take this effect from y into account a systematic error was estim-
ated. This was done by comparing the results in the two sub-samples to the full data set

+

(including all 45 runs) as shown in figure 5.11 for =~ and O*. The maximum deviation
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in each multiplicity bin, halved, was added to the systematic errors of the final yields.

Table 5.3 shows the systematic contributions from this effect. The final yields using this

data set with the new systematic error for E* and OF are shown in tigure 5.12.

Table 5.3: Systematic errors due to y for E* and OF

VOA Mult Bins, | Systematic Error (%) | VOA Mult Bins, Systematic Error QF)
% (BF) % (QF)

0-5 5% 0-5 29%
5-10 5% 5-15 5%
10-15 1% 15-30 5%
15-20 1% 30-60 4%
20-30 2% 60-100 5%
30-40 2%

40-50 2%

50-60 2%

60-80 2%

80-100 4%
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Figure 5.11: Plots showing the integrated yields for E*calculated using all the data (open
blue circles), the low y data (open red diamonds) and the high y data (open green stars).
The bottom panel shows the ratio of the whole data set to the low y dataset (red) and
high u dataset (green).

106



Chapter 5. Results

5.2. Full Data Analysis

0.18

)2

T+ -05<y<0.

-
+ =

0.16
—— Preliminary p-Pb, s, = 8.16 TeV

=

o4 Uncertainties: stat.(bars), sys.(boxes)
0.12

0.1
0.08
0.06

0.04

0.02

o
=
o
N
o
w
o

0.024

40

Q+0Q,-05<y<0.
—— Preliminary p-Pb, \s,, = 8.16 TeV

0.022

@ +0)2

Oiﬁ: Uncertainties: stat.(bars), sys.(boxes)
0.016
0.014
0.012

0.01
0.008
0.006
0.004

0.002

o

50
[@N ch/dnqqgo.s

Figure 5.12: Plots showing the integrated yields for chs (top) and OF (bottom) calculated
using the full data set with a systematic error contribution from p included.
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5.2.1 | Extended multiplicity reach

Due to the increased statistics available in the whole data set it was realised that a further
multiplicity bin could be extracted from the E*data by splitting the 0-5% bin into a 0-
1% bin and a 1-5% bin. This meant the multiplicity reach of the final results could be
extended even further, with the highest value of dN,,/dy being increased 20% from
53.2 to 64.0. The yields with this extra multiplicity bin are shown in figure 5.13, with the
systematic uncertainty for the u variation included, which shows the yields continuing
to increase at this higher value of dN,/d#. The data used to produce figures 5.12 and

5.13 are included in appendix D.
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Figure 5.13: Plots showing the integrated yields for E*with an extra multiplicity bin.

108



Chapter 6

Conclusions

In the previous chapter the results obtained for multi-strange baryon yields and (py) were
presented. In this final chapter, the results will be put into context by comparing to other
results obtained by ALICE at different collision energies, with other collision systems

and with other hadron measurements.

6.1 | Discussion of Results

6.1.1 | Energy Dependence

In order to establish if the results for multi-strange baryon yields found in the previous
chapter are consistent with those measured in Run1at /syy = 5.02 TeV[117], a direct
comparison was made as shown in figure 6.1. These results show that the yields at both
energies are in agreement, indicating the multiplicity dependence is independent of the
initial collision energy. This was also found when Run 2 pp data at /s = 13 TeV were
compared to Run 1 pp data at /s = 7 TeV [181]. The values for (py) were also com-
pared to the results at lower energy and figure 6.2 indicate that these are also consistent

with Run 1 results.
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Figure 6.1: Plots showing the particle yields as a function of (dN, /d#) Iy|<0.5 for o (top)
and OF (bottom).
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Figure 6.2: Plots showing the average transverse momentum, (pr), as a func-

—

tion of (dNg,/ d11>|17| <05 for E* and OF. Points for Z° are shown in purple for

VSnyn = 8.16 TeV and orange for /sy = 5.02 TeV. Points for OF are shown in
blue for /sy = 8.16 TeV and red for /sy = 5.02 TeV.

6.1.2 | Hyperon-to-pion yields

The previous section demonstrated that the yields of multi-strange baryons increase as
a function of multiplicity. However, in order to establish if there is an actual enhance-
ment of strangeness in this system, a comparison has to be made to the yields of non-
strange particles. As mentioned in section 2.2.5, pions are used to normalise the hyperon
yields. The hyperon-to-pion yields in p-Pb collisions at both /sy = 8.16 TeV and
VSN = 5.02 TeV are shown in figure 6.3, using recent results for pions in p—Pb col-

lisions to calculate the ratios [182]. The statistical and systematic errors of the hyperon
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yields, Y, and pion yields, Y,, were propagated to the hyperon-to-pion yield ratios, R,

using the formula, oy = R\/ (UYL:) ? + (%’”) 2. The results show that, as for Run 1 data,
an enhancement can be seen in the higher energy results. The enhancement, E, seen from
the lowest to the highest multiplicity measured for EF is 81+£7+23% and 66413+35%
for OF, using E = (R

/ R,,;,, With statistical and systematic errors shown.

max ~ Rmin) min’s

6.1.2.1 | Colliding particle comparison

In order to put the p—Pb hyperon-to-pion ratio results into context, a comparison of
the ratios in other collision systems can be made, as shown in figure 6.4. This shows
the hyperon-to-pion yields for pp and Pb—-Pb alongside the p—Pb values. The smooth
evolution of the ratios supports the growing evidence that the hyperon-to-pion yields
are also independent of the initial colliding system. The low multiplicity p—Pb results are
consistent with the high-multiplicity pp results and the high multiplicity p-Pb results

are consistent with the lowest multiplicity bin in the Pb—Pb data.

6.1.2.2 | Comparison with results of other hadrons

The results can also be compared to other hadrons that have been measured. Figure 6.5

*and OF alongside other particles, such as the singly strange A

shows the results for =
and the Kg, as well as the ¢ with hidden strangeness and the non-strange proton. The
proton has been measured at /sy = 8.16 TeV as well, however for the other particles
only the Run 1 results for p-Pb are shown. As expected, the proton and pion yields
increase at the same rate with multiplicity so the ratio is flat. The rate of enhancement

for the strange particles is dependent on the number of strange quarks in the particle

with the OF with three quarks showing the greatest enhancement.

This figure also shows the results that have been obtained for the Xe—Xe data [185].

The Xe—Xe collisions produce multiplicities intermediate between p—Pb and Pb—Pb. The
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Figure 6.3: Plots showing the hyperon-to-pion ratios as a function of (dN,/dy) I7|<0.5

for Ei(top) and Qi(bottom) with \/syy = 8.16 TeV results from this analysis in blue
and previous ,/syy = 5.02 TeV results in red.

results for Xe—Xe are consistent with the picture of a ratio that smoothly increases inde-

pendent of collisions system and energy.
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Figure 6.4: Plots showing the hyperon-to-pion ratios as a function of (dNg,/d7) |, o5
for Ei(top) and O (bottom) in pp, p—Pb and Pb-Pb collision systems. Data are from

[117] (p-Pb \/syny = 5.02 TeV), [183] (p—p /s = 13 TeV), [184] (p—p /s = 7 TeV) and
[185] (Pb-Pb \/syn = 5.02 TeV).
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6.2 | Future Work

Future work will involve increasing the range of dN, /d#y studied in p-Pb collisions by
analysing a data set taken using a high multiplicity trigger, as opposed to the minimum
bias data used in the analysis in this thesis. The high-multiplicity trigger saves events
with simultaneous signals in the two VO detectors above a set threshold. This means
the data have very large statistics in the 0-5% multiplicity bin, allowing it to be split into
many different finer multiplicity bins. This should allow the p-Pb data to cross over
with the multiplicities reached in Pb-Pb data in order to understand if the p—Pb yield
ratios continue to increase at these higher multiplicities or if they reach saturation levels
similar to Pb—Pb results. These further results will contribute to the understanding of
strangeness production in high-energy collisions and help answer the open question if

a quark-gluon plasma can be produced in small collision systems.

6.3 | Conclusion

In this thesis, the measurements of multi-strange baryons, =, EJr, O and 5+, in p-Pb
collisions at centre-of-mass energy ,/syy = 8.16 TeV using ALICE at the LHC have
been presented. The identification of the cascades using the topology of their weak de-
cays into charged particles was explained. This method is possible due to the excellent

particle identification and tracking capabilities of the ALICE detectors that were also

described.

The pt spectra for both E* and OF were evaluated in multiplicity bins and the (py) were

also reported. A hardening of the pr spectra was observed with multiplicity for QOF and

Chl although the results for OF were limited by statistics, however, the (pr) were ob-

served to be higher in OF than for 2, as was also reported inp-Pbat /sy = 5.02 TeV.
These observations are consistent with the presence of collective behaviour which can

be described by hydrodynamic models of the medium.

116



Chapter 6. Conclusions 6.3. Conclusion

The total yields of the cascades were also calculated and the strangeness enhancement
effect was studied by comparing the relative strangeness production rate. This was done
by evaluating the hyperon-to-pion ratio in each multiplicity bin. The results for strange-
ness enhancement were presented and compared with results obtained at different en-
ergies and in different collision systems. The results extended the dN, /d# reach of the
previous /sy = 5.02 TeV p-Pb results and are consistent with a smooth evolution
across multiplicity from low multiplicity pp to central Pb—Pb collisions, where a satura-

tion of the enhancements can be seen.

These measurements provide further data to help constrain models of strangeness pro-
duction in these collision systems. The MC models described in section 2.2.5 are cur-
rently used to model pp collisions, however, hopefully future developments will allow
p-Pb collisions to also be modelled in a similar way, so a comparison to data can be
made. These results also set the stage for future measurements that will extend the work
presented in this thesis and take advantage of a high-multiplicity trigger to increase the
data in the p—Pb and Pb-Pb crossover region and investigate if strangeness production

saturates in p—Pb or continues to increase.
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Appendix A

Plots used for the selection of cuts

The plots included here show the signal significance and signal loss for the remaining
cuts not shown in the text in chapter 4. These plots were used in the selection of the
default cut positions in the analysis as well as the tight and loose cuts used in the eval-

uation of the systematic errors.

The signal significance is shown in the top panel of each plot by the pink line and the
signal loss fraction is shown in the bottom panel. The black points show the results for
real data and the red points show the results with Monte Carlo data. The default cuts
selected are indicated by the vertical dashed red lines and the cuts used for systematic
studies are shown by the vertical dashed orange lines. Figures A.1, A.2 and A.3, A4,
A5, A.6, A.7 and A.8 show the results for =% and figures A.9, A.10 and A.11, A.12, A.13,
A.14, A.15 and A.16 show the results for oF.
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Figure A.1: For each plot, the top shows Signal Significance and the bottom shows Signal
losses, with respect to the loosest cut considered for Minimum DCA Baryon to PV. The
E*data are divided into low (top-left), mid (top-right) and high (bottom) pt bins. Black
markers are for real data and red markers are for MC data. Red vertical line indicates
default cut and orange vertical lines show loose/tight cuts.
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Figure A.6: For each plot, the top shows Signal Significance and the bottom shows Signal
losses, with respect to the loosest cut considered for Minimum DCA Bachelor to PV. The
E* data are divided into low (top-left), mid (top-right) and high (bottom) pr bins. Black
markers are for real data and red markers are for MC data. Red vertical line indicates
default cut and orange vertical lines show loose/tight cuts.

140



Appendix A. Plots used for the selection of cuts

0.8 <p_.<1.9 (GeVic) 1.9 <p, <3.1(GeVlc)
140 1 @ 3 1
“"I_é E mlé 150
] E ]
2 3 2 1
@ E o
=2 = = ]
g 3 € ]
L 3 o
0 3 7] !
ey 3 o 1
»n 3 %) 1
£ L L L 1 1 L M L L
5 E 3 |UaE I —Real
@ = o LU ]
g E 8 E 1 TMC
K=l = o =8
£ o £ = w
= E b o =00 1
E - EU_gar-------_'_I'h--------q-------
] o T 3
= o = C e ] 1
o o o =
o = & ' AR S S === ==
s F ' ER T '
S ossf- =+ 1 2 ossp 1
] o - = 1 ] F -.- 1
) 0.8 ] ) 0.8 - 1
k=] C I ] k= C ]
:_f o7sE- 1 ;_i 075 -9- 1
£ C L] g c - 1
2 o7 - ] 2 7 1
N I ' @ E '
0.65F L] 0.65F 1
E " - o
P P TP P I PP I P P N T I I I I TP I
: 02 04 06 08 1 1z 14 16 18 2 ""To0z 04 06 08 T 12 14 16 18 2
Maximum DCA Casc Daughters (cm) Maximum DCA Casc Daughters (cm)

31<p <55 (GeV/c)

om 105
+
°’|a°.
100

95

a0

85

Sia Significance

80

1.05

0.85

08

0.85

0.8

075

Signal with given cut/Signal with loose cut

07

0.65

i

D.D"I"'I"'I' P PR |

Pl EFEFEEE P P A A
0.2 0.4 0.6 0.8 1 1.2 14 16 1.8 2

Maximum DCA Casc Daughters (cm)

Figure A.7: For each plot, the top shows Signal Significance and the bottom shows Signal
losses, with respect to the loosest cut considered for Maximum DCA Cascade Daughters.
The E¥data are divided into low (top-left), mid (top-right) and high (bottom) pr bins.
Black markers are for real data and red markers are for MC data. Red vertical line
indicates default cut and orange vertical lines show loose/tight cuts.

141



Appendix A. Plots used for the selection of cuts

0.8 <p_<1.9 (GeVic) 1.9 <p, <3.1(GeVic)
@ @ 150F
o] i 135E ol E
130 - 140F-
g s g E
B omE P oob
= 15 = E
5 110f & 120
7 n E
105~ E
o o —
» wf » "°F
a5 . nn
E] o —Real H o
% 1.05§ —Me % 1.05E
= 1 2 1=
£ E £ C
= = = =
‘_0095:- ------------- :._‘-t-"--l'---- :_00'95:- --------
£ E ol 1 = =
=] F E S k=] F
] i Bl okl kel o= R i
LI T - L
S oasf- - 1 ° ossp
g = 1 4 =
@ osp = = 1 o 0.8F
£ E 1 £ =
Y = + 1 E o
2 C - ! g C
=] o ) C
a °7F : o 97E
055;— - : 055;—
) P I I IPUPE IS IPUPIP IR I B TR I, [ NI I LML I PO P R P,
; 02 04 06 08 1 12 14 16 18 2 ®~"0z o024 06 08 1 12 14 18 18 2
Maximum DCA V0 Daughters (o) Maximum DCA VO Daughters (o)

31< p, < 5.5 (GeV/c)

m 105
wl & E !
2 100 +
8 *35E '
& E ’
2 wf 1
= E L}
g 8s5f- 1
=3 E [
2 gf
o E 1
7skE 1 .
E F 1 —Real
105 1
@ -
g - 1 —MC
2 = 008000000000
£ E -+ 1
Z pose = - - # ---------- L
= F
E < -0 []
N N e P —
k=l F --- ]
o S
o o8 ]
s F :
[ ] ---
£ o ]
2 o5 ® 1
< 3 1
o o 1
2 o7k
» E .
065 1
o 1
0.6 bt bl 1 ] ] Lol PP
0.2 04 06 08 1 12 14 16 18 2

Maximum DCA VO Daughters ()

Figure A.8: For each plot, the top shows Signal Significance and the bottom shows Signal
losses, with respect to the loosest cut considered for Maximum DCA V0 Daughters. The
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Figure A.9: For each plot, the top shows Signal Significance and the bottom shows Signal
losses, with respect to the loosest cut considered for Minimum DCA Baryon to PV. The
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Figure A.11: For each plot, the top shows Signal Significance and the bottom shows
Signal losses, with respect to the loosest cut considered for Minimum Cascade Radius.
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Figure A.12: For each plot, the top shows Signal Significance and the bottom shows
Signal losses, with respect to the loosest cut considered for Minimum Cascade cos(PA).
The O data are divided into low (top-left), mid (top-right) and high (bottom) pt bins.
Black markers are for real data and red markers are for MC data. Red vertical line
indicates default cut and orange vertical lines show loose/tight cuts.
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Appendix B

Plots used for systematic studies

Plots here showing the deviations in signal for variables not shown in the text in chapter
4. The plots show the ratio of yields with the different cuts to the yield with the default
value as a function of pr. These are used to calculate the systematic errors by taking the
maximum deviation in each pr bin if it is larger than one Roger Barlow’s sigma [168],
which disregards statistical fluctuations that do not contribute to the systematic uncer-

tainty.

The results for =t are shown in figures B.1 and B.2 and the results for Ot are shown in

tigures B.3, B.4 and B.5.
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Figure B.1: Signal deviations seen in corrected chs spectra due to cut selection changes.
Results are shown for cascade radius cuts (top left), VO radius cuts (top right), cascade
cos(PA) cuts (middle left), DCA between meson VO daughter and PV cuts (middle right),
DCA between bachelor and PV cuts (bottom left) and cascade daughter cuts (bottom
right). Error bars are Roger-Barlow errors representing an acceptable deviation due to
statistical fluctuations.
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Figure B.2: Signal deviations seen in corrected chs spectra due to cut selection changes.
Results are shown for VO daughter cuts (top left), lifetime cuts (top right), VO mass cuts
(middle left), number of TPC PID sigma cuts (middle right), number of TPC cluster
cuts (bottom left) and number of sigma used in signal extraction cuts (bottom right).
Error bars are Roger-Barlow errors representing an acceptable deviation due to statistical
fluctuations.
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Figure B.3: Signal deviations seen in corrected O* spectra due to cut selection changes.

Results are shown for cascade radius cuts (top left), VO radius cuts (top right), cascade
cos(PA) cuts (middle left), DCA between meson VO daughter and PV cuts (middle right),
DCA between bachelor and PV cuts (bottom left) and cascade daughter cuts (bottom
right). Error bars are Roger-Barlow errors representing an acceptable deviation due to

statistical fluctuations.
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Figure B.4: Signal deviations seen in corrected O* spectra due to cut selection changes.
Results are shown for VO daughter cuts (top left), lifetime cuts (top right), VO mass cuts
(middle left), number of TPC PID sigma cuts (middle right), number of TPC cluster
cuts (bottom left) and number of sigma used in signal extraction cuts (bottom right).
Error bars are Roger-Barlow errors representing an acceptable deviation due to statistical
fluctuations.
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Figure B.5: Signal deviations seen in corrected OF spectra due to cut selection changes.
Results are shown for the mass hypothesis cut used only in the case of Q. Error bars are
Roger-Barlow errors representing an acceptable deviation due to statistical fluctuations.
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Appendix C

Fits used for extrapolation errors

Plots shown here include the Lévy-Tsallis fits for the multiplicity bins not shown in the
text in chapter 5. The points indicate the data and the lines show the results of different
fitting functions as outlined in section 2.2.5.2. These alternative functions were used to
estimate the systematic error in the extrapolation of the data to low and high pt as de-
scribed in section . The bottom panel on each figure shows the deviation between the

data and the fitting function used.

The results for X are shown in figures C.1, C.2, C.3 and C.4 and the results for OF are

shown in figures C.5 and C.6.
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Figure C.1: Plots showing the default Lévy-Tsallis and other fits in different multiplicity
bin for %, The bottom panel indicates the relative deviations between the data in each
pr bin and the fitting function used. The top plot shows the 5-10% VO multiplicity bin
and the bottom plot shows the 10-15% multiplicity bin.
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Figure C.2: Plots showing the default Lévy-Tsallis and other fits in different multiplicity
Z*. The bottom panel indicates the relative deviations between the data in each
pr bin and the fitting function used. The top plot shows the 15-20% V0 multiplicity bin

bin for

and the bottom plot shows the 20-30% multiplicity bin.
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Figure C.3: Plots showing the default Lévy-Tsallis and other fits in different multiplicity
bin for %, The bottom panel indicates the relative deviations between the data in each
pr bin and the fitting function used. The top plot shows the 30-40% V0 multiplicity bin
and the bottom plot shows the 40-50% multiplicity bin.
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Figure C.4: Plots showing the default Lévy-Tsallis and other fits in different multiplicity
bin for %, The bottom panel indicates the relative deviations between the data in each
pr bin and the fitting function used. The top plot shows the 50-60% V0 multiplicity bin
and the bottom plot shows the 60-80% multiplicity bin.
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Appendix C. Fits used for extrapolation errors
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Figure C.5: Plots showing the default Lévy-Tsallis and other fits in different multiplicity
bin for (. The bottom panel indicates the relative deviations between the data in each
pr bin and the fitting function used. The top plot shows the 5-15% VO multiplicity bin
and the bottom plot shows the 15-30% multiplicity bin.
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Appendix C. Fits used for extrapolation errors
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Figure C.6: Plots showing the default Lévy-Tsallis and other fits in different multipli-
city bin for QOF. The bottom panel indicates the relative deviations between the data in
each pr bin and the fitting function used. The plot shows the results for the 30-60% VO
multiplicity bin.
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Appendix D

Yield Results

The following tables include the integrated yield results for E* and OF that produced
the results found in figures 5.12 and 5.13 in chapter 5. The systematic errors include the
systematic estimated from the effect of  on the results as described in section 5.2. The
EFresults include the extra multiplicity bin that was extracted by splitting the 0-5% bin

into two.

Table D.1: The ™+ & integrated yields in each VOA multiplicity class with the corres-
ponding mid-rapidity dN, /dn values given. The statistical errors and then the system-
atic errors are shown.

VOA Mult| dNg/dy | (E +E")/2x (1071
Bins, %

0-1 64.00 + 1.66 | 1.662 & 0.038 £ 0.176
1-5 50.50 + 1.30 | 1.287 +0.018 =+ 0.134
5-10 4240+ 1.10 | 1.026 + 0.015 =+ 0.098
10-15 37.30 £ 0.97 | 0.942 + 0.016 + 0.081
15-20 33.64+0.87 | 0.809 + 0.014 + 0.076
20-30 29.30 £ 0.76 | 0.689 & 0.009 =+ 0.071
30-40 2449 +0.66 | 0.577 £ 0.009 =+ 0.055
40-50 20.34 + 0.53 | 0.466 & 0.008 =+ 0.041
50-60 16.46 +0.43 | 0.383 £ 0.008 = 0.035
60-80 10.97 £0.29 | 0.219 = 0.005 + 0.022
80-100 447 +£0.12 | 0.073 &+ 0.004 =+ 0.008
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Appendix D. Yield Results

Table D.2: The Q™+ Q) integrated yields and mean pr in each VOA multiplicity class
with the corresponding mid-rapidity dN,/dn values given. The statistical errors and
then the systematic errors are shown.

VOA Mult | dN4/dp | (@Q +Q7)/2 x(1072)
Bins, %

0-5 5322+ 1.38 | 1.917 +0.120 £ 0.312
515 39.86 + 1.10 | 1.139 +0.053 £ 0.157
15-30 30.77 +0.86 | 0.883 +0.051 + 0.154
30-60 20.42 +0.56 | 0.465 + 0.049 =+ 0.080
60-100 7.63+020 | 0.178 +0.014 £ 0.039
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Appendix E

Hadrochemistry of Particle Production

in Small Systems with ALICE at the LHC

This is a pre-print version of a contribution published in The XVIII International Con-
ference on Strangeness in Quark Matter (SQM 2019), edited by D. Elia, G. E. Bruno, P.
Colangelo and L. Cosmai, published by Springer Proceedings in Physics. The definitive
authenticated version is available online via "https://doi.org/10.1007 /978-3-030-53448-
6_35"[2].
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Hadrochemistry of Particle Production in Small
Systems with ALICE at the LHC

Emily Willsher for the ALICE Collaboration

University of Birmingham, UK

Abstract. The results of multi-strange particle production as a func-
tion of transverse momentum and event multiplicity in p—Pb collisions
at /sy = 8.16 TeV measured with ALICE [1] at the LHC are re-
ported. These measurements are compared to earlier results obtained at
VsnN = 5.02 TeV [2], and the trend at both energies is found to be the
same. A comparison to other collision systems such as pp, Pb—Pb and
Xe—Xe is also made. These measurements help further the understand-
ing of the differences and similarities between small and large colliding
systems.

Keywords: Identified Hadrons - Strangeness - Multi-Strange - Small
Systems - Particle Ratios - Yields

1 Introduction

Historically, small collision systems, such as proton-proton and proton-lead, have
been used as a reference for measurements in heavy-ion collisions in order to
separate true final state effects from QCD or cold nuclear matter effects. How-
ever, recent measurements of high-multiplicity events at the LHC have led to
the observation of heavy-ion effects in small systems [3,4]. This includes results
of strange particle production as a function of charged-particle multiplicity [5].
In these proceedings, new results on the production of =% and 2% in p-Pb
collisions at the energy of \/syny = 8.16 TeV are presented.

1.1 Strangeness Production

The enhanced production of strange hadrons was one of the earliest proposed
signatures of Quark-Gluon Plasma (QGP) formation [6], as higher rates of ther-
mal quark production are possible in a partonic medium. This enhancement
was predicted to follow a hierarchy dependent on the strangeness content of the
particle meaning the level of enhancement is stronger for multi-strange particles.
This has been observed in heavy-ion collisions at SPS, RHIC, and the LHC [7-9].

ALICE has also measured this effect in small systems, where the enhancement
measured is observed to be strongly dependent on charged-particle multiplic-
ity and independent of the colliding system [5]. This smooth strange particle
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enhancement across colliding systems can be explained with statistical hadro-
nisation models as canonical suppression of strange quark production which
gradually subsides as the system size increases [10]. The trend has also been
described well in all systems by using the initial energy density as a universal
scaling constant [11]. However, particle production mechanisms in these small
collision systems are still unclear. The latest measurements presented here will
compare the most recent data from p—Pb collisions to those at lower energies in
order to study the centre-of-mass energy dependence of this effect.

2 Multi-strange hadron detection with ALICE

The ALICE apparatus and its performance are described in detail in [1]. The
main detectors used in this analysis were: the inner tracking system (ITS), which
provides tracking and vertex information, the time projection chamber (TPC),
which provides further tracking information and particle identification (PID)
and the VO detectors which are used for triggering, as well as estimating the
multiplicity of charged particles in the events as described in [12].

Multi-strange hadrons (5% and £2%) are reconstructed by utilising the char-
acteristic topology of their weak decays into three identifiable charged particles.
The charged particle tracks are combined in order to extract the invariant mass
of the cascade candidates. The signal is optimised by applying cuts on certain
topological quantities. The data are divided into different transverse momentum
(pr) and multiplicity bins and the yields are extracted by using bin counting
in the signal region and a fit of the background. The results are corrected with
acceptance and efficiency values which are calculated using Monte Carlo simu-
lations of the ALICE detector using DPMJET and EPOS-LHC.
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Fig. 1. Tranverse momentum spectra for % (left) and 2% (right) for different multi-
plicity intervals in p—Pb collisions at \/syny = 8.16 TeV.
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Fig. 2. Yields of 5% (left) and 2% (right) as a function of dNu,/dn in p-Pb collisions
at /snnv = 8.16 TeV are shown in blue. Results from the lower energy analysis at
vsnny = 5.02 TeV are shown in red.

3 Results

This analysis used a 16M Minimum Bias (MB) triggered event sample of p—Pb
collisions at /syy = 8.16 TeV, where the MB trigger is given by a hit in
both VO detectors. The transverse momentum distributions for =+ and 2% in
different multiplicity classes are shown in Fig. 1. The yields can be extracted
from the spectra by integrating the data points and using a Lévy-Tsallis [13] fit
to extrapolate down to the unmeasured low pr region.

The corrected yields plotted as a function of dN.,/dn are shown in Fig. 2. The
results at \/syy = 8.16 TeV are compared to the previous results obtained
at \/sny = 5.02 TeV. It can be observed that the multiplicity dependence of
these yields follows a linear trend at both energies, as was seen in pp results [14].
The multiplicity reach of the results has also been extended to higher values of
dNCh/dT].

In order to study the level of strangeness enhancement in this system, the ratio of
the strange particle yields to non-strange particle yields is calculated, where pi-
ons measured at \/syn = 8.16 TeV have been used for this analysis. The results
are shown in Fig. 3 for =% and 2% in p-Pb collisions at Vsnn = 8.16 TeV by
the filled in circle points. The results support the evidence that charged-particle
multiplicity is the driving quantity behind strangeness enhancement and the
results are independent of the initial collision energy and the colliding system.

4 Conclusion

In summary, measurements of multi-strange hadrons as a function of charged-
particle multiplicity in p—Pb collisions at ALICE have been reported. The re-
sults add to the picture of a smooth evolution of strangeness enhancement across
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colliding systems. The latest data shown here also show there is no significant
change in the results from p-Pb at \/syny = 5.02 TeV and /syn = 8.16 TeV.
These results are important in helping improve current understanding of the mi-
croscopic mechanisms behind particle production in small systems and moving
towards a unified description of nuclear collisions. Future measurements will
extend pp and p-Pb results to d N, /dn values reached in central Pb-Pb colli-
sions so we can understand if the grand-canonical limit for particle production
is achieved in these small systems.
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Fig. 3. Ratio of particle yields to pion yields at as a function of dN¢,/dn. Results in
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compared to those from other centre-of-mass energies and other collision systems.
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