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ABSTRACT

This study reports on identified hadron production as a function of event
multiplicity ((dNen/dn)) and transverse spherocity (S) in proton-proton
collisions at /s = 7 and 13 TeV measured with the ALICE detector at the
LHC. The particle spectra and their ratios measured in high-multiplicity
events show signatures of an expanding medium. Integrated particle yields
as a function of multiplicity measured in pp collisions at /s = 7 and 13 TeV
are compared to those measured in p-Pb and Pb-Pb collisions. Hadrochem-
ical composition of particles are found to be similar in different colliding
systems under different /s, provided similar multiplicities are compared.
This suggests that hadron yields are dominantly driven by (d N, /dn), and
not the colliding system or center-of-mass energy. On the other hand,
particle spectra measured in pp collisions at /s = 13 TeV is harder than
that at 7 TeV, when similar (d N, /dn) are compared. In addition, hadron
production as a function of multiplicity is studied in the context of statist-
ical, hydrodynamical and pQCD-inspired models. In order to disentangle
the soft QCD component from the hard, high-multiplicity pp collisions at
Vs = 13 TeV are studied as a function of transverse spherocity. It is found
that the amount of flow-like effects in the data sample can be controlled
using event shape observables.
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POPULARVETENSKAPLIG SAMMANFATTNING

Over 30 ar av forskning inom tungjonsfysik, Quantum ChromoDymanics
(QCD) och kosmologi har etablerat var nuvarande syn pa universums ti-
digare stadie: kort efter Big Bang var universum fyllt av ett mycket hett
och kompakt medium bestaende av fria kvarkar och gluoner, den sa kal-
lade Kvarkgluon plasman (Quark-Gluon Plasma, QGP). Detta medium
expanderade snabbt, och kyldes ner tills bestandsdelarnas véxelverkan
blev sa stark att de individuella kvarkarna bands samman till hadroner.
Efter ytterligare expansion kombinerades hadronerna till elektriskt lad-
dade atomkérnor, vilka sa smaningom formade atomer genom att koppla
ihop sig med elektroner. Idag lever vi i en vérld dér den forhistoriska
kvarkgluonplasman har hadroniserats.

Att studera kvarkgluonplasmans utveckling ar ett viktigt steg i att
forsta universum. Den enda nu forvantade naturligt forekommande kvark—
gluonplasman finns djupt inne kdrnan hos neutronstjarnor, och de &r inte
atkomliga med dagens verktyg. Vikan istallet skapa droppar av QGP i sma
bangs genom att kollidera tunga atomkéarnor vid relativistiska energier.
Detta har gjorts i flera decennier, och resulterat i ett flertal etablerade
teorimodeller — d&ven om hela teorin om allt som sker i kollisioner mellan
tunga joner ar langt ifran fullstdndig.

Hittills har man trott att energitiatheten som kréavs for att producera
QGP endast kan méjliggoras genom tungjonskollisioner. Detta paradigm
har ifragasatts efter att nyligen ha observerat QGP-liknande signaturer i
kollisioner av proton-bly-kérnor (p-Pb). Upptéackten av de nya signalerna
i det mindre kollisionssystemet leder till den naturliga fragan om &nnu
mindre system, sasom proton-proton-kollisioner (pp), ocksa genererar likart-
ade QGP-karaktaristiska signaler. I den hér avhandlingen studeras spek-
trat av identifierade hadroner, uppmétt i pp-kollisioner vid tva olika kolli-
sionsenergier. Den partikeldynamik och hadrokemi som resultaten visar,
implicerar vagt en forekomst av ett expanderande medium &ven i detta
kollisionessystem, och indikerar saledes att Pb-Pb-kollisioner skulle kunna
tolkas som en forlangning av pp-kollisioner. Dessa implikationer &r ban-
brytande, och skulle krédva en omarbetning av var nuvarande forstaelse av
bade kvantkromodynamik och tungjonsfysik.
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Chapter 1

Introduction

The unprecedented energies available at the Large Hadron Collider (LHC)
have provided new opportunities to study the deconfined colored medium
known as the Quark—Gluon Plasma (QGP). While a complete theoretical
description of the formation and evolution of the QGP has not yet been
achieved, the “standard model of heavy-ion physics”! has been adopted
by the community. In this framework it is assumed that energy densities
which are only accessible in the relativistic heavy-ion collisions are required
to form the QGP.

At the LHC, quark—gluon plasma is produced by colliding lead-lead
(Pb-Pb) at a center-of-mass energy /sxy = 2.76 TeV since 2010 and
at 5.02 TeV since 2015. In addition, the proton-lead (p-Pb) collisions at
V3NN = 5.02 TeV delivered by the LHC in 2012-2013 were expected to
isolate the cold nuclear matter effects such as hadronic rescatterings or
reabsorption. However, the multiplicity dependent studies of hadron pro-
duction and particle correlations in p-Pb collisions revealed trends similar
to those observed in Pb-Pb, indicating that a hot and dense QCD medium
might already be produced in proton-nucleus collisions. These observa-
tions provided inspiration to search for similar signatures in even smaller
systems, such as proton-proton (pp).

One of the features characteristic of QGP is radial flow, which origin-
ates from the expansion of the medium and results in a mass-dependent
boost of hadrons. This effect can be studied by measuring the spectra

!The “standard model of heavy-ion physics” is a phenomenological framework which
describes the main aspects of each stage of the collision evolution.
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of identified particles and comparing them to hydrodynamical models. In
addition, strange particle production rates in the QGP are enhanced as
compared to “conventional” pp physics. These two phenomena can be
used to search for QGP-like effects as will be discussed in the next section.

1.1 The Aim of This Thesis

This work investigates the production of m, K and p as a function of
transverse spherocity and charged-particle multiplicity in pp collisions at
Vs =T and 13 TeV measured with the ALICE detector. In order to build
a more complete picture, the study of pp collisions at /s = 7 TeV was
performed together with the measurements of strange, multistrange and
resonance hadron yields in a wide transverse momentum range. Note that
the (multi) strange hadrons were not measured by the author.

To study the center-of-mass energy dependence of hadron production,
7, K and p spectra were also measured in pp collisions at /s = 13 TeV.
Moreover, event shape analysis was performed on the highest multiplicity
pp events in order to isolate QGP-like effects. The single and double-
differential study of identified hadron spectra measured in pp collisions at
Vs =13 TeV was performed by the author alone.

Finally, the results obtained from the spectral analysis are compared to
the predictions from several models commonly used in high energy physics.
Both heavy-ion and pp models are considered in comparisons.

1.2 Outline

The Standard Model of elementary particle physics is briefly explained
in Chapter 2 with the main focus on quantum chromodynamics and the
strong force. This is followed by a description of the formation and evol-
ution of the quark—gluon plasma in Chapter 3, where the most important
QGP observables are also discussed. The ideas behind several models used
to study particle production in pp and nucleus-nucleus collisions are ex-
plained in Chapter 4, followed by a short description of the ALICE detector
in Chapter 5, where different multiplicity estimation techniques are also
covered. Event and track selection used for this analysis is described in
Chapter 6, where the transverse spherocity observable is also introduced,
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together with a discussion on the detector response to the event shape se-
lection. In Chapter 7, particle identification techniques developed for this
study are explained. The measured particle spectra in different multiplicity
and transverse spherocity classes in pp collisions at /s = 7 and 13 TeV
are presented in Chapter 8. This is followed by a comprehensive discussion
of particle dynamics and hadrochemistry in the context of both micro- and
macroscopic models in Chapter 9. Finally, the work presented in this thesis
is concluded in Chapter 10. Note that a list of acronyms used in this work
is given in Chapter A.

1.3 My Contributions

My first contribution to the Light Flavor Spectra analysis group was in
2013, where as a CERN Summer Student I was studying different multi-
plicity estimators in pp collisions at /s = 7 TeV. In 2014, the group
started working on the identified hadron spectra as a function of multi-
plicity in pp collisions at 7 TeV and my role was to measure 7, K and p
spectra using the time-projection chamber (TPC) and the time-of-flight
(TOF) detectors. This was the first time such a study was carried out in pp
collisions and many people across different analysis groups were involved.

Once the analysis of the 7 TeV data converged, I studied particle pro-
duction in the context of a thermal model. The study was prepared as a
preprint and it was then agreed to include it in an upcoming ALICE public-
ation. Afterwards, I moved on to the measurements of 7w, K and p spectra
as a function of charged-particle multiplicity and transverse spherocity in
pp collisions at /s = 13 TeV using TPC and TOF detectors.

In addition to my activities in the analysis group, I have also been
involved in the upgrade of the TPC read-out electronics. My part there was
to prepare the testing software for the new modules and I have participated
in their installation afterwards. In addition, I have also been involved in the
simulations of ion backflow in the TPC. Finally, I have also contributed to
the ALICE collaboration by taking detector-control-system operator and
shift leader shifts during the data taking periods in 2015-2017.

The list of publications that I have contributed thus far:

1. “Enhanced production of multi-strange hadrons in high-multiplicity
proton-proton collisions”, J. Adam et al. [ALICE Collaboration], Nature
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Phys. 13, 535 (2017).

[This publication reports on strange particle production as a function of
multiplicity in pp collisions at /s =7 TeV and is a part of a larger
study. In this publication, my results of ™ and p are used.]

2. “Multiplicity dependence of light flavour hadron production at LHC
energies in the strangeness canonical suppression picture”, V. Vislavicius
and A. Kalweit. e-Print: arXiv:1610.03001 [nucl-ex]

[This preprint reports on the study that I have performed on particle
production as a function of multiplicity in the framework of thermal
hadronization model. The results reported in the preprint will be published
as a part of an upcoming ALICE publication.]

3. “Multiplicity dependence of identified particle production in
proton-proton collisions with ALICE”, V. Vislavicius [ALICE
Collaboration], Nucl. Phys. A 967, 337 (2017).

[This is a proceeding of a talk that I have given in the Quark Matter 2017
conference and reports on the new results on particle production in pp
collisions at /s = 7 and 13 TeV. The proceeding is written by me.]

4. “New results related to QGP in small systems with ALICE”,

V. Vislavicius [ALICE Collaboration]. PoS LHCP 2016, 117 (2016)
[This is a proceeding of a talk I have given in the Large Hadron Collider
Physics 2016 conference and reports on the multiplicity dependence of
particle production in pp collisions at \/s =T TeV. The proceeding is
written by me.)

5. “Universal scaling dependence of QCD energy loss from data driven
studies”, P. Christiansen, K. Tywoniuk and V. Vislavicius. Phys. Rev. C
89, no. 3, 034912 (2014)

[This publication reports on the study of energy loss of high transverse
momenta partons in the QGP. The study was performed by me for the
MSc degree.]



Chapter 2

The Standard Model and
the Strong Force

Ordinary nuclear matter is comprised of protons and neutrons, which in
turn are sets of three quarks (¢) bound together by gluons (g). The two
most abundant quarks in the universe are up (u) and down (d) quarks;
a set of two u and one d quark forms a positively charged proton, and
a set of two d and one u quark — a neutron, with an electrical charge of
zero. Bound states of multiple quarks are called hadrons. To this day, no
evidence of internal structure of quarks or gluons has been found, and it
is therefore thought that they are elementary particles.

In this chapter I will briefly introduce the Standard Model and the
particles and forces within it. I will then focus on strong interactions
between quarks and gluons, which are governed by quantum chromody-
namics (QCD). T will discuss the strength of QCD coupling in parallel
with quantum electrodynamics (QED) and pinpoint the main features of
strong interactions at very high energies.

2.1 The Standard Model

In the Standard Model (SM) framework, all matter is composed of 12
elementary particles (quarks and leptons), four gauge bosons and a recently
discovered Higgs boson (see Fig. 2.1). All particles within the SM have
a quantum number known as spin, which describes the intrinsic angular

9
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momentum of the particle and can be either 1/2 or 1(0). The former are
called fermions, while the latter — bosons. In addition, each fermion has
a distinct antiparticle, which has the same mass but opposite charge. In
nature, fermions interact via exchange of bosons.

Standard Model of Elementary Particles

three generations of matter
(fermions)

mass 2.4 MeV/c? ~1.275 GeV/c? ~172.44 GeV/c? 0 125.09 GeV/c?

\ (=
charge | 2/3 2/3 2/3 0 0
spin [1/2 w 12 9 12 y 1 ‘ 0 H

up J charmJ top JL gluon Higgs

~4.8 MeV/c? =95 MeV/c? ~4.18 GeV/c? 0

-
-1/3 -1/3 -1/3 0
@@ | @

down J strangeJ bottomJ Lphoton

=0.511 MeV/c? ~105.67 MeV/c? ~1.7768 GeV/c? 291.19 GeV/c?

-1 -1 -1 0

- Q- @ |- @ | @

electronJ muonJ tau J LZboson
J

<2.2eV/c? <1.7 MeV/c? <15.5 MeV/c* ~80.39 GeV/c?

1/2 Vy 1/2 Yw 1/2 V} 1 ‘

electron muon tau
neutrinoJ neutrinoJ neutrinoJ LWboson

GAUGE BOSONS

LEPTONS

Figure 2.1: All fundamental particles within the Standard Model. Figure taken
from [1].

All fermions can be divided into three generations. The first generation,
containing the v and d quarks, the electron e and the electron neutrino v,
are the lightest known particles (with a possible exception of v,) and are
the most abundant particles in the Universe. There is a remarkable mass
ordering between different generations, as shown in Fig. 2.1, with fermions
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in generation III being the heaviest. This is also reflected in the timeline
of experimental observations of different particles, as heavier fermions can
only be produced at increasingly higher energies. It is not clear whether
neutrino masses also follow the generation mass ordering, as the current
state of the Standard Model predicts them to be massless. Moreover,
experimental attempts to directly measure their mass are consistent with
zero, and only more recent observations of neutrino oscillations indicate
that they are massive [2, 3].

The three fundamental forces described by the Standard Model are
strong, electromagnetic (EM) and weak interactions. The latter two are
unified into the electroweak force — a theoretical achievement, which earned
the Nobel Prize in 1979 [4]. The electroweak force is mediated via exchange
of massive W and Z bosons (weak interactions) and the massless photon
(EM interactions), while the strong force is carried by the massless gluons.

The fermions are classified into quarks and leptons. The former have a
non-zero color charge and therefore interact strongly, while the latter are
always color-neutral and therefore participate in electroweak interactions
only. There are three colors a quark can have: red (r), and
blue (b), and corresponding anticolors for antiquarks. Gluons carry a
color and an anti-color, forming eight linearly independent states known
as a color octet. As will be shown later, the fact that gluons are massless
colored objects has important implications on the way the strong force
behaves, e.g. binding quarks into color-neutral hadrons. However, before
discussing the dependence of strong coupling on the energy scales involved,
let us first study how this dependence looks in electromagnetic interactions.

2.2 The Coupling Constant in QED

In quantum field theories like QED or QCD, the strength of a particular
interaction is characterized by the respective coupling constant («). In
QED, this constant is defined as agy = %, with e being the elementary
charge. FEach vertex represented by a dot in Fig. 2.2 contributes to the
amplitude of the process with a factor \/agym. For the simple process
shown in Fig. 2.2, the amplitude can be written as:

A= k) (e Julh) = (1) (—ier”)u(l) (2.1)
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Figure 2.2: Electron scattering via photon exchange
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Figure 2.3: One-loop correction for electron scattering via photon exchange

where v and @ are the annihilation and creation operators of electrons with
the respective four momenta. Note that the overall probability for such a
process is

P(k,q) o< IMJ* o |A]? « e* o ady (2.2)

where M is called the matrixz element.

What we have not considered so far is that a photon can spontaneously
oscillate into electron-positron pair as shown in Fig. 2.3. Since there are 4
vertices, such processes are suppressed by a factor a%M (see Eq. 2.2), but
nevertheless contribute to the overall probability. Experimentally, it is not
possible to distinguish between the processes shown in Figs. 2.2 and 2.3,
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and as a result, the measured o/, will be a superposition of different
powers of ag.

Calculating the amplitude for the sum of processes shown in Figs. 2.2
and 2.3 is tedious, but has been done by a number of authors (see, for
example, [5]), with the following result for the observed coupling strength:

2 A2
Aoy = — [1 - % In —q2] (2.3)

where A has been introduced to cut off the infinities originating from the
integration over momentum in the loop.

In principle, higher-order loop diagrams should also be taken into ac-
count. As the photon momentum is unchanged, these diagrams factor into
1 —a +2? — 23... which can be written as 1/(1 + ). Eq. 2.3 then becomes

>
1—|—%§ln<_A—;)

One may notice that, in fact, the coupling constant is not constant
but depends on the scale at which it is considered. For instance, let us

aEM(qQ) = (24)

assume that one can measure agy; at some given scale ¢ = —uz. Noting
2
from Eq. 2.4 that g—z =1+52In %, for some arbitrary scale ¢ one can
write
2
a(p)
alg®) = (2.5)

o a(p?) 2
1+ 31 In _ng

which means that once the coupling constant agy; is known at one scale
12, its value can be calculated at any other scale ¢2.

Note that so far only eTe™ loops have been considered. In general,
fluctuations into heavier leptons or even ¢ pairs are also possible, if allowed
by the energy scale, and therefore there is an additional factor next to the
logarithm in the denominator of Eq. 2.5 which turns out to be

emvs (nrs (D) -

where n;, n, and ng are the numbers, respectively, of leptons, up-type and
down-type quarks available at the given energy scale.
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Figure 2.4: (Left) gq scattering via gluon exchange; (middle) ¢g scattering via
gluon exchange with a ¢ loop; (right) qq scattering via gluon exchange with a gg
loop.

2.3 The Coupling Constant in QCD

The scale dependence of the strong coupling constant ay(g?) can be derived
in a similar manner to agy(g?) with one notable difference: since gluons
are colored objects, they can also couple to each other, and as a result there
are two one-loop diagrams in QCD couplings that have to be considered,
see Fig. 2.4. The virtual gluon loop essentially has a similar space-time
structure as the virtual quark loop and just enters the amplitude calcu-
lations with a different scaling factor. Because gluons form a color-octet
state, the contribution of their loops to the measured coupling strength is
larger than that of the quark loop. However, most important is that this
contribution is negative, meaning that as will grow with decreasing energy
(increasing length) scales.

This can be understood in the context of the antiscreening effect. For
example, let us consider a massive blue quark. This quark can spontan-
eously change its color to by radiating a massless gluon, which in
turn carries a color of blue- (b7 for short). The gluon can then
create a quark loop with a quark carrying b and antiquark carrying 7 col-
ors, as shown in Fig. 2.5(a). The color field between the 7 anti-quark and

quark will have a negative contribution to the total color field strength,
and the overall color field will be weakened. This effect is called screening
and drives the ag to smaller values at increasing distances. However, the
effect is opposite in gluon loops, as illustrated in Fig. 2.5(b). If a gluon
splits into two gluons, there will be a strong color field between the two.
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Figure 2.5: Virtual gluon radiation and reabsorption. Gluon has a ¢ loop (a)
and gg loop (b). Thick black lines represent color field directions.

Moreover, its direction will be the same as that of the original field (cre-
ated by the initial blue quark), thus making the total field stronger. This
effect is called antiscreening and because of it, a colored particle that is far
away from such a system will not see a color field originating from a single
quark, but rather a much stronger field created by a quark and a cloud of
gluons.

On the other hand, highly energetic partons (quarks and gluons) can
penetrate the gluon cloud and therefore see less color charge concentrated
at the origin. As a result, the strong coupling at large energies becomes
weaker. Such a behavior is called asymptotic freedom and was proposed by
Wilczek, Gross and Politzer in 1973 [6], who were awarded a Nobel Prize
for their description of this phenomenon.

Taking into account all the diagrams shown in Fig. 2.4 and also count-
ing higher-order loop diagrams, for the strong coupling constant as one
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Figure 2.6: Strong coupling constant measured at different scales () = ¢g. Lines
represent the scaling predicted by Eq. 2.7. Figure taken from [7].

can write [5]:

QS(N2)
QS(QQ) =
14 4542 (33— 2np)In (55)

(2.7)

where ny is the number of flavors accessible at ¢%>. As in the QED case,
as long as ag is known at some scale 2, it can be calculated for any other
scale. The strong coupling constant measured as a function of the scale
q is shown in Fig. 2.6 [7] together with the scaling behavior predicted
by Eq. 2.7.

From Eq. 2.7, one can see that at low energy scales, as becomes very
large. In fact, at certain ¢% = _A2QCD7 the denominator in Eq. 2.7 vanishes
completely. Aqcp is called the QCD scale and can be found by solving

Qs (UQ)
2
1+ agi({f) (33 —2ns)In (AngD)

aS(A(QQCD) = (2.8)
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with aS(AQQCD) = 1. The current estimate for as (M2,) ~ 0.11 [7] (with

M o being the Z° boson mass), which then gives the QCD scale Aqcp ~
200 MeV. Using this, Eq. 2.7 can also be simplified to

127

12 —ons)n [ 32
7+ (33 — 2ny) H<A<2gcn>

as(q’) = (2.9)

Physically, the magnitude of Aqcp is interpreted as a scale separating
the domain of QCD where oy is large from that where oy is small. At scales
Q 2 Aqcp, as < 1, color charges are approaching asymptotic freedom
and strong interactions are studied by perturbative QCD. This regime is
often called the hard QCD domain due to the large momentum transfers
involved. On the other hand, at @ < Aqcp, o > 1 and the strong force
is very strong. This regime is often called soft QCD to reflect the low
momentum transfers involved. In soft QCD, color charges are confined —
an effect called color confinement, and analytic calculations are not possible
due to the highly non-linear behavior of as. Instead, numerical methods
are employed, as will be discussed next.

2.4 Lattice QCD

Quantum Chromodynamics at low energy scales can be studied on a lattice,
where each point of the grid corresponds to a certain point in space-time;
such an approach is called lattice QCD (LQCD) [8]. The discrete nature
of the lattice introduces a momentum cut-off at 1/£, where £ is the lattice
spacing. To obtain QCD continuum results, one has to take £ — 0. As a
rule of thumb, this is done by extrapolating the calculations performed at
different lattice spacings, but this is a highly non-trivial task.

Calculations in LQCD are carried out by numerical evaluation of path
integrals and do not depend on perturbative expansions of the theory.
In heavy-ion physics applications, LQCD is usually used to simulate how
chiral symmetry is broken and quarks are deconfined at increasing tem-
peratures and chemical potentials f.

One of the topics one can study in LQCD is the binding of heavy quarks
on the lattice as a function of temperature and separation distance. As
seen in Fig. 2.7 [9], at T'= 0 (cold hadronic matter) the potential between
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two colored charges obtains a shape described by Coulomb-like and linear
terms:
Qg

Vi(r) = — AT (2.10)
with x found to be around k ~ 1 GeV/fm. At increasing temperatures,
however, the linear part flattens out and becomes a constant, which in turn
decreases further with 7. This means that certain bound states of quarks,
e.g. some charmonium states, are unable to form at high temperatures. In
fact, this can be exploited to probe the hot medium in order to measure
its temperature, as will be discussed in the next chapter.

The dependence of energy (¢) and pressure (p) density as a func-
tion of temperature in a QCD medium calculated on the lattice is shown
in Fig. 2.8 [10]. A very sharp rise of ¢/T* in the range 150 < T <
200 (MeV) is seen, suggesting that the thermodynamical properties in
this range change rapidly. Usually, this is associated with the growing
number of degrees of freedom (NDF), which changes from the hadrons to
the partonic NDF in a hot medium, resulting in a phase transition. It is
also noteworthy that below this temperature, energy and pressure densities
calculated on the lattice are in a very good agreement with the predictions
for a hadronic resonance gas (HRG) model, which describes the evolution
of an elastically scattering hadronic gas, see Fig. 2.9. This further suggests
that the QCD medium undergoes a phase transition from hadronic matter
to partonic, changing its thermodynamical properties completely.

A convenient way to illustrate different states of QCD matter is with a
phase diagram, where different phases of the medium are plotted against
its temperature T" and net baryon density up (often also called chemical
potential), see Fig. 2.10.

At low pp and T values, QCD matter is composed of bound hadrons.
If the chemical potential is increased under constant (low) temperatures,
the nuclear wave functions of hadrons start to overlap. At some point,
the overlap is so large that the quarks are no longer able to distinguish the
nucleons they came from and can interact with quarks from other hadrons.
The thermodynamical parameters of the system change dramatically, and
the new state of medium — the quark—gluon plasma — is created. A detailed
description of QGP will be provided in the next chapter. The transition
between cold hadronic matter into QGP at low temperatures is a first order
phase transition and occurs instantaneously.
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Figure 2.7: Strong potential between two quarks at zero temperature (black).
The dashed line shows fit results of Eq. 2.10. Colored points represent quark
free energy as a function of radius at different temperatures. Calculations were
performed on lattice with 2+1 flavors [9].
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Figure 2.8: Energy (points) and pressure (lines) density of a QCD medium as
a function of temperature. Different colors represent different lattice constants
(spacing) [10].
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Figure 2.9: Energy and pressure density as a function of temperature calculated in
LQCD with comparison to predictions from the Interacting Hadronic Resonance
Gas model. Colored lines represent HRG with excluded volume and van der Waals
corrections. Figure taken from [11]
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Figure 2.10: QCD phase diagram. Figure taken from [12]

On the other hand, under low ug, the hadronic matter can be turned
into QGP by increasing its temperature, as is also shown in Fig. 2.10. In
this case, the hadronic matter gradually crosses over into QGP with the
thermodynamical properties changing continuously rather than abruptly.
It should be mentioned that in our current understanding, this is the route
the early universe took! when expanding, cooling and forming the hadronic
matter.

Finally, due to the two different phase transition regions, it is expected
that a critical point should exist. As it has been argued in [13], in the
vicinity of the critical point one would expect the volume of the plasma
produced to become very sensitive to the fluctuations of T" or ug. This
should then be reflected in enhanced fluctuations of certain QGP observ-
ables on an event-by-event basis. As of now, this critical point has not
been found, although entire physics programs like the beam-energy scan
at the Relativistic Heavy Ion Collider (RHIC) [14] are being conducted for
this purpose.

'But in opposite direction, i.e. from the QGP at high temperature to the hadronic
matter at low temperature.
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2.5 Color Deconfinement

In lattice QCD it has been observed that the potential of the strong force
can be expressed by Eq. 2.10, where the first term represents a Coulomb-
like potential and the second term is responsible for color confinement.
Owing to a large number of colored quarks and gluons, the medium pro-
duced in heavy-ion collisions will screen potentials. The effect is called
Debye screening and effectively turns the Coulomb-like potential into a
Yukawa-like potential:

T

Va(r) x —28¢7 (2.11)
T

where rp is Debye screening length given by

o \/z (2.12)

with n being the density of color charge carriers. In a very hot medium
colored charges are produced thermally and therefore n oc T3. As a result,
the screening length rp oc 7~! and decreases with increasing temperature.

If one now considers a hadron in such a medium, at sufficiently large
temperatures the screening length rp will become smaller than the sep-
aration between the two quarks thus melting the hadron. As a result,
the quarks become unbound and can strongly interact with other partons
within the medium. Note that although in such case quarks are effectively
free to move within the medium, the effect is not the same as asymptotic
freedom because the quarks are still strongly interacting.



Chapter 3

Quark—Gluon Plasma in
Large Systems

Lattice QCD predicts the strong force to exhibit unique features under
extreme conditions. In particular, at very high temperatures hadrons melt
down into deconfined quarks and gluons, forming a very hot and dense
medium with drastically different thermodynamical properties. Such a
state of matter is called the quark—gluon plasma and is created for instance
in highly relativistic collisions of heavy ions (HI).

Because of very high pressure gradients, the QGP expands rapidly,
cooling down along the way. As the temperature drops, color confinement
binds the colored quarks into hadrons once again. The current estimate
for the lifetime of the QGP phase is of order of ~ 10722 s, nevertheless,
during this time the fireball will go through several stages, as illustrated
in Fig. 3.1:

e Formation

e Hydrodynamical evolution
e Chemical freeze-out

e Kinetic freeze-out.

In the following chapter I will discuss each of these stages one by one.
For each stage (where available), relevant experimental observables will be
introduced.

23



24 CHAPTER 3. QUARK-GLUON PLASMA IN LARGE SYSTEMS

Statistical Thermal ) T, K, p, ...
\ Description time f /
1 e ’
i 0@

. Hadronic
. Transport

Pre-Equilibrium
Glasma Phase

Figure 3.1: Evolution of the QGP created in a collision between nuclei A and B.
Figure taken from [15].

3.1 Formation of QGP

The formation of quark—gluon plasma is the least-understood stage of re-
lativistic heavy-ion collisions. In fact, most of the models in HI physics
assume a pre-formed QGP and only consider its evolution. Currently, the
proposed mechanism for the production of the QGP considers collisions
of color glass condensates (CGC). The color glass condensate is inspired
by the observations that the gluon density within a hadron grows rapidly
with decreasing Bjorken x. The Bjorken x is defined as the fraction of the
linear momentum of a hadron carried by a parton. At relativistic ener-
gies the occupancy number of low z gluons will saturate at some scale Qg
due to limited volume, forming very dense gluonic clouds. Because of the
Lorentz contraction, these gluon fields will appear to be squeezed from the
lab reference frame (and even more so from the target hadron). Because
the low x gluons are packed tightly, the coupling between them is weak.
Furthermore, the lifetimes of gluons are also subjected to time dilation,
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making their evolution slow compared to the time scales involved. As a
result, a hadron moving at relativistic energies has a built-in very high
density, weakly coupled “wall of gluons”.

During the collision, the two walls of CGC pass each other, forming
very strong electric and magnetic fields, conceptually similar to that in
the string model. The medium of these strong fields, also called glasma,
equilibrates by decaying into gluons with momenta given by the energy
scale g, thus forming the quark—gluon plasma.

The earliest probes of the QGP are the so called hard probes created
in hard QCD scatterings. In the next two subsections I will give examples
of the most studied hard probes.

3.1.1 Jet Quenching

Although the dominant mechanism in HI collisions is soft inelastic scatter-
ings between CGCs, partonic interactions involving very high momentum
transfers are also possible. Such scatterings result in high-energy partons
moving in opposite directions in the transverse plane, ultimately forming
collimated showers of hadrons called jets.

The production cross sections of jets in pp collisions are calculable
by pQCD, and can be extrapolated to heavy-ions collisions considering
the total number of nucleon-nucleon interactions, Ncoi, see Section 5.2.1.
While the fragmentation of jets in vacuum cannot be calculated perturbat-
ively, it is successfully described by so-called parton showers. On the other
hand, the evolution of partons traversing a colored medium is modified,
and so far these effects are not well-understood. In [16, 17] it has been
argued that the dominating mechanism of medium-induced modifications
is the energy loss by elastic and radiative processes, and several methods
to calculate the energy loss have been discussed in [18, 19, 20, 21].

Nevertheless, studies of jets in QGP have attracted much attention
within the heavy-ion community. Due to their early formation times and
very high energies, jets will traverse the QGP in its early phases. Any
interactions with the medium will quench the jet, modifying its energy
and thus making them very good probes of the quark—gluon plasma.

One can consider an event where a back-to-back jet is created close to
the surface of the QGP, and one of the jets leaves the medium immediately.
If the second jet is quenched by the medium, one expects to observe a
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Figure 3.2: CMS event display for one Pb-Pb collision at /sy = 2.76 TeV. The
two towers represent two jets. Figure taken [22]

large momentum imbalance between the two, as initially both had similar
transverse momenta', pr. In fact, this is exactly what one observes as
shown in Fig. 3.2 [22].

As jet reconstruction in heavy-ion collisions is rather challenging due
to large activity of the underlying events, high pr hadrons are commonly
used as proxies for jets. To quantify jet quenching, one typically constructs
an observable called the nuclear modification factor, Raa:

dQNAA(
PT)
Raa(pr) = —0dr =~ (3.1)

d* N,
Ncoll dyd;; (pT)

where the yields in the numerator and denominator are measured in Pb-Pb
(or A-A in general) and pp collisions respectively. The scaling with Neop
is motivated by the small hard cross sections so that probabilities for hard
interactions are expected to be linearly additive. Following are the values
Raa can obtain:

'But opposite directions.
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e Raa = 1 - absence of medium effects; the collision is a superposition
of N¢on hard pp scatterings

e Raa > 1 — hadron production is systematically enhanced in AA
e Raa <1 - hadron production is systematically suppressed in AA.

The ALICE collaboration has measured the Raa in Pb-Pb collisions
at \/sny = 2.76 TeV, see Fig. 3.3 [23]. It has been observed that the
yield of high pr particles is suppressed by a factor of ~ 5 in the most
head-on Pb-Pb collisions where the volume of QGP produced is expected
to be the largest. Raa also appears to be increasing in a linear manner for
pr 2 8 GeV/c, suggesting that suppression decreases at higher pr.

AA

©0-5%  Pb-Pb\[sy,=276TeV

o 70 - 80% l
1 ‘ID J I
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\\\\‘\\\\‘\\\\‘\\\\7
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Figure 3.3: Nuclear modification factor Raa of charged hadrons as a function of
pr measured in central and peripheral Pb-Pb collisions at /sy = 2.76 TeV by
the ALICE collaboration. See Section 5.2.1 for the definition of centrality. Gray
dashed line represents alternative pp references. Figure taken from [23].
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3.1.2 Heavy Quarkonia Dissociation

From lattice QCD it has been seen that in a hot medium, the strong
potential is screened beyond some separation radius Rc. Furthermore,
with increasing temperature, the saturation value drops, and so does R,
effectively reducing the binding energy of quarks. In this context, it is
interesting to study the yields of certain bound states of ¢ systems. Of
particular interest are the ground and excited states of quarkonia J/¥ (cc)
and T (bb), as these bound systems of heavy quarks have leptonic decay
channels and are therefore easy to measure in the dense HI environments.
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Figure 3.4: Dimuon invariant mass distributions around T mass from pp (a) and
Pb-Pb (b) measured at /snn = 2.76 TeV. Excited states of Y are suppressed in
Pb-Pb collisions as compared to pp. Figure taken from [24].
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Figure 3.5: The nuclear modification factor Raa of J/1 meson as a function of
charged-particle multiplicity measured in Pb-Pb collisions at /syn = 2.76 TeV
and Au-Au collisions at /syn = 200 GeV. Figure taken from [25].

In heavy-ion collisions, measurements of ground and excited states
of heavy quarkonium can serve as a probe for the QGP temperatures.
These measurements are motivated by the idea that due to temperature-
dependent reduction of binding energy, excited states of J/¥ and T would
gradually dissociate and one would therefore observe disappearance of cer-
tain charmonium states in the invariant mass spectra.

Such measurements have been performed at the LHC, for example,
by the CMS Collaboration and are shown in Fig. 3.4 [24]. A very large
suppression of Y(25) and Y (35) is observed in Pb-Pb collisions measured
at /sy = 2.76 TeV as compared to pp collisions at the same center-of-
mass energy. Another interesting observation at LHC energies is that the
dissociation of J/¥ in Pb-Pb collisions at \/sny = 2.76 TeV is smaller
than that measured at RHIC energies, see Fig. 3.5 [25]. This is understood
as an effect of regeneration, where due to significantly larger cross sections
at LHC than at RHIC, a pair of unbound charm quarks (¢¢) can randomly
recombine into another J/¥ meson. This suggests that charm quarks are
indeed deconfined in the QGP.
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3.2 Hydrodynamical Evolution

The evolution of locally thermalized QGP can be very well modelled by
a hydrodynamical description of the system, suggesting that the medium
created in heavy-ion collisions behaves like a strongly coupled liquid rather
than a weakly interacting gas [26]. In hydrodynamical models, local con-
servation of energy and momentum is imposed, and the equation of state
can be calculated from lattice QCD.

The inhomogenities in the medium densities within the QGP give rise
to pressure gradients, which drive the hydrodynamical expansion of the
system. During the expansion, the system dilutes and cools down until the
phase transition, after which a hadronic description of the system is needed.
The expansion of the medium results in a flow of partons, inherited by the
hadrons at later stages, and leading to a mass-dependent boost and spectral
modifications of particles. These modifications are more pronounced in
central Pb-Pb collisions, where “more” QGP is produced.

Features of the hydrodynamical evolution of the medium in heavy-
ion collisions include orders of flow (discussed in the next section) and
the modifications of the pp-differential p/7 ratio in central and peripheral
collisions shown Fig. 3.6 [27]. Protons are of particular interest, since
they are very sensitive to the flowing medium due to their large mass,
and therefore the p/m ratio exhibits much stronger modifications than for
example the K /7 ratio, illustrated in Fig. 3.6. Also shown with the ratios
are the predictions from the Krakow hydrodynamical model [28], together
with several other models. However, recent studies suggest that p/m ratio
modifications are not unique to the QGP and can have different origins in
smaller systems, as will be discussed in Section 4.1.1.

3.2.1 Hydrodynamical Flow

In the azimuthally symmetric QGP, the density of the medium decreases
from the center of the medium to its edges. In this case, the hydrodynam-
ical evolution results in a uniform expansion throughout the whole azimuth,
giving rise to radial flow and boosting the hadrons to higher transverse mo-
menta in a mass-dependent way, as shown in Fig. 3.7 [29].

In practice, the density gradients in the QGP are never azimuthally
symmetric. An important factor for the anisotropies of pressure gradients
within QGP is the collision geometry. As shown in Fig. 3.8, in semi-central



3.2. HYDRODYNAMICAL EVOLUTION 31

B 121 T T T T T T T 1R 1F T T T T T T 3
a F —- Krakow, 0-5% (@ {X 09F —-Krakow, 0-5% ¥ (b) 3
4 - HKM, 0-5% 1 E

[ — Friesetal, 0-5% . ] 08E 3

08l i - 0.7F E

C ] 0.6F E

0.6 - 05F E

L J 0.4F E

*4F AN 03F <05% 1
ok ©20-30% ] 02 _ - 20-30%§

[ +70-80% | 01F -+ 70-80%

L I ! I il = ) E

% 05 1 15 2 25 3 35 4 45 5 0 35 4

p. (GeV/c) p; (GeV/c)

Figure 3.6: prp-differential p/m (left) and K/ (right) ratios measured in Pb-Pb
collisions at /sy = 2.76 TeV at different centralities in comparison to Krakow
hydrodynamical model [28]. Figure taken from [27]
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Figure 3.7: pp-differential 7, K and p spectra in most head-on Pb-Pb collisions
at \/sNnNn = 2.76 TeV with comparison to the spectra measured in pp collisions.
Hadrons in Pb-Pb collisions are boosted to higher pr and the effect is more
pronounced for heavier particles. Figure taken from [29].
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Figure 3.8: Collision geometry in a semi-central Au-Au collision.

heavy-ion collisions the overlap between two colliding nuclei results in an
ellipsoid-shaped volume; the medium density gradient in the z direction
is much steeper than along the y axis. The hydrodynamical evolution
transfers this into momentum space anisotropy, so that matter receives a
larger flow velocity in the event plane (zz) direction than perpendicular to
it.

Moreover, distributions of nucleons within nuclei are stochastic, result-
ing in the so-called “hot regions” of QGP — areas with significantly larger
densities. In a viscous fluid these fluctuations are smeared out, while in the
perfect QGP liquid they give rise to phenomena such as triangular flow.

The angular anisotropies resulting from the QGP expansion are usually
studied in terms of flow coefficients v,. Each coefficient then corresponds
to a different order of flow: elliptic flow (ve), triangular flow (vs) etc,
as illustrated in Fig. 3.9. One of the most simplistic approaches to the
topic that does not require the determination of the event plane is the
Fourier decomposition of the two-particle correlation function, which can
be expressed in terms of harmonics as:

deair
dAyp

o C(Ap) =1+ ) 20,(p)vn(p}) cos (nAp) (3.2)

n=1

The superscripts ¢t and a represent trigger and associated particles respect-
ively, n is the order of the harmonics and v, is explicitly distinguished at
different pp. By fitting such function to the measured correlation, one can
extract the amplitudes v, for each harmonic, as is shown in Fig. 3.9 [30].

The elliptic and triangular flow coefficients of identified hadrons as a
function of pr in Pb-Pb collisions at /sy = 5.02 TeV are shown in
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Figure 3.9: Participating nucleon distribution (left) [31] and Fourier decomposi-
tion of 2-particle correlations (right) [30]. By selecting the most central collisions
one suppresses geometric flow (ve, green) and can study mainly the flow from
fluctuations (v, blue).

Fig. 3.10 for several centrality classes. The vy is measured to be larger for
protons, which is also predicted by hydrodynamical modeling. Moreover,
elliptic flow is stronger in semi-central collisions, where the geometrical
shape of QGP is more ellipsoid-like.

Finally, if the nuclear overlap was smooth, the density gradients in
the QGP would be symmetric with respect to the event plane, and odd-n
harmonics would vanish. This is not the case owing to the observed non-
zero vy also shown in Fig. 3.10 and is understood to originate from local
density fluctuations [32, 33].

3.3 Chemical Freeze-out

As the QGP expands and cools down, it will undergo a transition to the
hadronic phase at the critical temperature T¢,i;. The system will continue
to interact via inelastic hadronic scatterings, which will supposedly main-
tain some form of chemical equilibrium. As the system expands further
and cools down, inelastic scatterings will cease and the remaining hadrons
will further scatter elastically. The transition between an inelastically scat-
tering to an elastically scattering hadronic gas is called chemical freeze-out
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and is characterized by a chemical freeze-out temperature Tg,. It has been
argued in [34] that the chemical freeze-out occurs shortly after the QGP
transition to the hadronic phase, so that Ty, &~ Teyit.

Assuming that hadrons form an ideal (chemically equilibrated) gas after
the freeze-out, hadron production can be modeled in the context of thermo-
dynamical laws. Such a system is then described by Ty, its volume V' and
the chemical potentials of baryonic, charge and flavor quantum numbers.
This will be discussed in detail in Chapter 4.

Thermal models proved to be very successful in predicting particle
abundances measured at SPS [35] and RHIC, as shown in Fig. 3.11 [36],
supporting the idea of a chemically equilibrated QGP. As the yields of
thermally produced hadrons are trivially given by the parameters of the
system, the chemical freeze-out temperature can be extracted by fitting a
thermal model into the measured hadron abundances. The current estim-
ate is Ty, ~ 145 — 166 MeV.

> L
§ Roakty \/Sp =200 GeV
©
10°F E
; RoNny 1
Q.
- —_—
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’ o
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-
O PHENIX
BRAHMS
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F —— Model, x3/N=29.7/11 1
T=164 MeV, 1 = 30 MeV, V=1950 frr" o

TTKKpPAAZE Qo dd KE A

Figure 3.11: Thermal model fit to hadron yields measured in Au-Au collisions at
/SNN = 200 GeV. Figure taken from [36].
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3.3.1 Strangeness Enhancement

In QCD vacuum, soft production of strange quarks is strongly suppressed
due to its much larger (constituent) mass as compared to u and d quarks.
In a QGP, however, quarks are unbound and their current masses are of
importance. As a result, the production of s5 pairs is expected to be
enhanced by the medium and one would expect to measure larger abund-
ances of (multi) strange hadrons in heavy-ion collisions as compared to pp.
The effect was proposed in [37] as a signature for QGP formation and the
phenomenon was later observed in [38].

The hyperon-to-pion ratios measured at LHC and RHIC as a function
of number of participants®, Npa, is shown in Fig. 3.12 [39]. The ratios
show a clear evolution with N,ar¢ and appear to be more pronounced for
hadrons with larger strangeness content.

In principle, one could argue that the observed enhancement is not re-
lated to the strangeness of the hadron, but rather to the baryonic number.
If this was the case, however, one would also expect to see the enhancement
in the p/7 ratios. These have also been measured by BRAHMS, PHENIX
and ALICE Collaborations, see Fig. 3.13. No such evolution in p/7 is ob-
served, suggesting that the strangeness production is indeed modified in
the quark—gluon plasma.

Finally, one can note that at large Npart, hyperon-to-pion ratios seem to
saturate. The solid and dashed lines shown in Fig. 3.12 represent thermo-
dynamical predictions for the ratios reported in [40, 41]. Note that in some
thermal models, the strangeness enhancement is seen as a canonical sup-
pression in small systems, which is then gradually released with increasing
system sizes. The saturation of experimentally measured ratios at values
predicted by thermal models supports the picture of a thermalized QGP.

3.4 Kinetic Freeze-out

After the chemical freeze-out, the expansion and cooling of the system
continues, with the constituents scattering only elastically and the heavy
resonances decaying into stable or long-lived states. At some temperature
Tiin, the time scale between two soft scatterings 7., becomes larger than
the scale associated with the expansion, and elastic scatterings cease. A

2Npart can be used as a probe for the QGP size and will be defined in Section 5.2.1
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common approximation for this time is when the mean free path of a
hadron is of the same order as the system size. After that, the pt of hadrons
are fixed, and thus Ty, is often called the kinetic freeze-out temperature.
The evolution of the hadronic gas from the QGP phase transition at Ty
to the kinetic freeze-out at Ti;, is well described by the ultrarelativistic
quantum molecular dynamics (UrQMD) transport model [43], and after
the chemical freeze-out behaves like hadron resonance gas described in
Section 2.4.

As hadron kinematics are established at Ti;n, both the freeze-out tem-
perature and the expansion rate of the medium, (fr), will be imprinted
onto the spectral shapes of measured hadrons. A common tool to study
these shapes is using Boltzmann-Gibbs blast wave (BW) model [44], which
will be discussed in detail in Chapter 4. Let us mention here, however, that
the blast wave model describes the pr spectra of thermal hadrons boos-
ted by the radial flow, where the boost can reflect the expansion of the
QGP. Such a model is then fit to the measured transverse momenta or
mass distributions in order to extract Tiy, and (Br). Usually, only the
lightest hadrons (7, K and p) at low pp (< 3 GeV/c) are considered in
such analysis.

The extracted (fr) and Ty, parameters from particle spectra meas-
ured in Pb-Pb collisions at /syny = 2.76 TeV and Au-Au collisions at
VSNN = 200 GeV are shown in Fig. 3.14 [27]. Note that the values of
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Figure 3.14: Correlation between average transverse expansion velocity (8) and
kinetic freeze-out temperature Ty, measured in STAR (blue) and ALICE (black).
Figure taken from [27]

Txin and (fr) are highly sensitive to the pr ranges considered, and there-
fore STAR and ALICE results should not be compared directly. Never-
theless, such studies allow for some qualitative conclusions: in the most
head-on collisions, one expects the QGP to be the most dense, leading
to the strongest radial expansion. This is reflected by the incrementally
larger (Or1) as the collisions become more central. On the other hand, the
freeze-out temperature shows a decreasing trend, suggesting that larger
QGP systems lead to lower kinetic freeze-out temperatures (longer lived
systems).






Chapter 4

Microscopic and
Macroscopic Models

Microscopic models usually involve perturbative description of hard QCD
scatterings of quarks and gluons and are used to study small systems such
as ete™ or pp collisions. Because of the stochastic nature of quantum
physics, a single initial state can lead to a variety of final states, thus
experimental measurements probe a superposition of the available (final)
states weighted by their respective probabilities. Since there are many
possible processes, one usually relies on Monte Carlo (MC) generators to
simulate a number of collisions in order to make comparisons between
theory and measurement.

Macroscopic models, on the other hand, do not consider each QCD pro-
cess individually. Instead, they assume that a collision creates a medium
which can be described by the equation of state, involving macroscopic
parameters like temperature, density, etc.

In the following chapter I will cover the underlying assumptions of
micro- and macroscopic models that give rise to collective-like behavior of
particles and are relevant for the discussion of the results presented in this
thesis. I will start with the Lund String model, employed in microscopic
MC generators like PYTHIA 8 [45], also briefly discussing multi-partonic
interactions (MPI) and color reconnection (CR). Afterwards, I will intro-
duce a more advanced treatment of strings, known as color ropes. I will
then move on to macroscopic models: hydrodynamical treatment of the
medium in a blast wave model followed by the thermal particle production

41
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model. I will finish the chapter with a discussion of core-corona (CC) mod-
els, which attempt to bridge the gap (“interpolate”) between microscopic
and macroscopic descriptions. Note that I have not participated in the
development of any of the models described in the following chapter.

4.1 Lund String Model

Let us consider the evolution of a meson in 1-dimensional space. If the
quark and the antiquark have some kinetic energy and are moving away
from each other, the binding potential in Eq. 2.10 is dominated by the
linear term, V'(r) oc kr. This potential can be seen as a string with tension
Kk connecting the gg dipole, and the evolution of the system is described
by a yo-yo process [46] illustrated in Fig. 4.1. The important snapshots of
the evolution are:

1. At a time ¢ = 0 the kinetic energy of the system Ey, = /s is shared
between ¢ and ¢ at = 0. The potential energy of the system £, =0
and the quarks are moving away from each other.

2. As quarks move away from each other, kinetic energy is converted
into potential energy stored in the string, E, = kAxz. At a time
given by t = \/s/(2k), kinetic energy Fiyi, = 0 and all the potential
energy F, = /s is stored in the string. The quarks thus stop moving
away from each other.

3. The force F(r) = k = const. pulls the quarks back together. At a
time given by t = \/s/k, both ¢ and § are at = 0. The kinetic
energy Eyin = /s, potential energy E}, = 0 and quarks are moving
in the directions opposite to those at ¢t = 0.

4. At a time t = 31/s/(2k), Ep = /s and Eyi, = 0; quarks change their
directions.

5. At a time t = 2y/s/k, E, = 0 and Ey, = +/s; quarks are at = 0,
the system is back to its initial state and the whole process repeats.

As the quarks move apart, the potential energy stored in the string
increases, and at some point it might become energetically favorable for a
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Figure 4.1: The yo-yo evolution of ¢¢ pair in their rest frame. 1) Beginning of
the evolution; 2) 1/4 of full period, maximum tension in the string; 3) ¢ and g
are back to their initial positions, but have their momenta swapped; 4) 3/4 of full
period, maximum tension in the string; 5) full period, the system is back to its
initial state.

qq pair to tunnel from vacuum. The string then breaks with a tunneling
probability given by:

2 2 2
a7 X exp (— T7q> = exp (— pT’q> exp <— qu> (4.1)
dmr K K K

The prescription of the strong potential as a string which can hadronize
is called the Lund String Model [47] and was proposed as an explanation
for hadron abundances observed in eTe™ collisions at PETRA. In electron-
positron collisions, the initial ¢ pairs are created via Z/v* (Z boson or a
photon), and then undergo multiple string breakings as shown in Fig. 4.2.
Each breaking results in 1 — 2 particle splittings, with particles being more
boosted the closer to the outskirts they are. In general, as each vertex is
causally disconnected, the breaking can proceed in arbitrary order.

By popping ¢q pairs from the vacuum, the string fragments into mesons.
Baryons are created in similar manner, but with diquark-antidiquark pairs.
In order to create a gq with mr 4, mr 4 7# 0, the potential energy required
is B, = mt4 +mrg = kA. As a result, ¢¢ is not produced at a vertex,
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Figure 4.2: ¢q system in its rest frame with multiple string breakings.

mTvq = mTﬂ‘j = O A = (mT,q + mT,(j)/K;

Figure 4.3: String breaking into massless (left) and massive (right) ¢g pair.

but with some displacement A, as shown in Fig. 4.3.
Finally, let us note that from Eq. 4.1, string breaking suppresses strange
quark production relative to up- or down-type quarks by a factor

p = exp (_M> (12)

K

Since it is not clear which quark masses should be used, this factor has
to be tuned to the measurements. The current estimate using ete™ data
from LEP [48] gives p = 0.217. One can also see that string fragmentation
into even heavier quarks (e.g. ¢) is further suppressed to an extent where
it becomes negligible compared to perturbative production.

4.1.1 Multi-Partonic Interactions and Color Reconnection

So far, only string fragmentation in e*e™ collisions has been discussed. The

prescription can be extended to pp, but one has to consider the following:

e After a hard scattering, partons from incoming protons are still con-
nected to the beam remnants by color fields
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e Multiple partons from each of the incoming protons can scatter, the
effect called multi-partonic interactions.

The color field between a hard scattering parton and the beam rem-
nants creates a long colored string, following the movement of partonic
endpoints as illustrated in Fig. 4.4. For a parton scattered at midrapid-
ity, the other end of the string is connected to a wounded nucleon moving
along the beam axis. Such a string then fragments into low pr hadrons,
populating a large region of rapidity. If there are multiple independent
partonic scatterings, each one of those creates such a string and gives rise
to larger multiplicities, but the mean transverse momentum is not affected.
As a result, one would measure a flat distribution of (pr) as a function of
Ngp.

On the other hand, results of the UA1 Collaboration showed trend of
rising (p) with increasing charged-particle multiplicities [49]. This sugges-
ted that MPIs are not independent and color reconnection was proposed
to explain such phenomenon [50].

Figure 4.4: Sketch of multiple partons interacting in a pp collision (top). After
the collision, the produced partons are color-connected to the beam remnants
(bottom). Figures by T. Sjostrand.
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Figure 4.5: Average transverse momentum as a function of N, measured in pp
collisions at /s = 7 TeV in comparison to PYTHIA 8 predictions with and
without color reconnection. Figure taken from [51]

In CR, partons created in multiple (independent) hard scatterings are
allowed to reconnect to each other. In this way, MPIs occur independently,
however, their evolution is correlated. As a rule of thumb, the reconnection
follows topology reducing the total string length [53] so that each MPI
contributes less to the total multiplicity, but still provides an additional
kick in pr [51]. As shown in Fig. 4.5 [51], the Lund String model coupled
with MPI and CR prescriptions is able to describe the measured (pr)
evolution over a large range of Ny, available at the LHC.

Finally, let us briefly discuss how particle production is affected by MPI
and CR. As seen in Fig. 4.6 [52], pp-differential p/x ratios have an emerging
peak-like structure when MPIs (leading to large final state multiplicities)
are considered. The peak also appears to be shifted towards larger pr
with increasing number of MPIs — which is a result of more pronounced CR
effects — and disappears if CR is disabled. In fact, it has been argued in [52]
that the Lund String model, coupled with multi-partonic interactions and
color reconnection, produces final state effects similar to those expected
from an expanding medium like QGP.
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4.2 Color Ropes

The Lund String model prescribes color strings as 1-dimensional objects. A
more sophisticated treatment of color fields is implemented in DIPSY [54,
55] and recent versions of PYTHIA 8, where strings are replaced by color
flux tubes. If such tubes are overlapping, the field strength can also in-
crease, leading to a larger effective string tension x — & in Eq. 2.10. Note
that in the following section I will just introduce the idea behind the en-
hanced string tension, whereas a complete discussion is given in [56].

Let us consider two color flux tubes one lying atop the other and each
connecting a color to an anticolor at the endpoints, ¢; — ¢; and cg — &2 as
shown in Fig. 4.7. The two distinct cases are (a) ¢; # co and (b) ¢1 = ca.
In case (a), the two colored states make an anti-color, e.g. [r@®b) = |g) and
the superposition of two fields results in a color field equivalent to that of
a single dipole, but with color flowing the opposite direction, see Fig. 4.7a.

In case (b), two colors are the same and the total field strength is
enhanced as seen in Fig. 4.7b. Such an enhanced field flux tube is called a
color rope, and its tension K with respect to that of a single string is given
by [56]

= i (P + ¢ +pg+3(p+q)) (4.3)

where p and ¢ are the quantum numbers defining the multiplet. In the
case shown in Fig. 4.7, ¢; and cg are triplets, so p = 2, ¢ = 0 and the rope
tension #/k = 5/2. The rope then breaks one string at a time. After the
first breaking, the rope tension becomes &/k (p = 1) = 1, so that the first
rope breaks with effective tension 3x/2, while the second one — with k.

The larger effective string tension can modify the particle production
rates via string breaking. Recalling the strangeness suppression factor
derived for the Lund String model in Eq. 4.2, for color ropes one can
write:

o () _ [ (et

K
K

=Y

Z|n

In collisions with a large number of MPIs, more color flux tubes are created,
increasing the probability of overlap and thus resulting in larger effective
rope tension k. As seen in Eq. 4.4, larger tension leads to an enhanced
production of strange particles and as & — oo, p — 1 and strange quarks
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are produced at the same rate as v and d. The gradual enhancement of
strange particle production is also a feature of QGP, although the origins
are supposedly very different.

1 C1
Co C2
Casel: ¢ # ¢
- Rl
@ @
o b=l
I Il
Q| S

Case2: ¢ =0

Figure 4.7: Two color dipoles ¢1¢; and coés on top of each other with ¢; # co
(case 1) and ¢; = co (case 2).

4.3 Boltzmann—Gibbs Blast Wave Model

One of the outcomes from studies performed at the Super Proton Synchro-
tron (SPS) at CERN was a phenomenological description for the transverse
mass mr and rapidity distribution dN/dy of 7, p, K?, A and A [57, 58]
measured in 32S +32 S at \/sxy = 19.4 GeV by the NA35 Collaboration.
The model is called the blast wave model and it assumes particle pro-
duction by a thermalized source, boosted in longitudinal and transverse
directions. In the following section I will go step-by-step through the un-
derlying assumptions within the model and discuss the observables that
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can be extracted from BW-based studies. Note that this section and all
its derivations is based on [44].

4.3.1 Thermal Source Spectra

The invariant momentum spectrum of particles radiated by a thermal
source can be described as

3 3
d’N d°N _ 9V Fe—(E-w)/T
dp?  dymrpdmrdp  (27)3
where ¢ is the degeneracy factor for particle species considered and p is

the chemical potential of the relevant quantum numbers. Considering that
E = mr coshy, for the mp-differential yield of particles one can write

E

(4.5)

00 2
dN gV _ _
_ d d h (mT coshy—p)/T
mrdmt  (27)3 / y/ P CoSYe
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where Ki(z) = [ dycoshye™ coshy and azimuthal angular symmetry is

0
assumed. At sufficiently large transverse momenta or for heavy hadrons,
Eq. 4.6 simplifies to

dN
demT

22l v e T (4.7)

One may notice that the overall particle yields are governed by the
volume V’, which also includes a suppression factor e#/T. On the other
hand, spectral shapes are driven by the kinetic freeze-out temperature,
which enters the expression in an exponent e~™T/7 and can be extracted
by fitting the data. An attempt to fit a 7w spectrum is shown in Fig. 4.8.
One sees that Eq. 4.7 provides a satisfactory description of the data in the
low mT region, but predicts a steeper slope than that observed at higher
mr. Note that in this section the spectral shapes are of interest and not
the overall yields, thus the overall normalization will be treated as a free
parameter and I will come back to particle yields in the next section.
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Figure 4.8: Transverse mass spectrum of 7~ measured in S-S collisions at
VSNN = 19.4 GeV [57] with a thermal spectrum fit (solid line) given by Eq. 4.7.
Figure taken from [44].

4.3.2 Feed-down from Resonance Decays

Studies reported in [59, 60] suggest that a significant fraction of light-
flavor particle abundances originate from resonance hadron decays. The
very short lifetimes characteristic of strong decays (1072%s) make their
identification extremely challenging and, as a rule of thumb, the products
of strong decays are treated as primary particles by experimentalists. On
the other hand, Eq. 4.7 predicts the yields of primordial hadrons only,
and therefore the feed-down of the resonance decays has to be taken into
account.

In the blast wave model, this enters as an additional term in particle
yields:

d2 N _ d2 Nprimordial d2NvFD
mrdydmr mrdydmr mrdydmrt’
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The feed-down contribution can then be estimated as

) W2 mi
2N,
D / dw? / dyr / dm2 5
deyme ’

Wa=) 202 (4.9)
T,R
d’Ny

x f (W, pr,p))

mr rdyrdmr r

where the factor f(W,pr,p) represents the phase space of the resonance
R decay. In this thesis, very low transverse momenta regions (populated
by resonance decay products) will not be considered in the blast wave
analysis.

4.3.3 Longitudinal Flow

To obtain the rapidity distribution of thermally produced particles, one
can integrate Eq. 4.5 over the transverse components:

3
N 9V _Be (BT
mrdydmpde  (27)3
(4.10)
:>o</mTEe E/T dmr
and performing the integration yields
o0
/mTEe_E/Tme
4.11)
= —cosh2 COShyd( cosh ) (
cosh2 / T Y

+ +
T2 T cosh Y (;osh2 Y

:T36 7 coshy |:m 2m 2 :|

where the identity [ 22e %dx = —e ®(2% + 2x + 2) was used. The rapidity
distribution of 7~ measured in S-S collisions at /sy = 19.4 GeV is shown
in Fig. 4.9 together with a comparison against predictions for a purely
thermal source [44]. It is clear that such source alone cannot produce the
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Figure 4.9: dN/dy distributions from a purely thermal source (dotted line), with
longitudinal flow (dashed line) and longitudinal + resonances (solid line). Figure
taken from [44].

plateau of the rapidity distributions observed in the data. To account for
this, one can use the boost-invariant longitudinal expansion model postu-
lated by Bjorken in [61], where multiple rescatterings ultimately lead to a
boost-invariant longitudinal flow of the medium with locally thermalized
sources. The hadron yields are then a superposition of spectra produced
by these sources distributed in flow angle n. The angle is limited by the
beam energy, and considering the limiting angles Mmin, Pmax = —Mmin, the
dN/dy can be calculated as

Mmax
dN dNthermal
—_— = dn———(y—7). 4.12
o 0= [ ey (1.12)
TImin

As seen in Fig. 4.9, the measured dN/dy is well reproduced by the BW
model if longitudinal expansion is considered.

For the remainder of the thesis, I will will focus on particle spectra
measured at central rapidities and will not study the y-dependence; any
modifications originating from longitudinal flow will therefore be included
in the normalization.
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4.3.4 Transverse Flow

Although the blast wave model was sufficient for describing the existing
data at the time of the development (light pions), it did not contain any
transverse flow, which had been observed already in [62]. In a simplified
case, the pressure is symmetric in the azimuthal direction and the boost of
particles are studied in terms of radial flow. In practice, the asymmetries
result in higher orders of flow, but for the BW model, higher orders will
not be considered.

The (azimuthal symmetric) transverse boost of thermally produced
particles in the BW model is implemented considering an average trans-
verse velocity profile

Br(r) = Bs (i)n (4.13)

where 5 is the maximum velocity at the surface of the fireball. The
functional form of the profile can then be varied with n and in practice
is one of the fit parameters. As in the case of longitudinal flow, one can
define transverse boost angle p = tanh™! ,. The isotropic velocity field in
the transverse plane can then be generated as

u” = (cosh p, cos ¢ sinh p, sin ¢ sinh p, 0) (4.14)

and the invariant momentum spectra for particles in the Boltzmann ap-
proximation is given by

d3N (¥
Ed—pgz (2i)3/6 @ Pe=m)/TpAd gy (4.15)

In the absence of transverse flow, the integration over volume in cyl-
indrical coordinates simplifies to p*doy = rdrdédz. For the term in the
exponent one has

u”p, = mr cosh y cosh p — pr sinh p cos(¢p — ¢) (4.16)
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Substituting this into Eq. 4.15, for invariant yields one has

d3N n 27 R
ger
= d d d h
mrdydopdiny (271_)3/ ZO/ (bo/r rmT coshy

h h inh —
X exp [_ mT cosh y cos p} exp {_pT sinh p cos(¢ ap)]
T T
’ h h
= A/dz/rdrmT cosh y exp {—mT cosTycos p]
0

sinh
I <PTTP>
(4.17)

where the last equality was obtained noting the azimuthal symmetry and
using the modified Bessel function of the first kind:
21

Io(z) = zi / e* 5 %d g (4.18)

™
0

Note that in Eq. 4.17, integration over z gives a constant, which can
be absorbed into the normalization. To get the spectral shape, the yields
are integrated over y and ¢:

2T R
W:A/dz/dw/rdﬂocmmf))
demT T
0 0

mt cosh y cosh p
T

(o]
X / dymr cosh y exp {—

—0oQ0

R
pr sinh p mT cosh p
=V drlp | —— | K1 | —————
0

where the modified Bessel function of the second kind Kj; was used to
perform the integration over the rapidity and the azimuthal integration was
done considering isotropic particle spectra. The remaining dr corresponds
to the integration over the volume of the fireball, where the velocity at

(4.19)
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each r is given by Eq. 4.13 and the expansion stops at the kinetic freeze-out
surface at R. As the velocity profile depends on £ = r/R, it is convenient
to replace rdr = R2£d¢ in Eq. 4.19. The term R? is then absorbed into
the normalization, leaving four free parameters: surface velocity fs, its
profile given by n, the freeze-out temperature T" and overall normalization
V. The first three parameters are characteristic of the medium and are
the same for all particle species in a given collision system. Normalization,
on the other hand, contains overall particle yields (among other factors)
which are different for each species.

In this thesis, I will fit the BW model to 7w, K and p spectra simultan-
eously to extract the dynamical parameters of the medium. The overall
normalization of the spectra will be treated as free parameters without any
interpretation and a more sophisticated modeling of particle yields will be
used, as discussed in the next section.

4.4 Thermal Model

Statistical (thermal) hadronization models (SHM) have successfully de-
scribed hadron abundances measured in heavy-ion collisions over a wide
range of energies [63, 64, 65]. Such models usually employ a grand-canonical
(GC) ensemble, which requires a system size of VT3 > 1 for the approach
to hold. On the other hand, small systems like eTe™ require explicit con-
servation of quantum numbers and are therefore described with canonical
ensembles. In practice, as each of the charges in SHM is conserved separ-
ately, it is possible to have a situation where for example a large number
of non-strange final state hadrons follow the grand-canonical description,
while the canonical approach is required for strangeness production.

In this work, measured hadron abundances will be studied in the con-
text of the strangeness-canonical ensemble implemented in the THERMUS
code [66]. Yields of strange particles in this framework are assumed to be
small and therefore strangeness conservation is explicitly imposed, while
non-strange hadrons are produced in bulk and are described by the grand-
canonical ensemble. The following section covers the physics implemented
in THERMUS with the derivations of equations based on [66].
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4.4.1 The Grand-Canonical Ensemble

In the grand-canonical ensemble, energy and quantum numbers are con-
served on average in the system considered. In strong interactions, the
conserved charges are baryon number B, charge number () and strange-
ness number S. The partition function for a GC ensemble can be written
as

+

1 ZGC TV _ ghV d3 1 14+ (Eh;“h) ! 4.90

020 (1 Vi) = 20 [ apin [1ec (1.20)
h

where the sum is over all hadron species considered: h = 7, K, p,.... Fer-
mions follow Fermi—Dirac distribution, resulting in a (+) sign in Eq. 4.20
while a (—) sign is used for bosons. The degeneracy of the h hadron is
denoted as g, and the chemical potential is given by

pn = Brpp + Qupiq + Shpts- (4.21)

Integrating over the momentum space, Eq. 4.20 becomes

VTgn = (1)1, kmy,
GC
nz Z 22 ; g M |

~ (4.22)
1
- b
h k=1
where K5 is the modified Bessel function of second kind and
Ky = B TNES (4.23)

is fugacity — a quantity relating the pressure of ideal gas to the effective
pressure of real gas. For k = 1, Eq. 4.22 becomes the Boltzmann approx-
imation for a single-particle h partition function given by

S5t mi K (?) (4.24)

which has been shown to be a valid approximation for all the particles but
pions [66]. The multiplicity of a hadron h is

o
Np=T5—In 266 = Z PRV ESETSVS (4.25)
K 1
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where the last approximation is valid in the Boltzmann limit. Note that
in this prescription, any additional conserved charges enter the partition
function via fugacity in Eq. 4.23.

4.4.2 The Strangeness-Canonical Ensemble

Due to low abundances of strange hadrons, strangeness in small systems
has to be treated canonically. To couple the canonical prescription of
strangeness conservation with grand-canonically treated charges B and @,
the partition function can be written as

1 ,
Zs =5 [ dgses
2m

4.26)

R} (

X exp {Z (E;I;T‘)/S /d3p In [1 + e*BEheﬁuhezShﬁs} } _
h

To extract the multiplicity of particle ¢, the exponent in the logarithm
of Eq. 4.26 corresponding to the ¢ hadron is multiplied by a fictitious
fugacity A; = e%#s with pg = 0 so that A; = 1. Noting that 37 = 1 and

d
dps

Ay = BAr (4.27)

particle multiplicity can be calculated as

dlnZs 1 0Zg 1 / s
NS =T - — d 15€s
t iy Zs0hy  2nzg ) 965¢

Vv . . +1
X exp {Z (92};)3 /d3p In [1 + e‘ﬁEheﬁ“h’e’Shgs} } (4.28)
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where the last term can be expressed as

gV / 3 e~ BEt oBut oiSts

(27T)3 pl 4+ e—BEt ButeiStés
_ Z (g;)s /d3p(:F1)k+1e—kﬁEtekﬁHtelkStES
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and the last equality was obtained considering the particle partition func-
tion in GC ensemble given in Eq. 4.22. Substituting the result into Eq. 4.28
yields

1 s o~k kBus kS
Nf = 2WZS/d§Se iS85 .. x ;zte Pt gikStls
=1
-y / dege—i(5—KSOE |y kkBu —  (4.30)
P 2w g t

Zs-s Ge
= (Zst> Ne™ |ps=o0

and strange hadron yields turn out to be the same as in the GC ensemble
with the strangeness chemical potential set to ug = 0 and suppressed by a
factor Zg_g,/Zs. Moreover, in the large volume limit at high temperatures,

. Zs_s
1 “Z5=5t ) _ BStus 4.31
5;0( 7 ) ¢ (4:31)

and the multiplicities approach the grand-canonical limit.

4.4.3 Excluded Volume Corrections

At high energies, the medium created in nucleus-nucleus collisions cannot
be treated as an ideal gas and a van der Waals volume correction [67, 68, 69]
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has to be taken into account. The volume corrections enter the model in
the partition function by substitution

VoV =) o, (4.32)
h
where h runs over all particle species considered and v, = 4/3 - 7'('7’% is the
volume of A hadron. This corresponds to particles being extended objects,
so that the total gas volume is reduced by the volume of hadrons created.
A commonly used value for the hadronic volume is given by the hard cross
section of a proton, 7, = 0.3 fm [70]. In general, for a given T and p,
all thermodynamical properties of a hadron gas are reduced compared to
those of an ideal gas, and the differences become more significant with
increasing volume.
The exclusion of hadronic volume results in a shift of chemical poten-
tials, which can be found by solving the set of equations

P(T {u}) =Y By (T, fin)
h (4.33)
fin = pn — vp P (T, {p})
The particle partition function (for simplicity in the Boltzmann ap-
proximation) then becomes

1 (V SV thNh> - ;F ymitc () (V thNh>
h
oNe o (4.34)
Z 1+ Z VRN,
h

where ny = N, /V is particle multiplicity density. Then, accounting for
excluded volume, particle ¢ multiplicity density in the system can be es-
timated as

T nideal(T ﬂt)
T = = mZ(T,
Tt ( ) {N}) n ( ) 1+ Eh ”Uhn;Ldeal<T7 ,ah)

V O
where n is calculated for ideal gas, but with a modified chemical poten-
tial. The following results in two suppression factors: the shifted potential
i and the denominator 1+ Y vn. Note, however, that while ji effects are
species-dependent, the denominator is constant for all the hadrons con-
sidered and therefore cancels in particle ratios.

(4.35)

ideal
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Figure 4.10: Integrated particle yields in 0-10% centrality Pb-Pb collisions at
VSNN = 2.76 TeV measured by ALICE in comparison with thermal model pre-
dictions. The parameters for the model (T" and r) were extracted by fitting the
measured yields with the model.

4.4.4 Model Predictions and the Data

Thermal model predictions for hadron yields in comparison with those
measured in 0-10% centrality (see Section 5.2.1 for the definition) Pb-Pb
collisions at /sNNy = 2.76 TeV are shown in Fig. 4.10. The temperature
T and radius r were obtained by fitting the data with the model. The
obtained chemical freeze-out temperature T' = 155 + 2MeV is similar to
that previously observed in RHIC [71, 72]. The model is found to describe
the data within 20 for most of the hadrons and is slightly worse for protons.
A good agreement between the model and the data suggests that in Pb-Pb
collisions hadrons are produced in a chemically equilibrated QGP.

As the Q hyperon has the largest number of strange quarks, it is the
most affected by strangeness modification mechanisms. The measured
Q™+ Q7)/(7~ + ") ratios in Pb-Pb collisions at /s\y = 2.76 TeV
saturate as shown in Fig. 4.11, suggesting that no strangeness suppression
is present at these multiplicities. This means that the system in this region
is fully equilibrated and therefore particle production in the thermal model
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Figure 4.11: Integrated (2~ 4+ Q7F)/(7~ + ) ratios as a function of multiplicity
in pp collisions at /s =7 TeV, p-Pb collisions at \/syy = 5.02 TeV and Pb-Pb
collisions at \/syn = 2.76 TeV measured by ALICE.

approaches the grand-canonical limit.

In smaller systems like p-Pb collisions at /sxny = 5.02 TeV,  yields
are suppressed in a multiplicity-dependent manner. As there is no mech-
anism facilitating the observed suppression in GC model, the strangeness-
canonical (SC) approach is a natural choice. The current implementation
of THERMUS code considers two effective volumes in the strangeness-
canonical approach: fireball freeze-out volume V; o r3 and correlation
volume V. o< r3. The freeze-out volume governs the conservation of B
and @ in the grand-canonical way, providing an overall normalization for
hadron multiplicities, while strangeness is conserved in the V.. In previous
studies [73, 74] it has been suggested that V. < V} is required to explain
the observed strangeness suppression. A comparison between the particle
yields measured in 20-40% centrality p-Pb collisions at /sy = 5.02 TeV
and model predictions for grand-canonical and strangeness-canonical en-
sembles is shown in Fig. 4.12. All the predictions were fit to the data to
extract the relevant parameters: T and r for GC; T, r and r. for SC.

An alternative way to modify the strange hadron production is by
allowing the strangeness to be produced out of equilibrium. This is done
by multiplying Boltzmann factors by a factor 7', where n = |S}| is the
total number of strange (and anti-strange) valence quarks in a hadron. By
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setting vs < 1, the production of strange hadrons is suppressed and the
effect is more pronounced for particles with a larger strangeness content.
Note that in such cases, both ¢ and = are suppressed by 73. In addition,
setting s > 1 results in enhancement, whereas s = 1 in fully equilibrated
strangeness production.

Comparison between the measured yields and thermal model predic-
tions using the GC ensemble and 7, suppression is also shown in Fig. 4.12.
Under each assumption, the model agrees with the data within 2—-3 stand-
ard deviations for most of the hadrons. This suggests that if particle pro-
duction takes place in the medium, the medium is chemically and thermally
equilibrated. Note, however, that the agreement between the model and
the data does not imply particle production by an equilibrated medium.
In fact, it has been shown in [75] that hadron abundances are well de-
scribed by thermal models even in eTe™ collisions, which might indicate
that the agreement between the statistical hadronization and the perturb-
ative particle production has a different origin.

It is also worth mentioning that although using r. # r; or 7, < 1 has
become a norm in thermal model analyses, there is little argumentation
from the physical point of view for any of the choices apart from a better
agreement with the data.

4.5 Core-Corona Model

In the thermal hadronization model, the underlying assumption is that the
medium comes to a thermal equilibrium stretching throughout the whole
system and the geometry does not play a role. It has been argued in [76]
that this is not necessarily the case: nucleons that are on the surface of the
fireball exhibit far less rescatterings than those at the core of the fireball,
and therefore will not equilibrate with the environment. This leads to
two competing mechanisms for particle production: thermal production
inside the medium (core) and the conventional! pp-like collisions on the
surface of the medium (corona). The model addressing particle yields as a
superposition of the two components is called the core-corona model.
The contributions of core and corona to the number of final state

!By “conventional” it is meant that no collective-like effects are assumed to be present
in pp collisions.
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Figure 4.12: Thermal model predictions using grand-canonical, grand-canonical
with v, and strangeness-canonical approaches for 20-40% centrality p-Pb colli-
sions at \/syn = 5.02 TeV with comparison to the measured particle yields. In
each case, the parameters were fit to the data in order to get the best description.
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particles is dependent on the centrality?. In particular, as the fireball
grows in size, the relative number of surface nucleons decreases, and head-
on heavy-ion collisions are dominated by the core production. On the other
hand, pp collisions where no medium is created can serve as the baseline
for the corona production, as no core is present.

Defining the relative contribution of the core to the final state yields as
feore implies feorona = 1 — feore. In practice, these fractions can be extrac-
ted, for example, using Glauber Monte Carlo simulations. The multiplicity
at given centrality is

dN
T N ar :N ar core N ar Mcore
dy( part) =Npart [feore (Npart) (4.36)

+ (1 - fcore (Npart)) Mcorona]

where Mcore and Mcorona are the core and corona multiplicities per colliding
nucleon (participant). Nucleons with only one binary collision give Mcorona
and the core multiplicity is calculated by solving Eq. 4.36 for Mcore. Note
that although only the total yields of hadrons have been considered, the
same can be done for transverse momentum spectra. In such case, the
same technique applies, but particle multiplicities are replaced by the pr

spectra:

1 dN 1 d°N
— =M =
Npart dy (pT) Npart dyde

M = (1) (4.37)

Implementation in EPOS MC

One of the MC generators that will be used in comparison with the results
presented in this thesis is EPOS LHC [77], which employs the core-corona
prescription similar to that described above, but the initial state is treated
in a different manner.

In EPOS, partonic scatterings create color fields, often called flux
tubes [78]. If many partonic interactions are involved, volumes with high
and low density tubes are formed as shown in Fig. 4.13 [79] for Pb-Pb,
but conceptually similar in pp. The volume with high density of tubes is
then regarded as the core and subjected to full hydrodynamical evolution,
while in the low density volume (corona) tubes are allowed to fragment in
a similar manner as Lund Strings described in Section 4.1.

2This will be discussed in Section 5.2.1
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Throughout this thesis, a particular adaptation of the model, EPOS
LHC, will be used. This adaptation does not include a full hydrodynamical
treatment of the core, but instead includes a parametrization of flow as
described in [77]. The particle production in the core is treated not by
string fragmentation, but using a statistical hadronization model described
by the grand-canonical ensemble as described in Section 4.4.1.
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Figure 4.13: Color flux tube distribution in Pb-Pb collisions, but also similar in
pp. Core is represented in red, corona in green [79]

Generalizing Core-Corona to pp Collisions

In this study, I will use the core-corona model to describe pr-integrated
particle yield ratios. Assuming f to be a core fraction for a given multipli-
city (centrality) from a Glauber MC, the hadron a to hadron b ratio can
be written as

M _ fMgore+(17f)Ma

R= — corona
Mb chbore + (1 - f)Mgorona 4
_ chore (1 - f)Rcorona ( 38)
o M}, T )
FHA=N3e fage t1-1

Redefining the core fraction as

/ f
f= f+ (1 N f) M2 rona (4.39)

core
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one can calculate

1-f
1—fl=—m— (4.40)
P+ 0= 1)
so that Eq. 4.38 becomes
R = f/Rcore + (1 - f/)Rcorona (441)

but the core fraction for the ratio has slightly different shape than the one
for the yields. Considering that the yield of 7’s in central Pb-Pb collisions
at \/sNn = 2.76 TeV is larger than the one measured in pp collisions at
/s =T TeV by several orders of magnitude, in the extreme limits of pure
core (corona) production f’ — 1(0). Moreover, in order to remove model
dependence, in the following chapters I will distance myself from using
Glauber MC to estimate f and instead extract it in a data-driven way as
will be described in Section 9.2.






Chapter 5

The ALICE Detector

5.1 A Large Ion Collider Experiment

A Large Ton Collider Experiment, ALICE [80], is a heavy-ion optimized
experiment at the Large Hadron Collider at the European Organization
for Nuclear Research, CERN. It has excellent particle identification (PID)
capabilities in a wide transverse momentum range (0.15 < pr < 20GeV/c)
and even higher reach (pr < 100 GeV/c) for unidentified charged hadrons!.
ALICE is designed to operate in very high multiplicity environment, which
in Pb-Pb collisions can be as large as d N, /dn ~ 1600 [81]. The set-up of
the detector is illustrated in Fig. 5.1.

The two main parts of the ALICE detector system are the central barrel
and the muon arm. In addition, there are forward detectors used for mul-
tiplicity measurements and triggering: the Forward Multiplicity Detector
(FMD), the Photon Multiplicity Detector (PMD), the timing and trig-
ger detector T0, the multiplicity estimator VZERO and the Zero-Degree
Calorimeter (ZDC). The central barrel provides full azimuthal coverage in
the pseudorapidity region |n| < 0.9. It is situated inside the solenoid mag-
net L3, which creates a B = 0.5 T magnetic field parallel to the beam axis
in the central region. The L3 magnet plays two important roles: it bends
the trajectory of charged particles in the transverse plane so that their
momenta can be estimated; also, it suppresses the diffusion of secondary
electrons in the time—projection chamber as will be discussed later. The

1The limit is set by the momentum resolution.
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Figure 5.2: pr-inverse resolution of reconstructed tracks as a function of 1/pr for
TPC standalone and combined TPC-ITS tracks, measured in p-Pb collisions at
VSN = 5.02 TeV. Figure taken from [83].

relatively low B-field is optimized for heavy-ion collisions where the focus
is on low and intermediate hadron momenta; the compromise is on per-
formance at very high pr. The inverse-pr resolution oy, as a function of
1/pt measured in p-Pb collisions at /syn = 5.02 TeV in ALICE is shown
in Fig. 5.2 [83]. The 0, is related to the pr resolution oy, as

Op

T; = PT01/pr (5-1)

The cartesian coordinate system in ALICE with (z,y, z) = (0,0, 0) co-
inciding with the center at the central barrel is defined as: the z-axis points
along the beam-line away from the muon arm, the z-axis points towards
the center of the LHC ring, and the y-axis points upwards, orthogonal to
the xz plane.

The detectors in the central barrel are used for particle tracking, iden-
tification and triggering and consist of the following subsystems:

e The Inner Tracking System (ITS), which consists of Silicon Pixel
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Detector (SPD), Silicon Drift Detector (SDD) and Silicon Strip De-
tector (SSD)

e The Time-Projection Chamber (TPC)

e The Transition Radiation Detector (TRD)

e The Time-of-Flight detector (TOF)

e The High-Momentum Particle Identification Detector (HMPID)
e The Photon Spectrometer (PHOS)

e The Electromagnetic Calorimeter (EMCAL).

In the following chapter, I will focus on the detectors used for the PID
analysis presented in this thesis and the VZERO used for triggering and
multiplicity estimation.

5.1.1 The Inner Tracking System

The ITS [80, 84] is the closest detector to the interaction point and consists
of three subsystems: the SPD, SDD and SSD as shown in Fig. 5.3. Each
one of the subsystems contains two concentric layers of silicon detectors, a
summary of their positions and resolution is given in Table 5.1. Overall,
the I'TS serves the following purposes:

e Tracking at midrapidity |n| < 0.9

e Primary and secondary vertex finder with resolution ~ 100 ym in ¢
and z directions

e Low pr (S 1 GeV/e) PID via (non-relativistic) energy energy loss in
SDD and SSD (particles not entering the TPC)

e Triggering (SPD).

The SPD consists of 60 staves positioned in two layers around the beam
axis, with the inner (outer) layer containing 20 (40) staves and covering
In] < 1.98 (1.31) regions respectively. A single stave is formed by four
ladders, containing five readout chips each. An individual chip is 200 ym
thick and has 256 x 32 pn-type diode cells, with each cell covering 50 x
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Figure 5.3: Schematic layout of the ITS. FMD, TO and VO also shown. Figure
taken from [85].

Table 5.1: Spatial positions and resolution of different parts of the I'TS detector.
Values taken from [86]

SPD SDD SSD
Radius r (cm) 39 and 7.6 15.0 and 23.9 38.0 and 43.0
Length z (cm) 24.5 44.4 and 59.4 86.2 and 97.8
Spatial resolution r¢ (um) 12 35 20

Spatial resolution z (um) 100 25 830
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425 (pum) in the r¢ and z directions respectively. The signal in each SPD
cell is compared to a preset threshold value, and the response is a logical
0or 1.

Overall, the SPD consists of ~ 9.8 million cells that are read out by 1200
chips and has a total surface area of 0.24 m?. Due to such fine granularity,
the SPD is able to operate in very dense charged-particle environment
(<80 cm™2) and can also reconstruct secondary vertices originating from
heavy flavor decays.

The SDD equips the two middle layers of ITS and consists of two di-
mensional sensors providing high resolution coordinates. The inner (outer)
layer of the SDD comprises 14 (22) ladders, each of them supporting six
(eight) sensors with 7.02 x 7.53 cm? active area. The sensor area is divided
into two drift regions of 35 mm, each equipped with 256 anode wires. Elec-
trons created by a particle traversing the 300 — u—thick sensor drift in the
500V/m E-field towards the anodes, and by measuring the drift time,
one can calculate the distance between the electrode and the ionization
point. For electrons drifting the maximum distance of 35 mm with the
speed v, ~ 6.6 um/ns, the maximum drift time is typax =~ 5.31ns [87]. The
second coordinate can be obtained from the centroid of the charge collected
by neighboring electrodes. Such a design requires fewer readout channels
(since the information is also spread out in the time domain) and also lower
power consumption compared to, for example, pixel detectors, while still
offering good spatial resolution.

The SSD occupies the two outermost layers of the ITS. Layer 5 (6)
consists of 34 (38) ladders, with every ladder supporting 22 (25) sensor
modules. Each module is a 300 — u—thick silicon wafer with an active area
of 73 x 40 mm? and 768 parallel strips on each side. The angle between
N- and P-side strips is 35 mrad and each P-strip crosses 15 N-strips. In
order to reconstruct the ionization points, consecutive fired strips on each
side are grouped together. If groups of strips from opposite sides cross, the
spatial coordinates of the ionization point are calculated as a mean value
of strip coordinates, weighted by the signal strength in each of the strips.
The charge associated with the space point is calculated as the mean value
on P- and N-strips?, and in the case where a group of strips on one side
is crossed by several groups on the other side, only one side is used for

2Note that electrons and holes have different gain factors, and therefore charges
collected in P- and N-sides need to be normalized.
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Figure 5.4: Schematic view of the TPC. Figure taken from [88].

charge estimation. Such a scenario is only important in Pb-Pb collisions,
since the track density in pp collisions is very low.

5.1.2 The Time—Projection Chamber

The time—projection chamber is one of the main detectors of ALICE, offer-
ing both tracking and PID capabilities. It is made of a large 5 meter long
hollow cylinder with inner and outer radii of 85 and 250 cm respectively.
The schematic view of the TPC is shown in Fig. 5.4.

There are two main parts of the TPC: the field cage and the readout
chambers. In the middle of the field cage (z = 0), there is a central elec-
trode, splitting the whole volume into two 2.5 meter long parts. The central
electrode is biased at —100 kV, creating a 400 V/m strength electric field,
perpendicular to the cathode pads in the readout chambers. In the vicin-
ity of the inner/outer TPC walls, the homogeneity of the electric field is
obtained using matching potential strips biased by a voltage divider.

The whole TPC volume is filled with a mixture of Ne, Ar and CO> gas,
varying the composition for optimization. COs is a non-organic quencher
with good aging properties, while Ne has a faster ion drift and Ar induces
greater ionization, which requires lower amplification voltage and results
in better detector stability. A charged particle traversing the volume will
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ionize the gas along its curved trajectory. The electrons will drift towards
the readout chambers and collide with other gas constituents, so that their
average drift velocity is given by

Ve = e B (5.2)

where FE is the electric field and pue = er/me is the electron mobility in the
given gas and 7 is the average time between the collisions. The ions will
drift towards the central electrode, but at lower speeds due to their much
larger mass.

Because multiple collisions occur, the drifting electron cloud, which
initially is assumed to be point-like, will diffuse in all directions. After
time t the electron cloud shows a gaussian density distribution p in the
transverse plane xy given by [89]:

pxy) eXp(m2+‘y2> (5.3)

Doyt 4Dt

where Dy, is the diffusion coefficient in the transverse plane. The L3
magnetic field parallel to the electric field will suppress the transverse
diffusion by a factor

Dyy(w) 1

p— .4
D,y (0) 1+ w2r? (5:4)

where w = eB/m, is the cyclotron frequency. This is a small effect in
ALICE since the magnetic field is not very strong.

The readout chambers of TPC are Multi Wire Chamber working in
Proportional mode (MWPC), illustrated in Fig. 5.5, which consists of gat-
ing, cathode, anode wire planes and the cathode pad plane. The gating
grid can be biased to alternating positive and negative voltage or on a
fixed negative potential; in the former case the grid is said to be closed
while in the latter it is open. In the former case, electrons arriving at the
readout chamber are collected at the grid and do not enter the MWPC.
When the gating grid is open, the electrons enter the readout chamber and
drift towards the anode wires, which are biased to +1500 V. The decision
whether the grid should be opened or closed is made by an external trigger
(e.g. SPD or VZERO).

In the vicinity of the anode wires, the electric field grows as 1/r and
electrons start an avalanche. Because the chamber is working in the pro-
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Figure 5.5: An illustration of an ionizing particle in the TPC. The gating grid
is opened, electrons drift to the readout chambers and start an avalanche. The
holes from the avalanche are collected at the pad rows. Figure taken from [90]
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portional mode, the number of secondary electrons and ions created dur-
ing the avalanche will be proportional to the number of ionizations by the
primary track, and therefore will carry the information on the energy lost
by the incident particle per unit length, dE/dzx.

The secondary ions created during the avalanche induce a signal on
the cathode pad rows. In each readout chamber there are 159 pad rows
distributed in the radial direction. The 2D coordinates (in the zy plane) of
the ionization point can be calculated as weighted centroids from the charge
collected on the pads, while the z coordinate can be calculated measuring
the drift time. Note that both the 3D position and the charge are read out
on the cathode pads. The shaping time of the electronics (160 ns) allows
signal integration matched to the time evolution of the avalanche.

During the avalanche near the anode wires, a number of photons are
also produced. If these photons escape the avalanche regions, they can
ionize more gas molecules or reach the electronics, ultimately leading to
an avalanche breakdown (c.f. Geiger mode) and damage to the detector.
In the ALICE TPC, this effect is quenched by the COs gas, which has a
large photoabsorption cross section and minimizes the number of escaping
photons.

Typically, the grid is opened for around ~ 90 ps — this is the time
required for the electrons to drift from the middle of the field cage to the
readout chambers. Afterwards, the grid closes, which in turn also prevents
the vast majority of the ions created during the avalanche from drifting
back into the field cage. This is very important, as the ions escaping
into the main volume would distort the E-field and the TPC tracking
capabilities would degrade. Overall, it takes ~ 190 us to clear the readout
chambers from the secondary ions, which results in the highest allowed
TPC event rate of ~ 3.6 kHz (compared to ~ 1kHz allowed by the data
readout).

5.1.3 The Time-Of-Flight Detector

The ALICE Time-Of-Flight detector is a set of 1593 Multigap Resistive
Plate Chambers (MRPCs) combined into 87 gas-tight modules and dis-
tributed on a surface of 141 m? with an inner radius of 3.7 m and pseu-
dorapidity coverage |n| < 1. The whole TOF structure is divided into 18
supermodules in azimuthal angle, each of which is 9 meter long and con-
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Figure 5.6: Schematic view of a single MRPC module with a traversing particle.
Figure taken from [92].

tains five modules, except for the three supermodules that contain three
modules to reduce the material budget for PHOS.

Each MRPC contains two stacks of high volume resistivity glass plates
(~ 10'3Qcm) operating like parallel-plate avalanche detectors. The stacks
are separated by a pickup anode and the external surfaces are covered
with cathodes as shown in Fig. 5.6. In each stack, there are six 0.4 mm
thick glass plates separated by 250 um wide gaps, filled with CoHoF4 (93%)
and SFg (7%) [91]. The role of the resistive glass plates is to quench the
avalanche, while still being transparent to the fast signals induced on the
pickup electrodes. Such MRPC can operate under very high electric fields
(~ 100kV/cm) and have time resolution < 100ps. The output signal of
the MRPC is the sum of the signals from each of the gaps and the efficiency
increases with the number of gaps. However, another important factor to
consider is that the time jitter in each of the gaps will worsen the time
resolution, and therefore the width of the gaps should be kept small.

In general, the TOF detector only measures the arrival time of particles
and the position. In order to get the time-of-flight of the particle, one
has to measure the time when the collision happened. For time-of-flight
measurements, this is done in two ways:

e With the TO detector

e (Calculating the collision time using TOF arrival time of several particles
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and their tracking information

The TO detector is essentially two cylindrical arrays of 12 Cherenkov
quartz counters. The arrays cover pseudorapidity regions 4.6 < n < 5
(TOA) and —3.2 <7 < —2.9 (T0C) and measure the collision time with a
resolution of ~ 35 ps. The drawback of TO start time estimation is that due
to low pseudorapidity coverage, especially in low-multiplicity pp collisions,
the TO might not trigger.

Alternatively, the collision time t., can be estimated combinatorially
using the measured TOF arrival time and using tracking information. For
a track j, one calculates the x? as

Z ((tn,TOF - tev) B tn,exp(mi))Q (5.5)

2
X = D) 2
0TOF + gexp

n#j

where the sum loops over all the tracks except j; t, Tor is the measured
TOF arrival time of the n-track; and ¢, exp(m;) is the expected flight time
for a particle under mass hypothesis m; (i= =, K, p). The global min-
imization attempts to determine the event time that will make all tracks
deviate the least from a mass hypothesis, varying the mass hypothesis for
each track. Such estimation is only applicable in events with at least three
tracks that have an associated TOF signal.

In general, the start times of events are obtained by combining the
start time estimates from T0 and TOF and weighting them by respective
resolutions. In case neither TO nor TOF estimates exist, the run-average
tey is used but with much worse resolution [91].

5.1.4 VZERO Multiplicity Estimator

The ALICE VZERO detector (often called just VO) is comprised of two
plastic scintillator hodoscopes positioned at 2.8 < n < 5.1 (VOA) and
—3.7 < n < —1.7 (VOC). Each hodoscope is divided into four rings in the
radial direction, and each ring is segmented into eight sections with every
section connected to a photomultiplier tube (PMT).

A charged particle traversing the detector loses energy in the scintillator
material exciting the molecules. The de-excitation emits light, which is
guided to the PMTs. A photon reaching the cathode of a PMT can kick
out a photoelectron, which will then be accelerated in the tube and produce
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more electrons each time it hits a dynode on its way, ultimately resulting
in a measurable signal on the anode of the PMT.

The advantages of plastic scintillators are their short relaxation times
(typically 2 — 4ns) and large light output. Most of the particles entering
the VZERO scintillators will be highly relativistic (8 — 1) and deposit
similar amounts of energy in the material. As a result, the response of
each of the VZERO segment, to a good approximation, will be proportional
to the number of particles that passed the sensitive part of the segment
(despite their mass or momenta). The sum of the amplitudes measured in
all VZERO segments is therefore correlated to the total number of particles
reaching the detector and can serve as a probe for the total charged-particle
multiplicity.

Due to its excellent timing characteristics, VZERO is also used as a
trigger for both Pb-Pb and pp collisions. In addition, it can separate the
beam-gas interactions during the pp runs, serve as luminosity monitor and
is essential when dealing with the pileup during high luminosity runs as
will be discussed in Section 6.1.1.

5.2 Multiplicity and Centrality Estimation

The multiplicity of an event can be estimated in several ways. One such
method is measuring the charged tracks in the forward region (V0 estim-
ator), as described in the previous section; alternatively, one can calculate
the number of charged tracks in, for example, the TPC (midrapidity estim-
ator). In Pb-Pb collisions at /sy = 2.76 TeV, the VZERO amplitude
(VOM) is strongly correlated to the number of tracks measured in the TPC,
see [23]. Because of high multiplicities in Pb-Pb collisions, the events selec-
ted using the VO and the midrapidity estimators show similar multiplicity
density distributions d Ny, /dn as a function of 7 (see Fig. 5.7).

However, the situation is different in pp collisions. As a rule of thumb,
in the field of heavy-ion physics one is interested in the events where high
multiplicities are generated by the bulk and therefore have a flat distribu-
tion of dN.,/dn over several units pseudorapidity (underlying event). In
pp collisions, high multiplicities can also originate from jets, which appear
as “bumps” in dNg,/dn. If the analysis (spectra measurement) region is
overlapping with the multiplicity estimation region, the event selection is
biased by these bumps. On the other hand, using forward detectors de-
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couples the d N, /dn measurement region from the analysis region, thus re-
moving the autocorrelation biases. A comparison of d N, /dn distributions
as a function of 7 in different multiplicity classes selected using different
multiplicity estimators in pp collisions at /s = 7 TeV is also shown in
Fig. 5.7.

5.2.1 Collision Centrality and Glauber MC

At speeds close to that of light, ions are Lorentz contracted into “pan-
cakes”. If the distance between their geometrical centers in the transverse
plane — the impact parameter b — is non-zero, the nuclei overlap only partly
as illustrated in Fig. 5.8. The quantity describing the overlap between two
ions is called the centrality. In head-on collisions (b = 0), centrality is said
to be zero (most central events), while at large b where ions barely overlap,
the collisions are regarded as peripheral.

In the collisions where the overlap between the two ions is only partial,
only a fraction of nucleons will interact. These nucleons are called parti-
ctpants. The remnants of the wounded nuclei that do not participate in the
collision are called spectators®
ber of participants, Npar = 416. However, a participant nucleon from the
projectile can interact with multiple nucleons from the target. The num-
ber of participant-participant interactions is called the number of binary
collisions, Neon.

. In Pb-Pb collisions, the maximum num-

In general, centrality is directly related to the impact parameter b. In
practice, b cannot be measured experimentally and instead the centrality is
estimated from the multiplicity assuming that d N, /dn is monotonically
increasing with Npa¢ (i.e. as the collision becomes more central). The
highest centrality events then also yield the highest multiplicities.

In order to extract parameters like Npary and Neopi, one usually depends
on a Glauber Monte Carlo simulation [95]. In Glauber MC, nucleons pop-
ulate a nucleus of radius R and skin thickness a following the Fermi distri-
bution [96]. Two such nuclei are then displaced by an impact parameter
b and projected on a plane. A nucleon in the projectile nuclei is assumed
to interact with all target nucleons within d = /oiNgL/7 (where oNEL
is the inelastic cross section measured in pp collisions) and vice versa for

3 After the collision, spectators might form smaller nuclei.
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target nucleons. Each nucleon-nucleon interaction is one binary collision,
and nucleons that collide at least once are participants.

The Glauber MC can then be fit to the measured multiplicity distribu-
tion to extract Neoi and Npart as shown in Fig. 5.9 [94]. To obtain a similar
shape as for the experimental multiplicity, fluctuations are modeled using
Negative Binomial Distributions (NBD), which was shown to describe the
do /AN, well in pp collisions [97], and one should note that in general, the
multiplicity in Glauber MC receives contributions from both Npa¢ and
Ncoll-

5.3 Track Reconstruction

Before the tracking starts, signals from neighboring channels are clustered
together for each of the relevant detectors individually in order to obtain hit
coordinates. Examples of clustering can be combining signals in adjacent
pads in the TPC, several neighboring (fired) strips in the SSD, etc. The
purpose of the clustering is to convert the raw data measured by each
of the detectors into 3D coordinates (and associated timing information)
of hits — points where the incident particles interacted with the detector
material. From the clusters in SPD, a preliminary position of the primary
vertex can be established.

The tracking algorithm then starts at the two outermost pad rows of
the TPC. Clusters from the two pad rows are combined under different
hypothesis in order to look for potential track candidates. Such sets of
clusters are called seeds. Once all the seeds are found, the tracks are
propagated inwards to the interaction point, adding more clusters at each
step as illustrated in Fig. 5.10. The propagation is carried out using the
Kalman algorithm [99], which allows updating the track parameters each
time new information (additional cluster) is added and estimates the effect
of energy loss in the material on the track parameters. Once the inner wall
is reached, the track is extrapolated to the ITS and the same procedure is
followed all the way to the preliminary primary vertex.

Once the inward tracking is finished, the same procedure is repeated,
but this time the propagation starts in the ITS and goes outwards. Tracks
found in the previous step are used as seeds in addition to the unused ITS
clusters, which are combined combinatorially to form new seeds. Tracks
are then propagated throughout ITS, TPC and TRD updating the track
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Figure 5.10: Tracking in ALICE. See text for explanation. Figure taken from [98]
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parameters whenever a new cluster is added, and in addition to TOF,
HMPID, EMCal and PHOS if any clusters compatible with the track can
be found. Such tracks are called global tracks.

The final step of the tracking procedure is to refit the global tracks into
the associated clusters in TRD, TPC and ITS in order to obtain the best
quality track parameters at the primary vertex. If the refit is successful,
the tracks are extrapolated to the interaction point and the position of the
primary vertex can be recalculated to higher accuracy.

Note that the parameters obtained using the Kalman algorithm are
calculated at the interaction point and not where the clusters were found.






Chapter 6

Event, Vertex, Track
Selection and Transverse
Spherocity

The data sets used for the presented analysis were recorded with the
ALICE detector in years 2010 (y/s = 7 TeV) and 2016 (y/s = 13 TeV).
As the detector was operating under different configurations during these
periods, there are some minor differences in the selection criteria used to
choose events of interest. In the following chapter, I will describe the offi-
cial prescriptions for event, vertex and track selection used by the ALICE
collaboration (and also in this thesis) for multiplicity-related spectral ana-
lysis. I will then discuss the event shape observables with a focus on the
transverse spherocity Sy and describe how events are selected based on
this observable.

6.1 Event Selection Criteria

Minimum bias events from the /s = 7 and 13 TeV data sets were
selected by requiring trigger inputs from VZERO-A and/or VZERO-C
counters or the SPD. In the analysis of 7 TeV dataset, only one out of
three was required (VZERO-A, VZERO-C or a hit in SPD), while for the
13 TeV dataset, a more strict trigger was used, requiring signal inputs from
VZERO-A and VZERO-C in coincidence.

89
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Background rejection was done considering the correlation between
SPD clusters and the number of tracklets. Namely, the event was con-
sidered as background, if the number of SPD clusters Ngpp s and the
number of tracklets Ny, fulfilled the condition Ngpp cis < 65 + 4Ny,

Events were considered as pileup if a second primary vertex could be
reconstructed within 0.8 cm along the beam axis. The second vertex was
also required to have at least three tracklets associated with it, if the total
number of tracklets Ny < 20; at least four tracklets if 20 < Ny, < 50; or
at least five tracklets if 50 < Ny,.

Events with incomplete DAQ readout were rejected.

Only events with at least one inelastic scattering were used for
the analysis. This was ensured by requesting at least one tracklet with
pr > 150MeV/c in pseudorapidity region || < 1. A class of events that
have at least one inelastic scattering is usually called INEL > 0. Note
that this class only corresponds to the visible cross-section, as a fraction of
events will be lost due to detector inefficiency and the limited acceptance.

6.1.1 Out-of-Bunch Pileup

The spacing between proton bunches in the beams during the operational
periods of LHC in the year 2016 was 25 ns — a much smaller spacing com-
pared to previous runs. This resulted in an increased rate of collisions
and gave rise to an additional contribution to the pile up. Also known as
out-of-bunch pileup, this effect was first noticed in the study of Kg produc-
tion as a function of multiplicity, where the observed yields of the meson
between the data sets recorded at the same /s = 13 TeV throughout
years 2015 and 2016 differed by (up to) a factor of 7.

In order to understand the origins of this effect, the readout time of the
SPD detector has to be considered. Once the trigger is issued, the SPD
buffer is read out for three clock cycles: one cycle before the trigger is fired,
one cycle when trigger is fired and one cycle after the trigger is fired. With
the internal SPD clock running at a frequency of 10 MHz, this amounts
to a 300 ns readout window. On the other hand, at the interaction point
the bunches are crossing at a rate of 40 MHz, which means that during
the SPD readout there are 12 crossings overall, any of which can result in
a collision. Consequently, if during the SPD readout there is another hard
scattering, it will bias the hadronic yields.
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To eliminate the out-of-bunch pileup, triggers that are within 250 ns
of one another are rejected. This is done using the VO detector, which
features excellent timing characteristics (order of nanoseconds) and is able
to recover between LHC clock cycles. The event selection is done offline,
making sure that for each SPD trigger at time ¢, there are no additional
VO triggers in the time range top — 10 < ¢t < t9 + 10 (ns).

Note that the TOF detector has a time resolution of approximately
10 — 100 ps and therefore is not affected by the out-of-bunch pileup. On
the other hand, the TPC is a much slower detector where tracks from a
number of events are accumulated. As spherocity is estimated from the
TPC tracks, its sensitivity to the out-of-bunch pileup has to be studied.

6.2 Vertex Selection

For the event to be considered, it must have at least one reconstructed
vertex fulfilling the following criteria:

e A vertex is reconstructed in SPD (SPD vertex) or from the tracks
(track vertex), or both

e The SPD vertex (if reconstructed) resolution along the beam axis is
better than [25PP| < 0.25cm and the dispersion is less than 0.04

vtx

e If both the SPD and track vertices exist, the displacement between
them must be |22k — 28PD| < 0.5cm

vtx vtx

e The reconstructed vertex along the beam line must be |zytx| < 10 cm.

6.3 Track Selection for Spectral Analysis

Tracks in the following analysis were selected by requiring each track to
have:

e The minimum number of crossed rows in TPC Ngr > 70

e The ratio of crossed rows to findable clusters', Ncr /Ncrs > 0.8

!Some clusters might not be findable if e.g. a track crosses the boundary between
two readout chambers or leaves the 1 acceptance region.
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e Kalman fit to the findable TPC clusters has quality better than
Ximaz/News = 4

e The displacement of the track with respect to the primary vertex can
be calculated

e The distance of closest approach (DCA) of the reconstructed track
to the vertex in z-direction is [DCA,| < 2cm

e Track reconstructed in TPC after Kalman filter refits back to the
vertex (see Section 5.3)

e Track reconstructed in ITS after Kalman filter refits back to the
vertex

e Kalman fit to the available ITS clusters has quality better than
Ximaz/Nrrs = 36.

Particles that are not created during the collision, but are products of
weak decays or particle-material interactions, have a reconstructed vertex
displaced with respect to the primary vertex. In order to filter out the
tracks not corresponding to primary particles, an additional pp-dependent
cut on the transverse component of DCA is applied:

0.0350
[pr (GeV /o)™

which corresponds to 7o in DCA,y and is a compromise between removing
a large fraction of secondary hadrons and having minimum effect on the
primary particles (see Fig. 6.1).

To further reduce the number of secondary hadrons in the sample,
tracks reconstructed in the TPC and constrained to the primary vertex
can be compared to the global tracks. Such selection is done with a cut
Xeeq < 36 (CvsG — “constrained vs. global”) and the fraction of primary
hadrons in the sample before and after the cut is shown in Fig. 6.2a. While
at first glance one would consider this as the optimal configuration of the
track cuts, there is an issue introduced by this cut that has not been
discussed yet.

The contamination by secondary hadrons in the signal region given
by Eq. 6.1 is still not negligible even after the X%VSG; the removal of this

IDCA,,| < 0.0105 + (6.1)
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Figure 6.1: Fraction of primary (solid markers) and secondary (empty markers)
hadrons after the 7o DCAy cut (blue squares) and x2,. < 36 cut (red circles).

dN/d(DCA, ) (cm™®

T T T T T
This thesis

s
05< p, < 0.6 (GeVic)|

DCA,, (cm)

Xy’

dN/d(DCA ) (cm™)

10°
10°
10*
10°
10°

10°
10°
10*

10°

T TP T Ty

T T
his thesis

T
p
05< p, < 0.6 (GeVic)

-1 0 1 2 3
DCA,, (cm)
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94 CHAPTER 6. TRANSVERSE SPHEROCITY

contribution is described in Section 7.4 and depends on the differences
in DCA,, shapes. As shown in Fig. 6.2b, the large fraction of hadrons
removed with x2 . < 36 cut lie on the tails of the DCA,, distributions.
Rejecting these tracks modifies the shapes of the secondary hadron DCA,,
distributions, making them very similar to those of the primary hadrons.
As a result, the statistical unfolding of the measured DCA, distributions
becomes impossible, which means that the estimated primary hadron yields
might still have a significant contamination by other particles. Therefore,
to get the best estimate of primary particle yields, the x% . < 36 cut
will not be used and the contamination will be removed using different
methods.

6.4 Transverse Spherocity

In hadron-hadron collisions, one of the most dominant effects of final state
kinematics are low momentum transfer (Q?) scatterings between incoming
partons. To many, these are of little interest and usually seen as back-
ground that needs to be removed in searches for new physics. Perturbat-
ive QCD provides a solid baseline for understanding particle production at
large momentum transfers in the form of jets, where most of the physics
beyond the Standard Model are expected to reside. Unfortunately, these
calculations do not extend to low Q2 due to the increasing complexity of
the theory, and instead one usually resorts to phenomenological models in
Monte Carlo event generators to simulate the evolution of the partons.

Thus far, event shape observables have been explored as a means to
separate one or several hard scatterings from underlying events, which
are to a large extent dominated by soft QCD, but in general might also
contain hard processes. Recently, signatures of collective-like phenomena
were observed in multiplicity-dependent hadron yields in pp collisions that
qualitatively were reminiscent of those observed in p-Pb and Pb-Pb [42].
The effect of the collectivity usually manifests itself in the soft QCD sector,
making event shape observables an appealing tool to better distinguish the
underlying physics behind the pp collisions.

While there are a number of ways to construct different event shape
observables [100], they all aim at describing the distribution of the (trans-
verse) energy in the final state of the collision. Due to multiple low (Q?
scatterings, underlying events usually exhibit a flat azimuthal angular
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distribution of final state hadrons, as opposed to highly collimated jets.
Experimentally, this means that events dominated by small momentum
transfers exhibit isotropic angular distributions and abundance of low-pt
particles, while events dominated by a single hard scattering have most
hadrons collimated around a single axis (back-to-back jet structure) and
harder pr spectra.

In the sections to follow, event shapes are characterized using transverse
spherocity Sg, given by

2 S A 2
SO = l <Zz ‘pTyl X 1’1> (62)
4 > i PTi

where n is a two-dimensional unit vector in the transverse plane, chosen
in a way so that S is minimized. In practice, this vector coincides with
one of the transverse momentum vectors p [100] and by construction has
two limits:

0 “jetty”limit
SO = . . // . .
1  “isotropic”limit

where it is expected that the jetty (isotropic) events are dominated by the
hard (soft) QCD processes.

6.4.1 Spherocity Selection Track Cuts

In an internal ALICE study on detector response to spherocity selection, it
has been shown that the calculated spherocity can vary by up to 5% when
the multiplicity of an event is at least ten tracks. Note, however, that
this is an extreme case where 25% of the tracks in an isotropic event have
been lost. The variation is smaller (< 3%) in the jetty events and reduces
further to fractions of a percent with increasing multiplicity. Therefore, in
order to minimize sensitivity to particle loss, only events with at least ten
tracks are considered for the spherocity-related analysis.

To study the effects of track selection in spherocity calculation, I start
with generic quality cuts for TPC tracking®. The selected track is required
to be reconstructed from at least 50 clusters in the TPC with the recon-
struction quality per TPC cluster, x?/Ncjs < 4 and the distance of closest
approach to the reconstructed primary vertex to be less than 3.2(2.4) cm in

2This was suggested in an internal ALICE study.
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Figure 6.3: dNy,/dn (left) and dVy,/de (right) distributions under three different
track selection criteria: standard cuts used for PID analysis (ITSTPC2011), tracks
reconstructed in the TPC (TPCOnly+TPCRefit) and tracks reconstructed both
in the TPC and the ITS (TPCOnly+TPCRefit+ITSRefit).

the longitudinal (transverse) directions. In addition, after reconstructing
the track in the Kalman filter (ITS—TPC—TRD), the track is required to
refit the TPC clusters. The observed dNy,/dn and dNy,/dy distributions
are flat, as shown in Fig. 6.3 (TPCOnly + TPCRefit). It is important to
note that a flat azimuthal angular acceptance is essential for a viable es-
timation of the spherocity, as any ¢-dependent detector inefficiencies will
introduce a bias in the observed event shapes.

With the following track selection criteria, an abundance of S — 0
events were observed in the data and MC samples (see Fig. 6.4). Most of
these events were found to contain at least one unexpectedly high pt track
(pr 2 100GeV/c) and therefore required further investigation. A Monte
Carlo study of the correlation between the measured and real pt of tracks
revealed an issue in the reconstruction, which manifested in some tracks
having a significantly larger measured transverse momentum, pX°¢ > plrue
(see Fig. 6.5). To solve the issue, reconstruction performance with an ad-
ditional sets of cuts has been studied. It was concluded that an additional
requirement of the tracklet to be refit to the ITS clusters removes the

poorly reconstructed tracks as well as the abundance of Sy — 0 events
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Figure 6.4: Spherocity distribution calculated from the TPC-only and the TPC-
ITS tracks. The small plot shows spherocity distribution in range 0 < Sy < 0.1.
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while retaining the flat azimuthal angular acceptance, although with lower
track statistics, see Fig. 6.5 and Fig. 6.3 (TPCOnly + TPCRefit + ITS-
Refit).

For completeness, I have also studied the spherocity selection using
the standard track cuts for 7, K and p analysis, ITSTPC2011. These are
tight quality cuts optimized to reject a large fraction of secondary tracks,
see Section 6.3 for a more detailed description. As seen in Fig. 6.3, the track
statistics suffer further and, more importantly, the d Ny, /de distribution is
no longer flat. The inhomogenities in the detector acceptance render the
ITSTPC2011 track cuts unviable and therefore should not be considered.

Finally, the kinematic cuts on track selection should also be considered.
Very low pr hadrons will suffer from the nuclear stopping power, mak-
ing the reconstruction of the tracks impossible. This puts a limit on
the lowest pr measurable by the detector, which in case of ALICE is
p%lin = 150 MeV/c. Moreover, as LHC is a colliding-beam experiment,
the pseudorapidity coverage is also limited. The main tracking detector of
ALICE, the TPC, has an acceptance of |n| < 1, but one should note that
the reconstruction performance drops down close to the vicinity of the TPC
end planes. The commonly used analysis region with a flat n-acceptance
is therefore || < 0.8.

To summarize, the tracks for spherocity calculation are selected using
the following criteria:

e TPCOnly + TPCRefit 4+ I'TSRefit
e pp > 0.15GeV/c

e |n| <0.8.

6.4.2 Detector Response to Spherocity Selection

In order to study the detector response to the transverse spherocity se-
lection, a Monte Carlo sample was used to calculate the true (generated)
spherocity SO’G and compare to the measured (reconstructed) spherocity
Sor- The Sg g-Sg ¢ correlation in 10% highest multiplicity events selec-
ted by the VOM estimator is shown in Fig. 6.6. Note that the matrix is
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normalized in a way so that

/1 P (o6 So.r)
0

dSy ¢dSo g

dSh g =1 (6.3)

From the correlation matrix, the following events were selected:

e 20% highest generated spherocity events, Sgigél

e 20% highest reconstructed spherocity events, Sgi%-}{l

e 20% lowest generated spherocity events, Sg’j‘é

e 20% lowest reconstructed spherocity events, SIOO"’IV{.

As discussed in the preamble of this chapter, the identified hadron spectra
is expected to be harder (softer) in jetty (isotropic) events as compared to
the spherocity-inclusive spectra. Moreover, one would naively anticipate
no differences between the spectra measured using the two estimators. In

3The two estimators are So,c and So r-
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practice this is not the case: the generated spectra of identified hadrons
selected with S o exhibits larger modifications than that selected with
Sor- On the other hand, the reconstructed spectra measured in the events
selected by the two estimators show a very good agreement, as is illustrated
in Fig. 6.7.

To understand the origins of the observed differences, the composition
of isotropic and jetty events have to be considered in the context of detector
efficiency. Isotropic events exhibit an abundance of low-pt hadrons, while
in the jetty limit, most of the transverse energy is shared between one or
more tracks. If some of these tracks are not included in the spherocity
calculation, jetty events can be reconstructed as isotropic and vice versa.
Since the spectral modifications introduced by losing a high-pt track are
more significant than those in low-pr case, the effect is more pronounced
for initially jetty events.

The 7, K and p reconstruction efficiencies for SQG and SQR selec-
ted events are shown in Fig. 6.8. The efficiencies in events selected by
So,¢ are consistent with those in MB events, indicating that the evolu-
tion of efficiency observed in S g-selected events is an autocorrelation.
This autocorrelation can be eliminated using the minimum bias efficiency.
Combining this with the good agreement of reconstructed spectra between
the two spherocity estimators shown in Fig. 6.7, it is found that selecting
events with measured spherocity SQR and correcting them with the MB
efficiency is similar to selecting events with true spherocity SQG.

Finally, the technical definition of the spherocity class has to be con-
sidered. Ideally, one would like to use very narrow ASG, i ranges in limits
Sor — 0(1) for jetty (isotropic) event selection to achieve high purity
sample. On the other hand, the available statistics diminish rapidly for
small ASQR ranges. As a compromise between distinct event shapes and
available statistics, 20% of highest (lowest) spherocity events from the mul-
tiplicity class are selected as isotropic (jetty). This amounts to ~ 2% of
all the events in the MB sample, if the spherocity selection is done on the
10% highest multiplicity pp events.

As the events tend to be on average more jetty-like after the recon-
struction, the spherocity selection based on the number of events result
in different shapes between Sg, ¢ and Sg, i estimators: for 20% highest
spherocity events one would measure (S, ) < (S o). In order to estim-

ate the magnitude of this effect, we calculate the Sg}ﬁog values used to
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Figure 6.8: Track reconstruction efficiency as a function of pr in different sphero-
city classes for different hadron species. Events were selected using generated
spherocity Sg ¢ (left) and reconstructed spherocity S, ¢ (right).

select the spherocity classes from reconstructed tracks, apply these cuts
to SO,G and study the spectral modifications. Note that with these cuts,
the isotropic (jetty) Sp ¢ class contains more (less) than 20% of the events
available in the high-multiplicity sample. The summary of the study is
given in Fig. 6.9, where the reconstructed spectra are corrected by the
MB efficiency as discussed above. We find that the uncertainties intro-
duced by using the minimum bias efficiency and not unfolding the spectra
in spherocity are < 1% in the pr region considered. This uncertainty is
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also correlated among different particle species and vanishes in the ratios.
The proposed recipe to use in the spherocity-related analysis is therefore

as follows:

e Use minimum-bias efficiency to correct the raw spectra

e Do not unfold the spectra

e Apply a 1% uncertainty, correlated among particle species.






Chapter 7

Particle Identification

For the measurement of charged w, K and p spectra, data recorded by the
TPC and TOF detectors was analyzed and combined in order to obtain
identified hadron spectra in range 0.3 < pt < 3(GeV/c). A summary of
analysis regions and pr ranges used to obtain the identified hadron spectra
by each detector is given in Table 7.1.

Table 7.1: Overview of pr ranges and analysis regions used in different PID
techniques.

Analysis ‘ pr Range (GeV/c) ‘ Analysis
Technique ‘ T ‘ K ‘ p ‘ Region
TPC no fits | 0.3-0.5 | 0.3-0.6 | 0.4-0.8 | |y| < 0.5
TOF 8 fits | 0.5-3 | 0.6-3 | 083 | || <04

7.1 Particle Identification with the TOF Detector

In order to perform particle identification, the TOF detector measures the
arrival time of a particle Tieas. The time-of-flight can then by calculated as
Tror = Tmeas — Tev, Where event time T, is measured by the T0 detector
or estimated from the TOF tracks as described in Section 5.1.3. The total
length of particle trajectory before reaching the TOF detector, Lror, is

105
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obtained using tracking information. In the conventional method, one then
calculates the expected TOF time for a given particle hypothesis i:

Lrory/p? 2
Tz’,exp_ Lror o TOF\/P +ml (7.1)

TOF = Bi,exp N p

where p is estimated by TPC and ITS. If the time resolution ¢ is known,
one can perform a variable transformation
Ti,exp

TTOF — LT0OF
Ngi =

)

(7.2)

o

to get a distribution d®N; /dydprdn’. To extract the pr-differential raw
yield of i-particle, one then performs integration:

dydpr _gdydprdn,; °

(7.3)

X3

d*N; /3 d’N; ,

There are few things to consider with such technique:

e For a perfectly gaussian shape, an integral within |n,| < 3 con-
tains 99.7% of given species yield. In reality, the distribution has
an exponential tail with the shape of f(t) o exp(—t) instead of
f(t) o< exp (—t2) and falls off more gradually than a normal gaus-
sian. Therefore, the integral in |n,| < 3 would underestimate the
total yield.

e As the track is considered under a certain hypothesis of particle i, it
is convenient to apply a rapidity cut |y| < 0.5 (= Ay = 1) in order
to simplify the normalization to phase space. However, such a cut
introduces a smearing in p for a given pr, reducing the resolution
one can achieve. On the other hand, a particle created at central
rapidity will leave a shorter track in TOF than the one created at
forward rapidity and therefore will be measured with lower accuracy.

e For a hadron ¢, one would expect the distribution dNV;/dns; to be
centered at p = 0 with RMS = 1. Due to internal miscalibrations,
this is not always true. While for one species this could be fixed by
recentering the distribution, it is ambiguous how other species are
affected.
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Moreover, the dNi,/dn, distributions for pions and kaons (protons) start
overlapping at around pp ~ 1.2 (2) GeV/c, rendering the method unviable
above those values.

An alternative technique to extend the pr range of TOF PID capabilit-
ies is to fit the signal with predefined functions. If the shapes and positions
of the functions are understood and fixed, hadron yields can be extracted
even in the regions that exhibit a heavy overlapping of different species’
signals, as will be shown in the following sections.

7.1.1 Track Cuts Specific to TOF Analysis

In addition to the common track cuts described in Section 6.3, the following
track cuts specific only to TOF analysis were applied:

e the track has an associated hit in TOF with measured time
e the length of the track is > 350 cm
e the track in TOF is matched with Az < 10cm and Az < 10cm

e |n] < 0.2 and 0.2 < |n| < 0.4, samples analyzed separately!

7.1.2 Raw Yield Extraction

Raw yields of hadrons are extracted from d3Ni(n,p, 8)/dpdndj distri-
butions shown in Fig. 7.1, which are measured in narrow pseudorapidity
windows |n| < 0.2 and 0.2 < |n| < 0.4 to minimize the resolution depend-
ency on 71 while maintaining reasonable track statistics. The distributions
are fit with four gaussian functions with exponential tails to describe pions,
kaons, protons and the mismatched tracks.

The form of one gaussian with a tail is prescribed as:

d3N;
_(B*(BQU)Q
d*N; 1 e i B>t
dndp m.2) ) ) (74)

2
27T0i e 201.2 . e—si(ti—ﬁ) ﬂ < tl

!Narrow A7 regions are convenient for the p — pr transformation, see Section 7.1.4.
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Figure 7.1: dsjp#:iﬁ distributions for negative (left) and positive (right) hadrons

measured in pseudorapidity regions |n| < 0.2 (top) and 0.2 < |n| < 0.4 (bottom)
in pp collisions at /s = 13 TeV.
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Figure 7.2: An illustration of a single gaussian distribution with a tail.

where (f3;) is the mean value of each distribution, ¢;,s; are tail cut-off
and slope values respectively and i = 7, K, p and mismatched tracks. An
illustration of a single gaussian distribution with a tail is shown in Fig. 7.2.

Mean g

The advantage of performing signal fits in p space, as opposed to pr, is
that one can directly relate the mean value of the distribution for a given
particle with mass m. In the following analysis, (5;) is defined as

(B) (p) = ——2— + AB (7.5)

\/292+m12

where the first term is the expected S for a particle with mass m; and
momentum p and Af is a free parameter limited to small values (JAS| <
0.02) to account for any shifts in the mean. There are several possible
sources for the shift:

e Miscalibration in the TOF time measurement, which can result in
offset in the measured particle arrival time.

e Uncertainties in the TOF time measurement. The time-of-flight of
the track is measured as the difference between the time the track
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exits the TOF detector and the collision time. Deviations in any of
these times will also be propagated to the measured .

e Uncertainties in the measured momentum p. Due to the detector
material, a traversing particle is subjected to multiple scatterings,
losing a fraction of its energy and giving rise to the uncertainty on
the measured p. An additional uncertainty comes from a finite mo-
mentum bin size in which tracks are measured. Both of these uncer-
tainties are propagated in the (§ calculation and might result in an
offset of the measured (8) with respect to the expected value.

Tail Parametrization

At first glance, the exponential tail in Eq. 7.4 contains two parameters: s
being the slope of the tail and t the cutoff, that is the transition between
quadratic and linear behavior of the exponent. However, the transition
between the gaussian and the exponential tail must be smooth, implying
the following system of equations at the point § = t:

B 2 B 2
Cexp —7(5 2a<2ﬂ>> =Cexp —7(25 2U<§>) ] exp[—s(t—p)] (7.6a)
_ 2
o (-ESE ) = 2 ste- ) (7.6b)

where Eq. 7.6a is always true for § = t and Eq. 7.6b was obtained by
taking logarithm of Eq. 7.6a. Solving Eq. 7.6b for the tail slope s yields:

o2

which can then be substituted into Eq. 7.4 to eliminate one of the fit
parameters. As a result, the tail is described by a single parameter t.
Resolution

The TOF time of arrival resolution consists of the following components:

e An intrinsic time resolution of Multigap Resistive Plate Chamber,
omrpc ~ 30ps
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Figure 7.3: Full TOF resolution as a function of N.,. Solid line represents a fit
to the data. Figure taken from [91].

e Time jitter of the amplification electronics, o¢ ~ 20 ps

e Uncertainties arising from the LHC digital clock distribution to the
experiments, g¢lock ~ 15 ps

e TOF time calibration uncertainties: global offset (common to all
channels), channel-by-channel offset and time-slewing correction at
time level. The total contribution ocu, ~ 60 ps

An additional uncertainty originates from the event time measurement.
The time resolution of the T0 detector is estimated to be o ~ 35 ps [101],
while that estimated by TOF (see Section 5.1.3) is in general dependent on
the number of tracks (Ni,) reaching the detector. The full time-resolution
of TOF as a function of Ny, is shown in Fig. 7.3. Propagating this uncer-
tainty to the resolution of 3 gives:

e <0f I LTOF>2:5' Sl (7.8)
A " 0Tror Trow Tror

which becomes constant for § — 1 and should become smaller at lower 3
values.

In practice, owing to multiple rescatterings in the material, the mo-
mentum of a particle is smeared, which also increases the spread of the
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Figure 7.4: TOF f resolution as a function of p in |n| < 0.2 for 7~ and K.

signal. This effect competes with the one described by Eq. 7.8, and is
more pronounced for particles at low momenta.

In the analysis presented here, we have experimentally observed that
o for m and K becomes constant at p 2> 1.5 GeV/c (see Fig. 7.4), while the
proton resolution improves in the momentum range considered.

7.1.3 Mismatched Tracks

A fraction of the tracks measured by the TPC are matched to an incor-
rect track in the TOF detector. Mismatched tracks contaminate the TOF
response and their contribution has to be identified to precisely determine
the signals of 7w, K and p. The distribution of mismatched tracks takes a
gaussian shape with an exponential tail, although with much larger spread
and smaller tail slope as compared to 7, K or p responses.

An important consideration when identifying mismatches is how they
originate from tracks corresponding to different particles, which can also
be of different species. Therefore, it makes little sense to attempt to cal-
culate the {3) for such a distribution and instead it has to be measured
experimentally. However, it is well known that the most abundant particles
created in hadron-hadron collisions are pions, which in turn should have
the largest contribution to the mismatched tracks.

Several examples of TOF signal fits following the parametrization de-
scribed above are shown in Fig. 7.5.
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Figure 7.6: Left: double-differential distribution d®Ng,/(dpdpr) of all charged
particles measured in || < 0.2. Right: response of transformation procedure,
dN/dpr (pr), to a flat signal dN/dp (p) =1 in |n| < 0.2.

7.1.4 From p to pr

As discussed in previous sections, particle identification with TOF in the
analysis presented is done in the momentum space. In order to obtain the
pr-differential hadron yields, one must transform the spectra, dN/dp —
dN/dpr. To perform the transformation, we measure the double-differential
distribution d®Ng,/(dpdpr) in pseudorapidity regions |n| < 0.2 and 0.2 <
In| < 0.4, see Fig. 7.6. The normalization constants C;j(p) are then calcu-
lated so that

dN;
dp
where the term on the right-hand side of Eq. 7.9 is the p-differential raw

yield of ¢ hadron obtained from the signal fits. The yields in pp-space are
then obtained by integrating

(p) (7.9)

o0 d®Ny,
C; / d ,pr) =
(p) T (p, pr)

d®Ng,
dpdpt

dN;

e (v, p7) (7.10)

(pr) = /0 ~ dCip)

Note that such a transformation is sensitive to the chosen binning in
dp — Ap and dpr — Apr. In particular, when measuring d? Ny, /(dpdpr)
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one has to make sure that Ap < Apr. To study the uncertainties originat-
ing from this transformation, we measure the response to a (hypothetical)
flat p distribution, dN/dp (p) = 1. Note that in a symmetric pseudorapid-
ity window, |n| < 0.2, the mean pseudorapidity (n) = 0 and pr ~ p. We
therefore expect the response to be dN/dpr (pr) = 1 and any deviations
from unity would give rise to uncertainties. As shown in Fig. 7.6, the
deviations from unity are < 1%.

7.1.5 Normalization to Rapidity

In the analysis presented here, the raw spectra of identified hadrons were
measured in narrow windows of |n|. The pseudorapidity is not a Lorentz-
invariant quantity, and the approximation n ~ y, where ¥ is the rapidity?,
holds only at sufficiently high pt. In order to obtain the invariant yield
d’N; /dydpr from d’N; /dndpr, the spectra need to be renormalized to
Ay. For a given hadron ¢ with mass m;, transverse momentum prt; and
pseudorapidity n;, rapidity can be calculated as

\/mz2 + p%’i cosh? 1; + pr,; sinh 7,

y(mi, pr,i,mi) = log
\/m? +pr;

The rapidity window Ay corresponding to the measured Nyin < 1| <
Nmax can then be calculated as

(7.11)

Ay(ms, pri) = 2 - (Y(M4, PT; Nmax) — Y(Mi, PT; Mmin))) (7.12)

where the additional factor of 2 comes from a symmetric 7 selection.

2Which is additive under a Lorentz transformation along the z axis
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7.2 Particle Identification with Time—Projection
Chamber

Particle identification with the TPC is done by measuring the specific
energy loss dF/dz within its barrel. For a track with a maximum number
of clusters, Nyax = 159, the TPC yields dE/dz resolution of ~ 5% [88].
The measurement is compared with the expected energy loss (dE/dz)exp,
calculated using the so-called ALEPH parametrization [102]:

va%—fﬁ(%é—ﬁ&—Jn<Rr+]Y%>> (7.13)

pha (B~
with g for a particle with mass hypothesis m; and momentum p given by
p
By =L (7.14)
mg

where material parameters P;_s5 are obtained from fitting the TPC response
to a known ionizing particle. If the spread of the signal o; is known, the
separation of track in terms of o; can be calculated as

rpc _ dE/dz — (dE/dz)eap

o,

- (7.15)
The distributions dN;/dn,; are then integrated in the range |n,| < 3 to
estimate the raw yields of hadrons.

The specific energy loss dF/dz as a function of p measured in pp
collisions at /s = 13 TeV is shown in Fig. 7.7. Up to p &~ 600 MeV /¢, the
TPC provides a good separation between 7 and K bands, while the proton
signal can be resolved up to p =~ 800 MeV/c.

7.2.1 Raw Yield Extraction

Under a given particle mass hypothesis i, the measured d®N; /dprdng;
distribution receives two contributions:

d2N; d2N; d2N,
G ! 4+ — (7.16)
dednU,i dedna,i true dednU,i BG

where true denotes the signal created by true hadrons of species ¢ and
BG@ is the (background) contribution from the rest of the tracks. In the
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Figure 7.7: Energy deposit per unit length as a function of momentum in the
TPC. Figure taken from [7].

regions where the true hadron signal is well separated from the background,
In,i| < 3 integration is performed to extract the raw yields. One should
note however that this method is very sensitive to the overlapping of the
different particle bands shown in Fig. 7.7.

In order to extend the TPC PID range, statistical unfolding of the
measured d2N; /dprdn, ; is performed. Contrary to the TOF PID analysis,
here each hadron is analyzed separately. Ideally, if one considers the true
signal term in Eq. 7.16, by construction one would expect it to follow a
gaussian distribution with the mean value p = 0 and the spread o' =
1. In practice, there are uncertainties both on the mean value and the
spread®, and therefore one should avoid approximating the distribution
with a function if possible.

In the following analysis, each species was treated differently to obtain
optimal accuracy for the raw yields. In order to simplify the normalization
to phase space, only tracks within the rapidity region |y| < 0.5 under each

3A gaussian function with ¢ = 0 and ¢ = 1 does not describe the distribution
perfectly.
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hypothesis were considered. A pure |n, ;| < 3 integration of d*N;/dprdn, ;
distributions was performed where the separation between signals was
large, namely in ranges 0.4 < pp < 0.5 (GeV/c) for m, pr < 0.45 (GeV/c)
for K and pr < 0.6 (GeV/c) for protons. In the regions of overlap, the
following strategies were used:

Pions

In the pr < 0.4GeV/c, two gaussians would be fit in the range 1 < n,; <
10. The first gaussian would have a mean value in range |u,| < 0.5 and
0.1 < o < 1.1 to describe the positive n, tail of the m signal. The
second gaussian was fit to describe the contamination by electrons, with
4 < pe <10 and 0.5 < 0. < 2. With this configuration the fit was found
to describe the observed d2Ndedna,,- distribution the best. The raw pion
yield is then calculated as

dN; 342N,
de N dedna'z / f nO'Z (717)

where the first term is an integral of the measured (full) distribution and
the second term is the gaussian function describing the electron contribu-
tion.

Kaons

The kaon signal may have significant contamination from both electrons
and pions. As the statistical unfolding of the electron signal is not vi-
able for certain pp ranges, we first extract the raw yield of both K and
e. The electron contribution to the signal is removed later as feed-down,
described in section 7.4. The contamination from 7 is removed by fitting
two gaussians in range —6 < n,; < 1. The first gaussian has constraints
of mean |uxye| < 0.5, spread 0.1 < ok4. and describes the negative tail of
the signal from K and e. The second gaussian is constrained to have mean
—10 < pr < 6 and spread 0.8 < o, < 2 and parametrizes the tail part of
pion signal which overlaps with K and e. Note that one could in principle
attempt to remove the electrons from the sample with statistical means
where the separation allows it. However, that would eventually introduce
larger uncertainties.
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Figure 7.8: Illustration of different raw yield extraction techniques used for the
TPC PID analysis.
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Protons

The proton signal in the range 0.6 < pr < 0.8(GeV/c) is significantly
contaminated by e. Moreover, in this range, it is not trivial to resolve
electrons from 7 and K bands. Therefore, to extract the raw yield of
protons, three gaussians are fit in the range |n,;| < 6:

o |upl <0.5,0.7 < o, < 1.2 to describe the proton signal
o —6 < e < —2.6,045 < g, < 1.3 to describe the electron signal

o —12 < prix < =8, 0.8 < or4x < 3 to describe the high-n,; tail of
7 and K contribution to electron signal.

The raw yield of protons is then estimated by integrating the proton fit
function.

The different approaches of extracting 7w, K and p yields are illustrated
in Fig. 7.8.

7.3 Efficiency Corrections

Due to limited detector acceptance, only a fraction of the particles created
in the collision will be detected. Moreover, because of the stochastic nature
of particle interactions in the material, not all the particles create signals
in the detectors that can be reconstructed into tracks and survive the
number of cuts applied for the PID analysis. The loss of particles due to
acceptance and reconstruction can be as large as 80% and in general is
dependent on the particle species, charge, pr and particle direction. The
estimation of particle loss is performed by simulating the detector response
to different particles at different p, and is limited by how well the detector
is understood.

To calculate the detector efficiency, a large sample of pp collisions at
Vs =13 TeV is simulated using the PYTHIA 8 Monash 2013 tune. The
generated particles are then propagated through a replica of the ALICE
detector, which is simulated with the GEANT3 particle transport gener-
ator. Afterwards, the propagated tracks are selected, applying the same
cuts as for PID analyses and the detector efficiency can be calculated as
the ratio of reconstructed primary tracks surviving the cuts Nye to the
number of generated particles Ngen:
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for negative (positive) hadrons.

Nrec
N, gen

€Tpc = (7.18)

As the TPC PID is done by integrating the d*N /dprdn,; distribu-
tions in |ny ;| < 3 for all but protons and antiprotons in range 0.6 < pr <
0.8 (GeV/c), the track selection for Ny is done with the same cut. Tech-
nically, this is just an approximation for proton yields extracted by fit
integrals; however, the introduced uncertainty is only ~ 0.3%.

As discussed in the previous sections, a reconstructed track in the TOF
detector has to be matched to a track in the TPC, giving rise to a TOF
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matching efficiency €pn,. This implies that the track has to be first meas-
ured in the TPC with a tracking efficiency €, which is very similar to the
efficiency described in Eq. 7.18. The differences between ¢, and the TPC
PID efficiency are the following:

e The ¢, values are calculated in the (pseudo-) rapidity regions used
for the TOF analysis

e For €, TPC PID response (|n,;| < 3) is not required.

The PID efficiency of the TOF detector is then a convolution of the
two efficiencies:

Ntr Nma o Nma
Ngen Ntr B Ngen

€ETOF = €tr * €ma = (7.19)

Note that due to the statistical extraction of hadron yields, no cuts are
applied to the TOF PID response. The TPC and TOF PID efficiencies
for different hadrons estimated in MB pp collisions at /s = 13 TeV are
shown in Fig. 7.9.

7.4 Feed-down

Both 7 and p yields estimated by techniques described in the previous sec-
tions are contaminated by the products of strange and multistrange baryon
weak decays®. Moreover, the proton signal receives a significant contribu-
tion from the material budget and kaons identified in the TPC have a
large contamination from electrons. The extraction of primary particle
fractions in the sample is made possible due to different shapes of DCA,,
distributions of primaries, material conversion and weak decay products.
These shapes, also called templates, can be obtained from MC studies. A
summary of different sources contributing to the feed-down in different de-
tectors is given in Table 7.2. Noting that the measured DCA,, distribution
is essentially a superposition of templates with different weights, one can
perform a fit to the data to extract these weights. In practice it is done
by minimizing the x? for a given pr

4Dominated by the A decay.
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Table 7.2: List of templates used to estimate the primary fraction of 7, K and p
in TPC and TOF.

MC Templates Used

Specie
TPC TOF
nt Primaries, weak decays Primaries, weak decays
K Kaons, electrons No fits

p (p)  Primaries, A, ¥ decays, material (protons only)

2
X2_Z[m( zi) OQZ(m:JdDCA )(55)}

i

(7.20)

where z; runs through the DCA,, range considered (-3 cm to 3 cm), w;
is the weight of j template (primary, weak decay, material) and o is the
statistical uncertainty on the total number of particles in each x; bin. The
measured DCA,, distributions for h hadron were obtained by selecting

tracks with \UTPC/ TOF| < 2. With the weights obtained from the fitting,
the fraction of primary particles in the sample can be calculated as

max dN LI
Ny e 2 [wprim {55385 (4)] (7.21)
Na o Imax ’
. fa:mm [Z wjd(DcAmy)( )]

where the numerator integrates only the primary particle distribution and
the denominator sums over all the templates to ensure the unitarity. Note
that the DCA,, cut imposed in the track selection has to be taken into
account, hence the integration is done only in the region Zmin, max given
by Eq. 6.1.

The obtained fractions of primary particles in the sample as a function
of pr for TPC and different pseudorapidity regions of TOF are shown
in Fig. 7.10. Note there is a dip in the kaon feed-down at pp =~ 400 MeV /¢
in TPC due to the electron and kaon dE/dx band crossing. On the other
hand, there is no need for feed-down corrections for kaons measured in
TOF due to the lack of weak decays X — K*.
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Figure 7.10: Feed-down as a function of py for TPC (right) and TOF (left) in
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7.5 Geant3, Geant4 and Fluka Corrections

The detector response to positively and negatively charged hadrons is not
the same. As a result, the measured raw yields of positive and negative
particles are different, even though we expect that both charges are created
at the same rates. As the efficiency of the detector is calculated exclus-
ively for hadrons of different charges, the discrepancies between particles
and antiparticles are eliminated after correcting the raw yields by the efi-
ciencies. At the end, the invariant yields of positive and negative charged
hadrons should be the same at the LHC energies within the relevant sys-
tematic uncertainties.

By now it is well known that the particle transport generator used
to simulate the ALICE detector, GEANT3, overestimates the absorption
cross-section of the negative kaons and antiprotons [103]. Consequently,
the tracking (TPC, TOF) and matching (TOF) efficiencies are not es-
timated correctly from the MC sample. If these efficiencies are applied
to correct the raw yields, a systematic deviation is introduced into the
positive-to-negative hadron ratios.

In order to eliminate this issue, tracking and matching efficiencies of K
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and p have to be corrected. Although the most straightforward way to do
this would be to generate new MC samples using the transport generators
where the cross-section issue is resolved, this is not an optimal solution due
to the time and effort required. Alternatively, one can generate a smal-
ler sample of collisions and use different detector simulations for particle
transport. Since the effect we seek only depends on the hadron-material
interaction cross-section, it is sufficient to generate a few MC samples — one
for each transport generator — with the same detector configuration. Then,
corrections to the efficiencies calculated from, for example, MC samples
with pp collisions at /s = 7 TeV, can also be applied to the efficiencies
for /s =13 TeV collisions.

Corrections k£ to the tracking and matching efficiencies used in the
following analysis were calculated internally in the ALICE collaboration
and are shown in Fig. 7.11. The efficiencies applied to correct the raw
yields are then

€Corrected = €Uncorrected * K (7.22)
B T
g This thesis i
48 A — P, GEANT4/GEANT3 (TPC and TOF) ]
o — K, FLUKA/GEANT3 (TPC and TOF)
S — K, FLUKA/GEANT3 (TOF only)
1.05 -

0.5 1 1.5 2 25 3
p. (GeVic)

Figure 7.11: Corrections to tracking and matching efficiencies of K~ and p in
TPC and TOF detectors.






Chapter 8

Results

In the following chapter, prp-differential spectra of charged pions, kaons
and protons measured in proton-proton collisions at /s = 7 TeV and
Vs =13 TeV as a function of multiplicity and spherocity are presented.
Note that the analysis of pp collisions at /s = 7 TeV was performed
together with other measurements (done by other people) and therefore
also include strange and multistrange baryons, K¢ and ¢ meson results,
which are important for a complete picture. Strange hadron production
as a function of multiplicity was reported in [104] while a more detailed
study, including the full set of light flavor hadrons, is being prepared for
publication. The spherocity analysis is performed on the 13 TeV data
set for charged pions, kaons and protons and was completed solely by the
author.

In the analysis presented in this thesis, two multiplicities are used. The
analysis is done in the slices of the charged-particle multiplicity measured
by the VZERO detector. This multiplicity is called the VOM multiplicity
and is only a relative measure. In order to relate the multiplicities in differ-
ent VOM classes to different collision systems and center-of-mass energies,
the mean charged-particle multiplicity density (dNg,/dn) is measured in
the pseudorapidity region || < 0.5. This multiplicity is called mean or
average multiplicity.

127



128 CHAPTER 8. RESULTS

Table 8.1: VOM multiplicity classes, corresponding o/oingLso and (dNg,/dn)
measured in |n| < 0.5. The uncertainties quoted correspond to the quadratic sum
of statistical and systematic contributions.

Class I IT 111 I\Y
o/omNeL>o  0-0.95% 0.95-4.7%  4.7-9.5% 9.5-14%
(dNep/dn)y 213406 16.54+0.5 13.54+04 11.54+0.3

Class A% VI VII VIII
0 /OINEL>0 14-19% 19-28% 28-38% 38-48%
<chh/d17> 101 0.3 845+0.25 6.424+0.21 5.404+0.17

Class IX X
U/UINEL>O 48*68% 68*100%
(dNep/dn)  3.90+0.14 2.26 +£0.12

8.1 Proton-Proton Collisions at /s =7 TeV

The pr-differential spectra of 7%, K+, p(p), K, K*(K"), A(A), E_(EJr
and Q= (Q)" in different VOM multiplicity classes is shown in Fig. 8.1.
The relation between the VOM class, the corresponding fraction to the
total number of inelastic events and the mean charged-particle multipli-
city density measured in the class is summarized in Table 8.1 [104]. We
observe that the spectra become harder with increasing multiplicity and
the hardening to be more pronounced for heavier hadrons, which is qual-

itatively similar to findings in larger systems like Pb-Pb.

Comparisons of pp-differential K/7 and p/7 ratios at high and low mul-
tiplicities measured in pp, p-Pb and Pb-Pb collisions are shown in Fig. 8.2.
In all three systems the observed p/7 ratios suggest that protons are shifted
towards higher p values at higher multiplicities, while K/7 ratios exhibit
no significant modifications with multiplicity or colliding systems. Note
that the proton shift is much stronger in Pb-Pb collisions, which can be
understood considering that larger systems have longer life times allowing
stronger flow to build up.
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Figure 8.2: pr-differential K/m (top) and p/m (bottom) ratios for high and low
multiplicities measured in pp (/s = 7 TeV), p-Pb (/sxn = 5.02 TeV) and
Pb-Pb (y/sNn = 2.76 TeV) collisions.
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8.2 Proton-Proton Collisions at /s = 13 TeV

The pr-differential spectra of 7, K and p as a function of VOM multi-
plicity in pp collisions at /s = 13 TeV are shown in Fig. 8.3 together
with the minimum bias (MB) spectra. The mean multiplicities for each of
the VOM classes considered have been measured! by the ALICE collabor-
ation and are summarized in Table 8.2. Similar to the measurements at
Vs =7 TeV, spectra become harder with increasing multiplicity, which
is well-illustrated by the VOM-to-MB spectral ratios. Note that the error
boxes shown on the spectra in Fig. 8.3 represent full systematics, a large
fraction of which is correlated among multiplicities and therefore cancel in
the ratios.

To study the performance of particle identification techniques used
in this thesis, w, K and p spectra measured in minimum bias pp colli-
sions at /s = 13 TeV is compared with the ALICE preliminary results,
see Fig. 8.4. Spectra are found to agree within systematic uncertainties in
the pt ranges considered.

The pp-differential K/7 and p/7 ratios are shown in Fig. 8.5 for several
VOM multiplicity classes along with the MB case. We find no strong modi-
fications of K/7 ratios in the multiplicity ranges considered, a result com-
patible with previous observations shown in Fig. 8.2. On the other hand,
p/7 ratios in high-multiplicity (HM) pp collisions show a characteristic
depletion at low pr values, followed by an enhancement at intermediate
transverse momenta. This observation is consistent with the presence of
an expanding medium, suggesting that particle dynamics in pp collisions
are similar to those in larger systems.

Identified Particle Production as a Function of Transverse
Spherocity in High-Multiplicity Proton-Proton Collisions at
Vs =13 TeV

In order to study 7, K and p production as a function of transverse sphero-
city in pp collisions at /s = 13 TeV, only the 10% highest VOM multi-
plicity events are considered. The high VOM multiplicity cut ensures that
most of the events have at least ten charged tracks required for the sphero-
city estimation, see Section 6.4.1 for details. In the 10% highest VOM

Not yet published.
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Figure 8.4: Comparison of minimum bias 7w, K and p spectra measured in pp
collisions at /s = 13 TeV. The ratios are of spectra measured in this work
to the ALICE preliminary spectra. Blue error contours represent systematic un-
certainties calculated in this work and the red shaded boxes show systematic
uncertainties of the ALICE preliminary spectra.
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Figure 8.5: pp-differential K/7 (left) and p/7 (right) ratios in several VOM mul-
tiplicity classes measured in pp collisions at /s = 13 TeV.

Table 8.2: VOM multiplicity classes and corresponding (dNg,/dn) measured in
[n] < 0.5 at /s = 13 TeV. The reported errors are not final and the relation to
0 /GINEL>0 1S approximate

Class I II 111 v
U/UINEL>O 0*1% 1*5% 5*10% 10*15%
(dNew/dn)  26.18 £0.55 20.16 +0.41 16.40 +0.34 14.00 + 0.29

Class A% VI VII VIII
0 /OINEL>0 15-20% 20-30% 30-40% 40-50%
(dNep/dn)y 12,28 £0.25 10.31+0.21 8.24+0.17 6.62+0.13

Class X X
0 /OINEL>0 50-70% 70-100%

(AN, /dn)  4774+0.09  2.26 +0.05
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multiplicity sample, we find that 97% of events match this requirement.
The spherocity distribution in this multiplicity class is shown in Fig. 8.6.
To select different final state shapes, 20% of events with the highest meas-
ured S, were considered as isotropic and 20% of events with the lowest S,
— as jetty. The selection resulted in following S cut-off values:

0 <S5 <0.46 for jetty events
0.76 < Sp < 1 for isotropic events

To estimate charged-particle multiplicities in the event classes used for
the spherocity-selected analysis, we first measure the correlation between
the (dNen/dn) given in Table 8.2 and the mean number of charged tracks
(Nep) in |n| < 0.8. The correlation function can then be interpolated to
extract the (dNg,/dn) in 10% VOM, jetty and isotropic event classes. The
measured (dNg,/dn) as a function Ney(|n] < 0.8) is shown in Fig. 8.7 and
the interpolated (dNg,/dn) are summarized in Table 8.3.

] T T T
[0}
< 072 = - -
[ =
% E = This thesis
30%F 7 pp Vs =13 TeV -
Z FF  — TPCONly+TPCRefit E
Hlo“‘ e — TPCONly+TPCRefit+I TSRefit - 7|
il T ]
5 o 7
10 g e
9. f
10°H H
E I | !
0 0.2 0.4 0.6 0.8 1
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Figure 8.6: Spherocity distribution measured in 0-10% (VOM class I-1II) in pp
collisions at /s = 13 TeV. The small figure shows the spherocity distribution in
range 0 < Sy < 0.1. The excess of very low S, events discussed in Section 6.4.1
is also present in the data and can be removed by requiring the tracks to be
reconstructed in the ITS.

The comparison of pp-differential 7w, K and p yields measured in jetty
and isotropic collisions are shown in Fig. 8.8 together with spherocity un-
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Figure 8.7: Correlation between mean charged-particle multiplicity measured in
one unit of pseudorapidity and the number of charged particles in pseudorapidity
region |n| < 0.8. Empty squares represent (d N, /dn) measured in VOM multipli-
city classes in pp collisions at /s = 13 TeV, the dashed line shows a linear fit
to the data points and the solid squares show the interpolated values for different
spherocity classes.

biased yields. The spectra in isotropic events exhibit an enhanced had-
ron production at low transverse momenta as compared to Sy-unbiased
collisions, followed by a suppression for transverse momenta above 2 —
2.5GeV/c for m and K. The spectra of protons in isotropic events ap-
pears to be enhanced in the whole pr range considered and crosses the
So-unbiased spectra at pr ~ 3 GeV/c. Particle production in jetty events
shows the opposite behavior: spectra are suppressed at low transverse mo-
menta and enhanced at intermediate pr.

Table 8.3: Mean charged-particle multiplicity in one unit of pseudorapidity and
different spherocity classes in 0-10% highest VOM multiplicity pp collisions at
Vs =13 TeV.

Event class

So-unbiased Jetty, Sy < 0.47 Isotropic, Sy > 0.76
(dNew/dn) jp<0.5

18.97 £0.38 16.38 £0.33 21.67+£0.44
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The pr-differential K/7 and p/m ratios measured in jetty, isotropic
and spherocity-unbiased high-multiplicity pp collisions at /s = 13 TeV
are shown in Fig. 8.9. We find that the K/7 ratio in isotropic events is
consistent with those measured in the spherocity-unbiased case, while the
jetty events show signatures of a suppression. The latter can be understood
considering that hadron production via jet fragmentation is modified by
the transverse momentum of the jet in a species-dependent manner [105],
which will be discussed in detail later.

Alternatively, the p/7 ratios in isotropic collisions appear to be shifted
in pp with respect to the ratios measured in spherocity-unbiased collisions.
The effect is qualitatively similar to the multiplicity dependent modifica-
tions of p/7 ratio observed in Pb-Pb, suggesting that QGP-like effects can
be further enhanced in pp collisions using S,. The jetty events show a
suppression of p/m ratio with respect to the Sy-unbiased case, which can
be attributed to the production mechanisms of protons in jets.

8.3 Systematic Uncertainties

Systematic uncertainties of identified hadron spectra and their ratios were
estimated by varying the track selection criteria and the parameters spe-
cific to each PID technique. For each variation, fully corrected spectra
were recalculated following the steps described in Chapter 7 and their
differences from the default spectra were taken as systematic uncertain-
ties. The multiplicity uncorrelated uncertainties were taken as differences
between spectral ratios (VOM class to minimum bias) before and after the
parameter variation. The spherocity-uncorrelated uncertainties were cal-
culated in a similar manner, but using spherocity-unbiased spectra instead
of minimum bias. The same was also done for all the particle ratios presen-
ted in this work. In cases where a parameter was varied several times (e.g.
TOF resolution), the largest uncertainty was used. Uncertainties originat-
ing from different sources were assumed to be uncorrelated and summed
in quadrature to obtain full systematic errors.

Tracking Uncertainties

The global tracking uncertainty was calculated by varying the track se-
lection parameters as summarized in Table 8.4. The following parameters
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Table 8.4: Different sets of track cuts used to estimate systematic uncertainties
on track selection.

Parameter Lower Higher Standard
Min. crossed rows in TPC 60 80 70
Max. x? per TPC cluster - 5 4
Max. DCA, (cm) 1 3 2

were varied:

e Minimum number of crossed rows in the TPC; fewer crossed rows
result in lower tracking resolution and potentially more VO daughter
particles in the sample. On the other hand, more crossed rows lead
to tracks with better tracking resolution, but also a larger number of
primary tracks are rejected.

e Maximum allowed x? per TPC cluster, which regulates the quality
of track reconstruction with Kalman filter.

e Cut on the maximum DCA, value, which regulates track extrapola-
tion to the primary vertex quality.

Uncertainties calculated by varying different track selection parameters are
summed in quadrature to calculate the total tracking uncertainty, shown
in Fig. 8.10 (separate contributions to tracking uncertainties are shown
in Appendix B). Note that this is a standard procedure for global tracking
uncertainty estimation used by the ALICE collaboration for all 7, K and
p analyses.

In addition, the following systematic uncertainties were previously es-
timated internally by the ALICE collaboration and used in this analysis:

e pr-dependent (1%-6%) ITS-TPC matching uncertainty, multiplicity-
correlated

e pr-independent TOF matching efficiency (3%, 6% and 4% for =, K
and p), multiplicity-correlated [106]

e pr-independent efficiency uncertainty (2.1% for all species), uncor-
related among multiplicity classes.
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Figure 8.10: Global tracking uncertainty, full (top panels) and multiplicity uncor-
related (bottom panels) for 7, K and p in different VOM multiplicity classes.

PID Uncertainties

The systematic uncertainties on particle spectra in the TPC were estimated
by integrating the d?N; /dprdn,; distributions in —2.5 < n,; < 2.5 and
—3.5 < ny; < 3.5 ranges. Note that an integral of a gaussian distribution
in range |nq ;| < 2.5(3.5) corresponds to 98.7% (99.9%) of the total area,
and therefore the yields estimated in this way have to be renormalized
respectively. The uncertainties are found to be below 1%, 5% and 2% for
7w, K and p, with a large fraction of it being correlated among multiplicity
classes. The uncorrelated systematic uncertainty originating from different
1,; integration regions was found to be < 0.5% for 7 and p, and < 2% for
K in all the multiplicity classes considered, see Fig. 8.11.

To estimate the systematic uncertainties on particle spectra measured
with TOF below pr < 1.5GeV/c, |ngi| < 3 integration was done. Note
that such method does not remove mismatched tracks and cuts off a part of
the TOF tail, see Section 7.1. Moreover, this technique is unviable above
pr > 1.5GeV/c due to the overlap of m and K signals. The uncertainties
calculated using n,; integration are shown in Fig. 8.12.

At higher transverse momentum, the following approaches were taken:

e Varying the TOF resolution for each of the species
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Figure 8.11: TPC PID uncertainty, full (top panels) and multiplicity uncorrelated
(bottom panels) for 7, K and p in different VOM multiplicity classes.

e Varying the tail cut-off parameter for each of the species
e Setting the g offset, A = 0.

The resolution of TOF for 7 and K was found to be constant above pt >
1.5 GeV/e. To calculate the uncertainty of the resolution, oror/{oror) —1
distribution was fit with a gaussian function, with opop being m and K
resolution obtained from fits at each p bin and (oror) — averaged over
1.5 < p < 3GeV/c range. The distribution with the fit function is shown
in Fig. 8.13. The uncertainty on TOF resolution is found to be roughly 2%.
In order to estimate the effect of this uncertainty on the identified had-
ron spectra, TOF PID procedures were repeated with 98% and 102% of
nominal resolution values. The resulting full and multiplicity uncorrelated
uncertainties on particle spectra are shown in Fig. 8.14. The uncertainties
were found to be below 1%, 1.5% and 1% for 7, K and p, with the multi-
plicity uncorrelated parts being below 0.1%, 0.5% and 0.5% respectively.

A similar procedure was repeated to estimate the uncertainty on the
tail cut-off parameter ¢, also illustrated in Fig. 8.13. The uncertainties on
the hadron spectra and ratios were obtained by fixing the tail parameter to
96% and 104% of its nominal values; the obtained uncertainties are shown
in Fig. 8.15. The full (and multiplicity uncorrelated) uncertainties from
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Figure 8.12: TOF PID performance for pr < 1.5GeV/c m, K and p, estimated
as an integral of dN/dn,; in |n,;| < 3 range in different VOM classes. Full
and multiplicity uncorrelated uncertainties are shown in top and bottom panels
respectively.
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with gaussian fits.



8.3. SYSTEMATIC UNCERTAINTIES 143
This thesis — VOM | VOM IV VOM VI — VOM X
pp, Vs = 13 TeV — VoM II VOM V VOM VIl
TOF, +2% resolution — VOM Il VOM VI — VOM IX
0.015F = T T ¥ - T F— T T
TC+TT K™+K p+p
0.01} T - 1
-
; =,
9.005F == I
)
3 ; ' : :
o 15<p <3GeVic 15<p, <3GeVic
c
0.005f T+ T 3
=]
@
- [y
ST :
0 . == S .
1 2 1 2 3

Figure 8.14: Full (top panels)

pTl(GeV/c) 2

and multiplicity uncorrelated (bottom panels) sys-

tematic uncertainties from TOF resolution as a function of pp for #, K and p as
a function of VOM multiplicity.
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thesis.

TOF tail parametrization are below 1% (0.2%), 3% (1%) and 3% (1%) for
m, K and p respectively.

In order to estimate the uncertainties originating from the TOF miscal-
ibration, the offset of 3 for each species is set to A5 = 0. In the momentum
regions where the TOF responses for different species are overlapping (e.g.
mand K at p 2 1.5GeV/c), this is the dominant source of uncertainties.
As shown in Fig. 8.16, for K~ /7~ ratio at p ~ 3GeV/c, a AB, = 1073
(which corresponds to ~ 0.1% in ;) can have a ~ 10% effect. Protons, on
the other hand, are well separated from kaons and pions in the momentum
range considered and are therefore less sensitive to this effect. The un-
certainties on hadron spectra originating from the TOF miscalibration are
shown in Fig. 8.17 with typical values of 3%, 10% and 2% for 7, K and p
at pr ~ 3GeV/c. It is also worth noting that a large fraction of the uncer-
tainties is correlated among multiplicity classes, and thus the multiplicity
uncorrelated part is much smaller.

All the systematic uncertainties originating from the particle identific-
ation techniques in each VOM class are shown Appendix C.
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Chapter 9

Discussion

One of the key signatures of QGP in heavy-ion collisions is the mass-
dependent boost of hadrons, which results in a characteristic shift of pp-
differential hadron-to-pion ratios in central collisions with respect to peri-
pheral, as was discussed in Section 3.2. The prp-differential K/ ratios
measured in high and low-multiplicity pp, p-Pb and Pb-Pb collisions shown
in Fig. 8.2 exhibit no strong multiplicity dependence. On the other hand,
protons appear to be shifted towards larger transverse momenta at high
multiplicities in all three systems, and the shift gets stronger with in-
creasing system size. Similar behavior is also found in pp collisions at
Vs =13 TeV as shown in Fig. 8.5, where the modifications of p/7 ratios
are more pronounced at higher multiplicities and, in fact, a small shift
of protons is already seen in MB pp collisions at different center-of-mass
energies (see Fig. 9.1 [107]).

The qualitatively similar trends observed in pp, p-Pb and Pb-Pb col-
lisions suggest that particle dynamics in small and large systems are gov-
erned by the same physics, which means that the QGP created in Pb-Pb
collisions might also be present in pp. To study if this is true, this chapter
will explore how perturbative QCD models describing small systems extend
to Pb-Pb and how the macroscopic prescription of large systems extend
to pp. I will then discuss if the pQCD and QGP-like effects in pp colli-
sions can be isolated using event shape techniques and examine the physics
under the two domains.

147
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Figure 9.1: prp-differential p/m and K/m ratios measured in minimum-bias pp
collisions at different center center-of-mass energies.

9.1 Spectral Shapes

The evolution of the p/7 ratio with d N¢y, /dn in Pb-Pb collisions is usually
understood in terms of quark coalescence [108] or radial flow [109] which
was discussed in Section 3.2 and might require a fireball in a local ther-
modynamic equilibrium. On the other hand, in pp collisions certain QCD
effects like color reconnection (see Section 4.1) or rope hadronization (see
Section 4.2) can mimic the collective behavior without hydrodynamical
considerations. In Fig. 9.2 we show the p/7 ratio as a function of d Ny, /dn
at a fixed (low and intermediate) pr in pp collisions at /s = 7 TeV
together with predictions from several MC generators.

We find that PYTHIA 8 [45] is able to reproduce the observed trends
qualitatively, provided that color reconnection is considered. It is par-
ticularly interesting to see that both PYTHIA 8 without CR and HER-
WIGT [110] predict almost no evolution of the ratios with multiplicity,
indicating that the observed effects cannot be explained solely in terms of
pQCD. DIPSY [54, 55|, featuring a more advanced treatment of colored
strings leading to a larger effective string tension, is able to reproduce
the observed trends well, although the absolute values of p/7 ratios at
low pr are highly overestimated. Finally, EPOS LHC [77], which has a
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Figure 9.2: Evolution of p/m ratio at low (top) and intermediate (bottom) pr with
(dNep/dn) in comparison to PYTHIA8, EPOS LHC and DIPSY predictions.

built-in flow parametrization, predicts the falling (rising) behavior at low
(intermediate) pr, but the predicted hydrodynamical effects are too strong.
Overall, it appears that the dynamics of the p/m ratios can be described
by several mechanisms and more systematic studies are required to check
their validity.

Comparison to the Blast Wave Model

One of the biggest open questions in the heavy-ion field is whether the
dynamics observed in pp and Pb-Pb collisions share the same origins. We
have already discussed how the dynamics in pp collisions can be described
by perturbative models. However, similar dynamics seen in heavy-ion colli-
sions have been successfully explained by macroscopic models that include
hydrodynamical elements, such as the blast wave model. It is therefore
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worth examining how the BW model can describe pr spectra measured in
pp collisions.

As described in Section 4.3, the underlying assumption of the BW
model is that hadrons are produced thermally and are then boosted in the
transverse plane by some velocity with a profile given by Eq. 4.13. The
boost originates from the expansion of the system, which terminates at
kinetic freeze-out temperature Tii,. The average transverse velocity (5r)
and Ty, can be extracted by simultaneously fitting the hadron spectra.
For our discussion, we will consider BW fits to w, K and p spectra and
then extrapolate the results for other hadrons. As the thermal production
of particles is expected to be the dominant mechanism in HI collisions,
we will only consider low pp hadrons. However, as m abundances receive
a significant contribution from resonance hadron decays, pr < 500 MeV /¢
pions are excluded from the fits. For consistency, the pr ranges of particles
used for BW fitting in pp collisions at /s = 7 TeV are the same as
those used for similar studies in p-Pb and Pb-Pb studies by the ALICE
collaboration

m: 0.5 <pr<1GeV/c
K: 02<pr<15GeV/c
p: 03<pr<3GeV/c

The performance of BW model fitting in 0-5% highest multiplicity pp
collisions at /s = 7 TeV is shown in Fig. 9.3. The solid lines show
the fit result, while the dashed lines show the predictions for other particle
species. We find that in restricted pr regions, all hadrons except resonances
are affected by the same velocity field. These regions are observed to be
larger for heavier hadrons, which in the hydrodynamical picture is a feature
of radial flow (a change in hadron velocity, AS3, results in a larger Apr
for heavier hadrons). The poor description of resonance spectra could be
understood considering their low elastic cross sections and life-times [79)].
Due to its short life-time (1.39 - 10723 s) [7], K* can decay in the hadronic
phase and its daughters are subjected to stronger rescatterings due to the
larger elastic cross section.

Due to limited pr range of hadron spectra in the 13 TeV analysis, it
was not possible to perform the BW fitting in the same range as used
in ALICE for other systems and center-of-mass energies. Instead, for the
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Figure 9.3: Comparison of pr-differential spectra to blast wave model fits (solid
lines) and predictions (dashed lines) in VOM class I-IT in pp collisions at /s =
7 TeV. The model was fit to m, K and p spectra and then used to estimate the
spectral shapes of (multi) strange hadrons.

/s = 13 TeV analysis presented here the following ranges were considered

m: 0.5<pr<1GeV/c
K: 03<pr<15GeV/c
p: 04 <pr<3GeV/c

For cross checks, the BW fits were performed using this range on the
hadron spectra measured in pp collisions at /s = 7 TeV. We find that the
effects of using a narrower fitting range are very small, as shown in Fig. 9.4.
The performance of blast wave fits in the highest and lowest multiplicity
pp collisions at two center-of-mass energies is shown in Fig. 9.5, and for
other multiplicity classes see Appendix D and Appendix E. We find that



152 CHAPTER 9. DISCUSSION

_ This thesis |
11 F pp, (s=7TeVv _

1 " L} ] n n n ] n ] ]
(2]
0 i i
®© 09 -
Sl Tun ]
Q T T T T T T
"GE") I T T T T T T T T T |
© L -
S 11 (B0
o L i
1= (] (] (] (] (] Ll (] 0 2
09 -
VOM: I Il IV V VIVIVIIIX X
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proton spectra are well described by the BW model at both high and
low multiplicities under the two center-of-mass energies considered, while
the description of m and K becomes worse at lower multiplicities. On the
other hand, protons are the most sensitive to the expanding medium as
discussed in Section 3.2, and the very good agreement between the model
and the data suggests the presence of transverse flow in small systems for
the multiplicities considered.

The BW parameters (S7) and Ty, extracted from pp collisions meas-
ured at /s = 7 and 13 TeV in different multiplicity classes are shown
in Fig. 9.6 together with those extracted from p-Pb and Pb-Pb analyses.
We observe the following;:

e In all systems, (fr) increases with charged-particle multiplicity, sug-
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gesting that the expansion is increasingly stronger at larger (d Ney, /dn)

e The freeze-out temperature in pp collisions at /s = 13 TeV is
systematically lower than that measured at 7 TeV and at large mul-
tiplicities compares better to p-Pb data. This suggests that the de-
coupling of the medium occurs at later times as the center-of-mass
energy increases

e Pb-Pb collisions show a significantly lower Ti;, as compared to pp
or p-Pb in the whole multiplicity range considered, indicating that
thermal freeze-out might be affected by the size of the colliding sys-
tem.
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9.2 Integrated Hadron Yields

The spectral modifications originating from the hydrodynamical expansion
of the medium in Pb-Pb collisions indicate the presence of a fireball in
thermal equilibrium. Consequently, thermal equilibrium might require a
chemically equilibrated system, and it is therefore interesting to study the
hadrochemistry of particles.

The pr-integrated hadron abundances were obtained by integrating the
measured transverse momentum distributions for all hadrons. In the pr
ranges where spectra were not covered by the measurements, yields were
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Figure 9.7: pr-integrated hadron-to-pion ratios as a function of (dNg,/dn) in
three different systems.
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extrapolated using the Levy—Tsallis parametrization [111]:

d’N dN  (n—1)(n-2) <1+ \/m2+pT—m>_n 9.1)
2)) ‘

dprdy - pT@ nC(nC + m(n — nC

The systematic uncertainties were propagated by shifting each data point
up and down by the associated systematic error and repeating the fitting
procedure. The extrapolation errors were obtained by changing the func-
tional form of the fit to Bose—Einstein, Fermi—Dirac and pr—exponential
distributions. In the 13 TeV analysis, the largest contribution of systematic
uncertainty was found to originate from the low-p extrapolation.

The integrated hadron-to-pion ratios for a comprehensive set of light-
flavored particles are shown in Fig. 9.7. We find that the ratios exhibit
a smooth evolution with (dNg,/dn) from pp to p-Pb and then to Pb-Pb
collisions. This remarkable observation suggests that hadrochemistry is
dominantly driven by charged-particle multiplicity and not the colliding
system. What is even more interesting is that the modification of strange
quark production, previously observed in heavy-ion collisions, is now seen
in both p-Pb and pp systems. This effect is better illustrated in Fig. 9.8,
where only the strange and multistrange hadron-to-pion ratios are shown.
Not only do we find that hyperons exhibit stronger enhancement, but
also that the modifications are more pronounced for hadrons with a larger
strangeness content. These observations have very important implications
for our understanding of small and large systems, and in particular they
indicate that soft particle production in pp collisions is similar to that in
p-Pb and Pb-Pb collisions.

We have already discussed that some pQCD inspired effects can (qual-
itatively) capture the trends seen in particle dynamics. It is therefore very
important to consider how the evolution of hadrochemistry is described by
these models. In Fig. 9.8 we also show the predictions of the hadron-to-
pion ratios by several MC generators. We observe the following:

e PYTHIA 8 predicts no evolution of hadron-to-pion ratios. This is
understood considering that hadronization in PYTHIA is done via
string fragmentation. Each string has the same probability to frag-
ment into a particular hadron and this probability is not modified by
the total number of strings in the system (see Section 4.1 for details).
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e EPOS LHC predicts a very large increase in the rates of hyperons, in
fact much larger than the observed ones. The increase of the hyperon-
to-pion ratio with multiplicity in EPOS LHC originates from the
increasing core fraction (see Section 4.5), which has larger strange
hadron yields than the corona. This could suggest that, for example,
the core-corona parametrization in the generator is not optimal or
that it breaks down.

e DIPSY appears to describe the measured ratios best, although the
relative Q) yields are significantly underestimated. Strangeness en-
hancement in DIPSY originates from the multiple overlapping color
strings forming color ropes with a larger effective string tension (see
Section 4.2 for details), and the effect is more pronounced at larger
multiplicities.

It is clear that the evolution of measured ratios is best captured by
DIPSY, where the overlapping color strings form color ropes that enhance
both the strangeness and baryon production. The latter, however, also
leads to a large overestimation of the p/7 ratio, as shown in Fig. 9.9. As
a result, none of the MC generators considered are able to describe the
observed hadron yield ratios consistently.

Thermal Model and Core-Corona predictions

We have seen that many attempts to consistently describe the dynamics
and hadrochemistry evolution with MC models do not achieve a satisfact-
ory agreement with data. On the other hand, blast wave studies of spectral
shapes in pp collisions at /s = 7 and 13 TeV indicated the presence of
an expanding medium. The observed scaling of hadron abundances fur-
ther suggested that the particle production mechanism in small systems
is similar to that of chemically equilibrated QGP in Pb-Pb. It is there-
fore important to study the particle yields in small systems with thermal
models.

The measured integrated particle yield ratios as a function of pion yield,
dN;/dy, are shown in Fig. 9.10 and compared with the thermal model
predictions, described in Section 4.4. The predictions were calculated with
baryon (up) and electric charge (uc) chemical potentials set to zero and
strangeness saturation parameter set to vg = 1. The yields of hadrons
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Figure 9.8: pr-integrated (multi) strange hadron-to-pion ratios as a function of
d N, /dn measured in pp collisions at /s = 7 TeV in comparison to several MC
model predictions. Figure published in [104].

were then obtained by varying the radius of a fireball R under three differ-
ent chemical freeze-out temperatures Ty, = 146, 156 and 166 MeV. The
strangeness correlation volume was fixed to the total volume of a fireball
(Rs = R) at all times. All the ratios except K* were normalized to the
ratios measured at 0-60% most central Pb-Pb collisions in order to isolate
the volume dependence. Because of the short life-time, K* decays in the
hadronic phase and its daughters are strongly affected by hadronic rescat-
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Figure 9.9: pr-integrated baryon-to-meson ratios as a function of d Nep/dn meas-
ured in pp /s =7 TeV and p-Pb (/snn = 5.02 TeV) collisions with comparison
to several MC model predictions. Figure published in [104].

terings; in order to minimize this effect, the most peripheral Pb-Pb bin
was used for K* normalization. This is not an issue for the ¢ meson, as its
life-time is much longer that that of K*.

Note that the measurement of d N, /dy only considers the rapidity re-
gion |y| < 0.5, while in the thermal model, no rapidity cuts are considered
and the predictions are done for the full phase space. To account for
this, the size of the fireball was not fixed to reproduce the exact measured
dN;/dy, but instead one that is k-times larger than the measured one.
Effectively, this corresponds to a k-times larger measurement rapidity re-
gion, provided d N, /dy is a flat distribution. Since all ratios are studied as
a function of pion multiplicity, the same k factor was used for all particles.
In practice, k is just a constant scaling factor of the z-axis in Fig. 9.10 for
the functions describing the double ratios.

In order to determine the value of k, the functional forms of double
ratios generated by the thermal model were fit simultaneously to the ex-
perimental data of all the hadrons, with k being the only free parameter.
To estimate the systematic uncertainties on the scaling factor, the same
procedure was repeated using different normalization for the double ratios:
the data was normalized to the highest centrality bin in Pb-Pb instead of
the 0-60% bins. The value obtained is k¥ = 1.35 #+ 0.28 indicating that
strangeness can be effectively equilibrated over ~ 1.35 units of rapidity.
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This observation is meaningful from a physical point of view, consider-
ing the rapidity distributions measured at the LHC! [112] and could be
measured experimentally. Similar values can also be obtained from pure
theoretical considerations on causality constraints [113].

The agreement between the experimental data and the model predic-
tions of K, p, A, Z, Q and K* double ratios is found to be within 1-2
standard deviations, indicating that particle production rates can be well
described in the framework of strangeness canonical suppression. The lar-
ger deviation observed in the K* /7 double ratio in the most central Pb-Pb
collisions can be attributed to the hadronic rescatterings. However, while
the model predicts a flat evolution of the ¢/ ratio with dN,/dy, a differ-
ent behavior is observed in the experimental data. Note that ¢ is also not
described by the common blast wave fits to the identified particle spectra in
peripheral Pb-Pb collisions [114], suggesting that the strangeness-neutral
meson might be produced out of equilibrium.

In addition to thermal model calculations, Fig. 9.10 also shows com-
parisons of hadron-to-pion double ratios calculated using the core-corona
framework described in Section 4.5. For core ratios we have used those
measured in 0-60% Pb-Pb collisions. Such an approximation is meaning-
ful in a physical way considering that the ratios appear to be flat at these
multiplicities. The initial values for corona ratios were assumed to be given
by the lowest multiplicity pp collisions. In practice, this is not necessarily
true and will be addressed later.

In general, one would then calculate the core fraction f from a Glauber
MC, see Sections 4.5 and 5.2.1. Here however we want to minimize model
dependence, and therefore take a different approach to calculating the
core fractions. For a given double ratio R, in multiplicity bin n, one can
calculate f;, as:

_ _fn = By
RPb-Pb - Rpp

In (9.2)

where Ry, and Rpy.p1, are the corona and core double ratios respectively.
The calculated f values are then fit with a function?®

a
rz—0b

flz)=1- (9-3)

!Typically with plateau extending to 2-4 units of rapidity, depending on the system.
2This function was found to describe the calculated f values best.
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Figure 9.11: Core fraction, calculated (markers) and fit (line). Only (multi)
strange hadrons in three different colliding systems were considered for the fit.

Only strange hadrons are considered in this procedure, since non-strange
particles do not show any strong evolution with d N, /dy.

As the double ratios measured at the lowest available multiplicities
might still have a contribution from the core, corona values are recalculated
by solving Eq. 9.2 for Ry, explicitly ensuring that the experimental data is
correctly predicted for both the lowest and the highest pion multiplicities
measured. The calculated core fractions f, together with the fit function,
are shown in Fig. 9.11.

We find that core-corona predictions are in good agreement with the
experimental data. The deviations from the measured double ratios are
below 20 and are similar to the predictions from the thermal model. Note
however, that the CC model presented here has been explicitly tuned to
reproduce the double ratios exactly at both high and low multiplicities.
Moreover, it does not consider any particular mechanism for particle pro-
duction and only describes the relative scaling from low to high multiplicit-
ies. Because the yields in Fig. 9.10 are described by a single core function
f which is only dependent on the multiplicity, CC suggests that all hadron
abundances scale the same way, but for a conclusive comparison a more
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Figure 9.12: pr-integrated hadron yields (left) and average transverse mo-

menta (right) as a function of multiplicity, measured in pp collisions at /s =
7 and 13 TeV.

comprehensive study coupled to a specific particle production mechanism
is required.

9.3 Center-of-Mass Energy Scaling

In the previous section it has been shown that hadron abundances scale
well with particle multiplicity, and the scaling extends across three different
colliding systems, each at a different center-of-mass energy. If the observed
scaling is not coincidental, it should hold for any given system at different
Vs

To study the validity of (dNg,/dn) scaling at different center-of-mass
energies, the integrated hadron yields in pp collisions at v/s = 7 and 13 TeV
are compared in Fig. 9.12. The yields of 7, K and p follow the same pat-
terns under two different /s and are comparable at similar (dNe,/dn).
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166 CHAPTER 9. DISCUSSION
’\G 0.9 o ‘ ALICE l:harged p;irti‘clt‘es‘ B
E 085k "'!: n1<0.3, 0.15< p,<10.0 GeV/c ]
S )
3 08 ) |I" ]

0.75
0.7
0651 g

061

0.5y epp s=7TeV

= p-Pb s, =5.02TeV ]
4 Pb-Pb s =276 TeV

045 20 20 80 80 100

N

ch

05F

Figure 9.14: Average transverse momenta of charged hadrons as a function
of charged-particle multiplicity measured in Pb-Pb, p-Pb and pp collisions at
/5NN = 2.76,5.02 and 7 TeV respectively. Note that Ny, shown here has been
measured in the pseudorapidity region |n| < 0.3. Figure taken from [115].

The pr-integrated K/m and p/m ratios in pp collisions at the two different
center-of-mass energies are compared to those measured in different sys-
tems, see Fig. 9.13. The ratios are found to follow the same trends as in
p-Pb and Pb-Pb collisions, suggesting that hadrochemistry is dominantly
driven by the charged-particle multiplicity and not center-of-mass energy
or colliding system. Similar trends are also observed for (multi) strange
hadrons, as reported in [107].

Another interesting observable to study is the average transverse mo-
mentum (pr) as a function of multiplicity, 1/s and the colliding system.
The (pr) evolution with charged-particle multiplicity in Pb-Pb, p-Pb and
pp collisions measured at \/sNnny = 2.76,5.02 and 7 TeV respectively is
shown in Fig. 9.14 [115]. We see that the average transverse momenta in
three different colliding systems are very different. In particular, Pb-Pb
shows a moderate increase of (pr) at above N, 2 10, while pp exhibits a
steep rise in the whole multiplicity range considered; p-Pb appears to fol-
low the trends seen in pp collisions up to N¢, ~ 20 and then becomes more
Pb-Pb like. The large differences between (pt) evolution in small and large
systems have been understood as different mechanisms driving the particle
dynamics. In Pb-Pb collisions, the slow increase of (pr) originates from
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Figure 9.15: Ratio of 7 spectra measured in pp collisions at /s = 7 and 13 TeV
and similar (d Ny, /dn).

the hydrodynamic behavior of the expanding medium and is thus associ-
ated with collective flow [27]. In pp collisions, the high multiplicities could
originate from multi-partonic interactions and color reconnection, which
in turn would enhance (pr) (see Section 4.1.1). We also note that the
differences between pp, p-Pb and Pb-Pb cannot be explained by different
center-of-mass energies, as the /s dependence was previously observed to
be weak[115].

In Fig. 9.12 we have also shown (pr) for w, K and p as a function of
(dNen/dn) in pp collisions at /s = 7 and 13 TeV. The mean transverse
momenta were obtained by integrating the spectra in p regions available,
and using Levy—Tsallis fits to extrapolate to the regions where it has not
been measured, similarly to d N/dy calculations. For systematic uncertain-
ties, the data points were shifted to the edges of pt bins in order to make
the hardest/softest spectra. The largest contribution to the systematic un-
certainties in 13 TeV analysis is found to originate from the extrapolation
of the spectra to pr = 0 and a large fraction of this error can be reduced
by measuring the yields at lower transverse momenta.

The measured (pr) for m, K and p are numerically larger at higher /s
and comparable (dN.,/dn). Similar trends are also observed for (multi)
strange hadrons [107] and for all charged hadrons at lower center-of-mass
energies [115]. To study this further, 7 spectra measured in pp collisions at
/s = 7and 13 TeV and similar multiplicities (VOM class III in pp collisions
at /s =13 TeV; VOM class IT at /s = 7 TeV) are compared in Fig. 9.15.
The ratio of spectra shows an increase, which clearly indicates that (p)
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scaling with (dNg,/dn) is not valid across different colliding systems or
/s and suggests that the mechanisms driving particle dynamics might be
different in pp and Pb-Pb collisions.

9.4 Event Shape Studies

So far we have found the following:

e pp-differential p/m ratios in pp collisions are modified in a multipli-
city dependent way, similar to that observed in Pb-Pb collisions

e The integrated hadron yields show a remarkable scaling with charged-
particle multiplicity, extending across different /s and colliding sys-
tems

e (pr) in the same colliding system at similar Ng, grows with the
center-of-mass energy

e Current tunes of MC generators are not able to provide a satisfactory
description of the observables

e Macroscopic models used in Pb-Pb collisions can also describe dy-
namics and hadrochemistry in pp collisions.

We have also discussed that (pr) evolution in small and large systems has
different origins: MPI and CR in pp collisions and expansion of thermalized
medium governed by soft QCD processes in Pb-Pb. In Section 6.4 we have
argued that using event shape observables one can differentiate between
the two domains of QCD, and in the following discussion we will focus on
spherocity-differential observables.

Unidentified Charged Hadrons

In Fig. 9.16 we show the unidentified hadron (pr) evolution with Ng, in
jetty, isotropic and spherocity-unbiased events. Note that in this partic-
ular case, only two tracks were required to calculate spherocity. We see
that jetty events exhibit a steeper rise and systematically larger (pr) as
compared to the Sy-unbiased case, which is a behavior one would expect
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Figure 9.16: Average transverse momentum as a function of charged-particle mul-
tiplicity and transverse spherocity in comparison to MC predictions. N, is meas-
ured in |n| < 0.8.

from jet production. On the other hand, (pr) in isotropic events is sys-
tematically below that measured in the Sy-unbiased case and appears to
be more like p-Pb results shown in Fig. 9.14.

Shown in Fig. 9.16 are comparisons of the average transverse momenta
in each spherocity class compared with those predicted by MC generators.
We see that in both isotropic and Sy-unbiased cases, PYTHIA and EPOS
LHC describe the (pr) evolution moderately well with some minor devi-
ations for EPOS at very low Ng,. Most interesting observations however
are obtained from the jetty event class. While EPOS LHC appears to over-
estimate the rise of (pr) at low multiplicities, it agrees very well with the
data at above Ng, = 15. On the other hand, both PYTHIA tunes signific-
antly overestimate the measured average transverse momenta in the whole
N range considered. Such observation suggests that the contribution of
underlying event in PYTHIA is significantly underestimated.
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Spectral Shapes and Hydrodynamics

Identified hadron spectra measured in high-multiplicity pp collisions at
Vs =13 TeV are found to be harder in jetty collisions and softer in iso-
tropic as was shown in Fig. 8.3. Note that spherocity selection introduces
a multiplicity bias, and as a result the (dN.,/dn) measured for the jetty
event class is smaller than that in isotropic events, as was summarized
in Table 8.3. However, from multiplicity-dependent studies one would ex-
pect the hardening of the spectra with increasing multiplicity, which is the
opposite of what is observed. This indicates that the spectral modifica-
tions are indeed resulting from event shape selection, and not a multiplicity
bias. It is also worth noting that the crossing between spectra measured
in jetty and isotropic collisions occurs at increasingly larger pt for heavier
particles, suggesting that spectral modifications introduced by spherocity
selection are mass-dependent.

The K/7 and p/r ratios in jetty collisions, shown in Fig. 8.5, appear to
be smaller than those measured in the Sy-unbiased case. Jet fragmentation
to charged hadrons has been studied in [105], where it was found that
in higher transverse momentum jets, the ratios are shifted to larger pr
(see Fig. 9.17). Effectively, this means that particles produced in a jet
along the jet axis are shifted in pt and the shift is stronger at larger jet
transverse momenta. Consequently, protons and kaons produced in jetty
events are shifted towards higher pr values, resulting in lower K/7 and
p/m ratios as compared to Sy-unbiased events.

In isotropic collisions, we observe no strong K/m evolution, just as
in p-Pb collisions. There is, however, a significant increase to the p/x
ratio. This effect is reminiscent of the modifications seen in multiplicity-
dependent pp studies, and more importantly, the hydrodynamical evolu-
tion in large systems.

To study the origins of spectral modifications with S, we want to
compare how different MC generators respond to event shape selection.
The hadron-to-pion double ratios in jetty and isotropic events, normalized
to Sy-unbiased class, are shown in Fig. 9.18 together with the predictions
from PYTHIA 8 and EPOS LHC. We see that the K/m double ratios are
well-described by both generators, which comes as no surprise considering
that K /7 is not expected to exhibit any evolution other than that origin-
ating from jet fragmentation, which is well-controlled in pQCD models.
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in pp collisions at /s =7 TeV.
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Figure 9.19: Blast wave fit performance in jetty and isotropic event classes.

A more interesting conclusion can be drawn from the p/m double ratios.
We see that PYTHIA predicts the observed rising/falling trends, however,
it also significantly underestimates the magnitude of the modification. This
indicates that there is something missing in PYTHIA, and, considering the
(pT) evolution shown in Fig. 9.16, one could speculate this deviation to
originate from, for example, underestimated underlying event.

The high-multiplicity pp collisions in EPOS are assumed to produce a
small volume of high density, thermalized medium, which expands hydro-
dynamically. As seen in Fig. 9.18, it is clear that such an interpretation is
at least consistent with the observations. Naturally, it does not imply the
presence of QGP in small systems, although so far the data tends to favor
such models.

Identified particle spectra measured as a function of spherocity was
also studied with the BW model. The performance of the fits in jetty and
isotropic events are shown in Fig. 9.19. While protons are well described
by the model in the full pp range considered, we find the fit quality to be
slightly better in isotropic collisions.

The extracted (Or) and Ti, parameters in jetty and isotropic events
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spherocity-unbiased studies. Numbers indicate the mean multiplicities measured
in the corresponding VOM classes.

are shown in Fig. 9.20, in comparison to those measured from multiplicity-
dependent studies in pp collisions at /s = 13 TeV. We find that hadrons
move with a larger common average velocity (fr) in isotropic collisions,
which suggests a stronger radial flow component. In general, the (d Ny, /dn)
measured in the isotropic events is similar to that measured in the VOM
1-5% event class, and therefore the extracted (fr) is also similar. One can
argue that the kinetic freeze-out temperature measured in the isotropic
collisions does not seem to follow the decreasing trend seen in spherocity-
unbiased studies; such an increase could be understood considering the
enhanced p/m ratios, although the significance of such observation is not
clear with the current uncertainties.
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The situation is more complex in the jetty collisions: (dNg,/dn) in
jet-like events is very similar to that measured in a spherocity-unbiased
VOM 5-10% multiplicity class, but there seems to be an offset in both
(Br) and Tiin. The lower freeze-out temperature in jetty events could be
explained by the p/7 imbalance originating from the jet fragmentation.
The increase in (1), on the other hand, originates from events where very
large multiplicities are generated by a superposition of underlying event
(thus increasing (Or)) and a hard jet (so that overall the event appears to
be jetty). To isolate events that have this underlying contribution further
suppressed or enhanced, one should tighten the spherocity cuts, which
unfortunately was not possible in this thesis due to the limited statistics
available.

Integrated Yields and (pr)

The integrated yields and the (pr) in jetty and isotropic events are ex-
tracted the same way as previously described for the 7 and 13 TeV ana-
lysis. For completeness, we also consider spherocity-unbiased events, cor-
responding to VOM 0-10% multiplicity class. The extracted dN/dy and
(pr) are shown in Fig. 9.21 in comparison to those extracted from 13 TeV
multiplicity-related studies.

We do not find any significant deviations of hadron yields in jetty or iso-
tropic events from the (d N, /dn) scaling seen earlier. However, in Fig. 9.7
we have seen that pp-integrated K/m and p/7 in very low multiplicity
pp collisions (pQCD-like) and highest multiplicity Pb-Pb collisions (QGP-
like) are very similar, so there is no reason to expect to see any deviations
from the (dNg/dn) scaling in jetty or isotropic events. On the other
hand, it would be very interesting to study = and € yields as a function
of multiplicity. If the strangeness modification shown in Fig. 9.8 indeed
originates from bulk particle production, jetty and isotropic events should
exhibit very different multistrange baryon yields at similar (dNg,/dn). In
particular, hyperon-to-pion ratios should be constant at different multipli-
cities and well described by pQCD, while isotropic events should follow the
strangeness enhancement patterns.

The average transverse momenta, on the other hand, appears to be sys-
tematically larger in jetty events. Note that large systematic uncertainties
in jetty collisions originate from extrapolation and can be significantly re-
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duced by measuring the spectra for lower pr values. The increase of (pr) in
jetty collisions originates from boosted particle production within the jet
and trend is consistent with that observed in (pr) of all charged hadrons
shown in Fig. 9.16. The isotropic events show hints of lower average trans-
verse momenta, which would also follow the trends of all charged hadrons,
however, the current systematic uncertainties are too large to draw rigid
conclusions.
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Figure 9.21: pr-integrated hadron yields (left) and average transverse momenta
(right) in jetty and isotropic events as a function of charged-particle multiplicity in
pp collisions at /s = 13 TeV. Shaded areas represent dN/dy and (pr) extracted
from spherocity-unbiased studies.
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Conclusions

This work reports on the production of 7, K and p as a function of mul-
tiplicity and transverse spherocity in pp collisions. In order to isolate the
impact of center-of-mass energy to the final state observables, spectra were
measured at /s = 7 and 13 TeV. In addition, event shape studies were
performed in high-multiplicity pp collisions at /s = 13 TeV.

Integrated Hadron Yields and Average pr

The integrated hadron yields show a strongly correlated scaling with event
multiplicity, which holds at different center-of-mass energies and extends
to different colliding systems, such as p-Pb and Pb-Pb. This suggests that
particle hadrochemistry is dominantly driven by event activity and not
v/s. On the other hand, the average transverse momenta show hints of an
increase in pp collisions at /s = 13 TeV as compared to 7 TeV, which
indicates that the dynamics of particle production might be different at
different energies.

The integrated hadron-to-pion ratios as a function of (d Ng,/dn) meas-
ured in pp collisions at /s = 7 TeV show larger yields of (multi) strange
hadron production at higher multiplicities. This effect is stronger for had-
rons with more strange quarks and is not seen in, for example, the p/m
ratio, indicating that the enhancement is related to the strangeness con-
tent, and not baryonic number.

A comparison of measured hadron-to-pion ratios to different models
show that rope hadronization predicts strangeness enhancement qualitat-
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ively well, although the rates of, for example, 2 production are under-
estimated by several orders of magnitude. The enhancement of hyperon
production is also predicted by EPOS LHC, but the evolution is much
stronger than that measured. Finally, PYTHIA 8 with color reconnection
does not predict any modification of the integrated ratios with multiplicity.
On the other hand, the measured ratios are well-described by macroscopic
models such as thermal hadronization or core-corona, which are often used
in heavy-ion studies.

Spectral Shapes in pp Collisions at /s = 7 and 13 TeV

Identified hadron spectra measured in pp collisions at 1/s = 7 and 13 TeV
become harder at increasing multiplicities with the effect being more pro-
nounced for heavier hadrons. The pr-differential K/7 ratios under the two
different center-of-mass energies show no strong evolution with (d Ney, /dn),
while p/7 ratios show a blueshift in high-multiplicity pp collisions as com-
pared to low multiplicities. Similar observations were previously reported
from studies on larger systems, where such effects would be associated with
stronger radial flow.

Comparisons of the measured pp-differential hadron-to-pion ratios with
several MC generators suggest that the observed p/7 evolution with the
multiplicity can be qualitatively explained by QCD phenomenology, like
color reconnection or rope hadronization. Alternatively, spectral analysis
using a blast wave model shows that in restricted pt ranges, hadrons move
in a common velocity field, which might indicate a presence of an expanding
medium.

The average expansion velocity extracted from the BW analysis in-
creases with multiplicity in all the colliding systems at different center-of-
mass energies, indicating that the expansion is stronger at higher (d N, /dn).
The kinetic freeze-out temperature in pp collisions at /s = 13 TeV is lower
than that in 7 TeV and suggests that the medium decouples at later stages
as /s increases.

Event Shape Studies

In order to disentangle the soft and hard modes of QCD in pp collisions at
Vs = 13 TeV, transverse spherocity was used to select high-multiplicity
events with isotropic and jetty final states. m, K and p spectra in isotropic
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events are found to be softer than that in jetty, and spectral modifications
appear to be stronger for heavier particles. This indicates that isotropic
states indeed originate from soft-QCD events, while jetty events have a
more pronounced hard-QCD component.

The prp-differential K/ ratios in isotropic collisions show no significant
deviations from the spherocity-unbiased case, while a small shift in pp is
seen in the jetty events. This shift is understood to originate from particle
production in jets. On the other hand, significant evolution with spherocity
is seen in the p/m spectral ratios: in the pr ranges considered, the isotropic
events exhibit an enhanced ratio compared to the spherocity-unbiased case,
while in jetty events, the ratio appears to be depleted. This observation
suggests that the amount of flow-like effects in the sample can be controlled
with the spherocity observable.

Studying pr-differential K/m and p/7 ratios with MC generators, it is
found that PYTHIA 8 provides only qualitative description of the spec-
tral modifications introduced by the spherocity selection. Furthermore,
comparison of the measured (pr) as a function of multiplicity to the MC
predictions in isotropic events suggest that in high-multiplicity events, the
hard QCD component is overestimated or the underlying event is underes-
timated. However, EPOS LHC describes the relative spectral ratio modi-
fications with spherocity very well. Considering that EPOS LHC employs
a core-corona model for particle production along with a built-in flow para-
metrization, this suggests that an expanding medium is created in pp col-
lisions.

The BW model is found to describe the proton spectra in both jetty and
isotropic events well, which might indicate the presence of an expanding
medium in both cases. The average expansion velocity (fr) in isotropic
events is larger than that in jetty events, suggesting a more “explosive”
medium. The lower kinetic freeze-out temperature in jetty events can be
interpreted as a signature for a longer-lived system, but might also be a
bias originating from the imbalance in p/7 ratios.

The integrated hadron yields and (pt) in jetty and isotropic events are
compared to those measured in the multiplicity-differential study. Hadron
yields in different spherocity classes are comparable to those measured in
spherocity-unbiased events at similar (dN,/dn) and therefore follow the
same scaling. On the other hand, (pr) in jetty (isotropic) events appear
to be numerically larger (smaller) than those in the spherocity-unbiased
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events, hinting at different dynamics in the two cases. To understand the
significance of such a result, however, systematic uncertainties have to be
reduced.

Summarizing, it has been shown that the identified hadron production
as a function of multiplicity in pp collisions at y/s = 7 and 13 TeV exhibits
similar patterns to those found in Pb-Pb collisions and usually associated
with the presence of the QGP. The heavy-ion models provide a better
description of the data than the pQCD-inspired models often used for pp
collisions. In addition, the QGP-like effects can be further enhanced by
using event shape observables like transverse spherocity.
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Appendix A

List of Acronyms

ALICE — A Large Ion Collider Experiment
BW — Blast Wave

CERN — European Organization for Nuclear Research
CGC - Color Glass Condensate

CR — Color Reconnection

DCA - Distance of Closest Approach

GC - Grand-Canonical

HI — Heavy-Ions

HM — High-Multiplicity

HRG — Hadronic Resonance Gas

ITS — Inner Tracking System

LHC — Large Hadron Collider

LQCD - Lattice Quantum Chromodynamics
MB — Minimum Bias

MC — Monte Carlo

MPI — Multi-Partonic Interactions

MRPC — Multigap Resistive Plate Chambers
MWPC — Multi-Wire Proportional Chamber
PID — Particle Identification

PMT — Photo Multiplier Tube

pQCD — Perturbative Quantum Chromodynamics
QCD - Quantum Chromodynamics

QED — Quantum Electrodynamics

QGP — Quark—Gluon Plasma
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RHIC — Relativistic Heavy-Ion Collider
SC — Strangeness-Canonical

SDD — Silicon Drift Detector

SHM - Statistical Hadronization Model
SM — Standard Model

SPD — Silicon Pixel Detector

SPS — Super Proton Synchrotron

SDD — Silicon Drift Detector

TOF — Time-Of-Flight

TPC — Time-Projection Chamber
UrQMD — Ultrarelativistic Quantum Molecular Dynamics



Appendix B

Different Sources of
Tracking Uncertainties
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Figure B.1: Full (top panels) and multiplicity uncorrelated (bottom panels) track-
ing uncertainties obtained by varying the maximum allowed x2? per TPC cluster.
Uncertainties shown for 7, K and p spectra in different VOM multiplicity classes.
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Figure B.2: Full (top panels) and multiplicity uncorrelated (bottom panels) track-
ing uncertainties obtained by varying the minimum number of crossed rows in the
TPC. Uncertainties shown for 7, K and p spectra in different VOM multiplicity
classes.

This thesis —\VOM | — VOM IV VOM VII — VOM X
pp, Vs =13 TeV — VOM I VOM V VOM VIl
Tracking, DCA, — VoM Il VOM VI — VOM IX
0.01f ' Cowenct ' KHK Tpp ' ]
0.005f . L 1L
Q =
%) N
3 |- : ; B
‘IO.Ol_' 0.3< p,< 3 GeVicT 0.3< p,< 3GeV/cT0.4< P, < 3 GeVic ]
c
3 >
Q
L 1 1 18
0.005[ 3
i 2
L @
| i n, a
0 oo — .. de = Saa,
2 1 2 3

1

pTl(GeV/c) 2

Figure B.3: Full (top panels) and multiplicity uncorrelated (bottom panels) track-
ing uncertainties obtained by varying the maximum allowed DCA in z direction.
Uncertainties shown for 7, K and p spectra in different VOM multiplicity classes.



Appendix C

Systematic Uncertainties on
Particle Spectra
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Figure C.1: Full (top panels) and multiplicity uncorrelated (bottom panels) sys-
tematic uncertainties for 7w, K and p in VOM multiplicity class I.
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Figure C.2: Full (top panels) and multiplicity uncorrelated (bottom panels) sys-
tematic uncertainties for 7, K and p in VOM multiplicity class II.
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Figure C.3: Full (top panels) and multiplicity uncorrelated (bottom panels) sys-
tematic uncertainties for 7, K and p in VOM multiplicity class III.
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Figure C.4: Full (top panels) and multiplicity uncorrelated (bottom panels) sys-
tematic uncertainties for 7, K and p in VOM multiplicity class IV.
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Figure C.5: Full (top panels) and multiplicity uncorrelated (bottom panels) sys-
tematic uncertainties for 7, K and p in VOM multiplicity class V.
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Figure C.6: Full (top panels) and multiplicity uncorrelated (bottom panels)
tematic uncertainties for 7, K and p in VOM multiplicity class VI.
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Figure C.7: Full (top panels) and multiplicity uncorrelated (bottom panels) sys-
tematic uncertainties for 7, K and p in VOM multiplicity class VII.



201

This thesis —— TOF, AB=0 TOF, n_cut - --Sum
pp, Vs =13 TeV —— TOF, +2% resolution TPC, n_ cut
VOM class VIII TOF, +4% tail —— Tracking
T T T
AT p+P
-
c
N ]
fasl 1
i
1! g
1
0.02} + i T 15
] : 1~ 3
i - _:_' - o)
IR = I
o Tty e TR s = S R B R BT = e b
0 I i 2 ] - . r s

2 pTl(GeV/c) 2

Figure C.8: Full (top panels) and multiplicity uncorrelated (bottom panels) sys-

tematic uncertainties for 7, K and p in VOM multiplicity class VIII.
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Figure C.9: Full (top panels) and multiplicity uncorrelated (bottom panels) sys-

tematic uncertainties for 7, K and p in VOM multiplicity class IX.
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Figure C.10: Full (top panels) and multiplicity uncorrelated (bottom panels)
systematic uncertainties for 7, K and p in VOM multiplicity class X.



Appendix D

Blast Wave Fits in pp
Collisions at /s =7 TeV
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Figure D.1: Blast wave fits to m, K and p spectra measured in pp collisions at
Vs =7 TeV. VOM classes I and II are shown.
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Figure D.2: Blast wave fits to m, K and p spectra measured in pp collisions at
Vs =7 TeV. VOM classes III, IV, V and VI are shown.
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Figure D.3: Blast wave fits to m, K and p spectra measured in pp collisions at
Vs =7 TeV. VOM classes VII, VIII, XI and X are shown.
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Figure E.1: Blast wave fits to m, K and p spectra measured in pp collisions at
Vs =13 TeV. VOM classes I and II are shown.
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Figure E.2: Blast wave fits to m, K and p spectra measured in pp collisions at
/s =13 TeV. VOM classes III, IV, V and VI are shown.
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Figure E.3: Blast wave fits to m, K and p spectra measured in pp collisions at
/s =13 TeV. VOM classes VII, VIII, XI and X are shown.
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