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Abstract

Through ultrarelativistic particle collisions at the LHC, it is possible to decon-
fine quarks and gluons. This deconfinement gives rise to a strongly interacting
medium, referred to as the Quark-Gluon Plasma (QGP). One of the earliest
proposed and observed signatures of the QGP was the enhanced production of
strange hadrons since the medium can thermally produce strange quarks. How-
ever, recent studies in small systems, such as proton—proton (pp) and proton-
lead (pPb) collisions, have exhibited similar features. These findings are quite
puzzling, as the formation of a QGP in these small collision systems challenges
current theoretical frameworks.

In this Thesis, I present two different studies on the production of ¢ mesons, in
relation to = baryons, in pp collisions at /s = 13 TeV, measured with the ALICE
apparatus. Both of these studies aim to investigate the origin of strange hadron
enhancement in high-multiplicity pp collisions. First, I report measurements of ¢
production as a function of the event-shape observable Unweighted Transverse
Spherocity, SgTzl. With SgTzl, it is possible to categorize events by their
azimuthal topology. I utilize SgTzl to contrast particle production in collisions
dominated by many soft initial interactions, with collisions dominated by a
single hard scattering. I find that strangeness enhancement is prominent in
soft, isotropic topologies, whereas events with di-jet topologies showcase a clear
suppression of strange particles.

The second study presents the production of ¢ mesons and = hadrons as a
function of the Relative Transverse Activity Rr. With Rr, one can control
the size of the Underlying Event (UE). By varying R, it is therefore possible
to study the interplay between particle production from hard fragmentation in
jets, and soft particles produced by the UE. The reported results suggest that
strange particle production is mainly a feature of the UE.

When put together, the two studies suggest that high-multiplicity pp colli-
sions are in general dominated by soft physics, which is also responsible for
the strangeness enhancement, while high-multiplicity events dominated by hard
physics are rare outliers.
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Popular Science Summary

Quarks and gluons are elementary particles that constitute fundamental building
blocks of matter. These particles can not normally be observed as free particles,
due to the strong force, which confines both quarks and gluons into hadrons,
such as neutrons and protons. However, under specific circumstances, it is
possible to induce a phase transition; similarly to how ice melts into water,
given a high enough temperature, the bindings of the strong force can “melt”,
deconfining the quarks and gluons. This can create a new, exotic state of matter,
referred to as the quark-gluon plasma (QGP). The QGP can be described as a
strongly-interacting medium, which is extremely dense and driven by extremely
large temperatures. Within the QGP, quarks and gluons are essentially able to
roam around as free particles. Furthermore, it is hypothesized that the entire
Universe once consisted of a single QGP, after the first microseconds (0.000001
seconds) of the Big Bang.

By colliding heavy ions, such as lead or gold, that are accelerated up to 99%
of the speed of light, it is possible to create the experimental temperatures and
pressures required to form q QGP. However, it is not possible to directly measure
the properties of the strongly interacting medium, as the temperatures can not
be sustained for more than an extremely short moment. The plasma quickly
cools down and decays to produce hadrons that have re-confined both quarks
and gluons. Instead, one has to study the interplay between different hadrons,
in collisions where one thinks the QGP has been created. This is what has
been done at the “The Relativistic Heavy-Ion Collider (RHIC)” in Brookhaven
and at “The Large Hadron Collider” (LHC) in Geneva, which has generated
a plethora of experimental evidence for the QGP. Observations suggest that
the QGP acts like an almost perfect liquid, where particles exhibit movement
through collective patterns, where both the transport and production of particles
can be described by hydrodynamics.

However, several discoveries have been made in recent years, which suggest that
several of the collective signatures are also present in proton—proton (pp) col-
lisions. This has been a puzzling discovery, as pp collisions were not thought
to be able to create the experimental conditions required for quarks and gluons
to properly thermalize, to produce a QGP. One of these signatures has been
the enhanced production of hadrons containing strange quarks. These heav-
ier hadrons, relative to protons and neutrons which consist of lighter quarks,
are not normally encountered throughout the Universe, as they are unstable
and quickly decay once produced. Enhanced production of hadrons containing
strange quarks was long thought to be a unique feature of heavy-ion collisions
but has now also been discovered in pp collisions, published in the journal Nature
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Physics [1].

The goal of the research described in this thesis is to gain further insight into
what drives the enhancement of strange hadrons in extremely energetic (high-
multiplicity) pp collisions. This has been done by studying strange hadrons rel-
ative to the geometry produced in each collision, which can give insight into the
physical processes that drive particle production. The production of ¢ mesons
(pronounced “phi”; consisting of a pair of strange-antistrange quarks) has been
studied relative to the production of = baryons (pronounced “xi”, consisting of
up quarks, and two strange quarks).

The production of ¢ mesons in a QGP is described through thermal distribu-
tions, where the probability to create a ¢ meson is related to its mass, which is
similar to that of a proton. More traditional models in particle physics instead
predict the ¢ to behave more like the = production, where it is instead the
mass of the quarks that drives particle production. The relationship between
these two particles can therefore be used to probe more information about the
underlying processes of particle production in high-multiplicity pp collisions.

The results presented in this thesis suggest that the previously considered rare,
“QGP-like” effects in high-multiplicity pp collisions, are not as rare as previ-
ously thought. Rather, it seems that these phenomena are the norm in high-
multiplicity pp collisions. Instead, it seems that the traditional signatures in pp
collisions are extremely suppressed, within the most highly energetic pp colli-
sions.
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Popularvetenskaplig Sammanfattning

Kvarkar och gluoner, elementarpartiklar som utgor tva av materians fundament-
ala byggblock, kan normal sett inte observeras fritt. Detta pa grund av att de
halls ihop av den starka véxelverkan for att bilda hadroner, s& som neutroner
och protoner. Under sérskilda forhallanden ar det ddremot mojligt att inducera
en fasovergang; P& samma sitt som is kan smaélta till vatten vid tillrackligt
héga temperaturer, sa kan bindningarna av den starka vixelverkan “smélta”,
och pa sa vis befria kvarkar och gluoner. Detta bildar ett exotiskt nytt till-
stand, som kallas kvark-gluonplasma. Det nya tillstandet kan beskrivas som
starkt viaxelverkande, extremt kompakt, och drivs av enorma temperaturer, dar
kvarkar och gluoner i stort satt kan rora sig som fria partiklar. Dessutom
ar det spekulerat att hela Universum vid en tid bestod av en singular kvark-
gluonplasma, vid de forsta mikrosekunderna (0,000001 sekunder) efter Big Bang.

Genom att kollidera tunga joner, s som bly eller guld, som accelererats upp till
99% av ljusets hastighet, sa ar det mojligt att experimentellt skapa de temperat-
urerna och tryck som krévs for att bilda en potentiell kvark-gluonplasma. Dére-
mot ar det inte mojligt att direkt méata egenskaperna av det starkt vixelverkande
tillstandet, da de det inte gar att uppritthalla temperaturerna for mer &n
ett otroligt kort 6gonblick. Plasman kyls ner och sénderfaller, vilket produ-
cerar hadroner som aterigen bundit ihop kvarkar och gluoner. For att utforska
egenskaperna av kvark-gluonplasman, sa maste man istéllet skildra hur produ-
cerade hadroner interagerar med varandra, i kollisioner ddr man tror plasman
har bildats. P& sa vis har en rad av experimentella bevis av kvark-gluonplasman
hittats, bade fran “The Relativistic Heavy-Ion Collider” (RHIC) i Brookhaven,
och “The Large Hadron Collider” (LHC) i Genéve. Det som observerats tyder
pa att kvark-gluonplasman beter sig som en perfekt vitska, dar partiklar kan ses
rora sig kollektivt, dér transport och produktion av partiklarna kan beskrivas
med véatskedynamik.

Daremot sa har flera upptéackter gjorts i de senaste aren, dar man kan se att
manga av de kollektiva signaturerna ocksa upptrader i extremt hog-energetiska
proton—proton (pp) kollisioner. Detta har varit en forbryllande upptéckt, da pp
kollisioner inte troddes kunna bilda tillrdckligt stora volymer, for att kvarkar
och gluoner skulle kunna termalisera. En av dessa signaturer dr forstarkningen
av hadroner som innehaller en “strange” kvark (&ven kallat sidrkvark). Dessa
tyngre hadroner, férhallandevis till protoner och neutroner som bara bestar
av lattare kvarkar, ar inte vanligt férekommande i universum, da de &r in-
stabila och sonderfaller snabbt. En 6kad produktion av hadroner med sérk-
varkar som troddes vara unikt till tungjonskollisioner har nu ocksa upptéckts i
proton-proton kollisioner, vilket har publicerat i tidskriften Nature Physics [1].



Syftet med forskningen som beskrivs i denna avhandling ar att béttre forsta det
som driver den forstarkta produktionen av sirkvarkar i extremt-hogenergetiska
pp kollisioner och huruvida detta &r relaterat till kvark-gluonplasman. Detta har
gjorts genom att studera sirkvarkar i hog-energetiska pp kollisioner, forhallande
till geometrin som skapas i kollisionen. Tanken &r att geometrin i kollisionen
som bildas kan skildra vilka typer av fysikprocesser som drivit partikelproduk-
tionen. Produktionen av ¢ mesoner (uttalas “fi”, som bestar av ett sarkvark-
antisdrkvark par) har studerats i forhallande till produktionen av = baryoner
(uttalas “xi”, som bestar av en “upp” kvark, och tva siarkvarkar).

Produktionen av ¢ mesoner i en kvark-gluonplasma beskrivs via termiska dis-
tributioner, dir sannolikheten att bilda en ¢ meson ar relaterad till dess massa,
vilket &r likt protonen. Mer traditionella modeller inom partikelfysik beskriver
istéllet ¢ produktionen likt = baryoner, dir det &r massan av sirkvarkarna
som driver produktionen. Forhallandet mellan dessa tva partiklar kan darfor ge
information om hur hadronerna i sig bildas i hog-energetiska pp kollisioner.

Resultaten som presenteras i denna avhandling indikerar att de tidigare trott
sillsynta, “kvar-gluonplasma-liknande” effekterna i hog-energetiska pp kolli-
sioner, inte ar lika séllsynta som forutspatt. Snarare sa verkar dessa fenomen
beskriva normen av hog-energetiska pp kollisioner. Istéllet 4r det de tradi-
tionella proton—proton signaturerna som &r extremt démpade, inom de mest
hog-energetiska pp kollisionerna.
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Chapter 1

Introduction

The main purpose of this thesis, and much of the entire heavy-ion research
field, is to gain further insight into the properties and dynamics of the quark-
gluon plasma (QGP). At the energy scales at which we exist, quarks and gluons
are normally bound together as hadrons, such as protons and neutrons, by the
strong force, and cannot be observed as independent particles. However, given
extreme energy densities and pressure, quarks and gluons have been observed to
deconfine, to form a semi-coherent, strongly interacting medium. This medium
is referred to as the QGP, where partons can roam for distances longer than
the size of a nucleon [2]'. Furthermore, it is hypothesized that during the
first microseconds after the Big Bang, the entire known Universe consisted of a
single, large QGP [3]. This expansion of the Universe is illustrated in Fig. 1.1.
Moreover, it is theorized that QGP naturally composes the core of supermassive
neutron stars [4].

The possibility of producing man-made QGP in ultra-relativistic heavy-ion col-
lisions has been hypothesized since the mid-1970’s [5], due to the large tem-
peratures and pressures created in the collisions. These collisions consequently
produce an enormous entropy, with up to as many as 30,000 particles [6]. This
can be seen in Fig. 1.2, showing a typical central Pb—Pb collision measured
by the A Large Ion Collider Experiment (ALICE). However, the particle colli-
sions can not sustain the temperature of the QGP, giving it an extremely short
lifetime (approximately ~ 10fm/c ~ 10~23s), making direct observations of
the QGP impossible. Instead, signatures of the QGP have to be inferred by
the behavior and dynamics of the produced final-state particles, which can be
measured experimentally.

!The size of a nucleon is about one fermi, where 1 fm = 107® m
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Figure 1.1: Sketch of the formation of the Universe, from the Big Bang until today. The figure is borrowed from Ref. [7].



Circumstantial observations of the QGP were first made at the CERN Super
Proton Synchrotron (SPS) [8][9]. This was followed up by more confident ob-
servations with measurements from the heavy-ion program at the Relativistic
Heavy-Ion Collider (RHIC) [10][11][12][13], which suggested that the QGP has
properties similar to that of a perfect liquid®2. The observations from RHIC
were supplemented with additional evidence from the heavy-ion program from
the Large Hadron Collider (LHC); the largest man-made apparatus ever con-
structed, which opened for operation in 2010, allowing for Pb—Pb collisions at
center-of-mass energies 10 times larger than those of RHIC (200 GeV and 2760
GeV per nucleon pair, respectively). Experimental measurements in Pb—Pb col-
lisions at a center-of-mass energy (,/snn) equivalent to 2.76 TeV (approximately
4.422x10~7 J) have suggested that the temperatures of a QGP are of the order
of 300 MeV [14] (approximately 3.481x10'? K)3.

However, during recent years, a large collection of studies of high-multiplicity
proton—proton (pp) and proton—lead (p—Pb) collisions have revealed that small
collision systems* exhibit signatures that were previously considered to be unique
features of the QGP [15][1][16]. The formation of a QGP in these small collision
systems challenges current theoretical frameworks, as the initial small volumes
imply lifetimes too short for the produced systems to fully equilibrate. Moreover,
the results in small systems also challenge the idea that the aforementioned ob-
servations are necessarily signs of the QGP, which is the widely accepted inter-
pretation of measurements in experiments from both RHIC and LHC. This has
created a sub-community within the traditional heavy-ion community, probing
the universality of a potential QGP in different collision systems.

One of the first proposed signatures of the QGP has been the enhanced produc-
tion of strange (s) quarks, relative to lighter up (u) and down (d) quarks [18].
This quite abundant strange quark has appeared to be a very powerful probe
for QGP-like effects, in small and large collision systems alike (described in
detail in Sec. 3.3.1). Results on strangeness production in small systems can
facilitate progress in both QCD dynamics, in addition to putting constraints on
phenomenological, non-perturbative descriptions of hadronization. The ALICE
collaboration has previously reported that strangeness enhancement does not de-
pend on the collision system, nor the center-of-mass energy, but has a universal
scaling, depending on the charged particle density produced at midrapidity [1].

This thesis will provide new tools and measurements to further study the en-

27Perfect”, in this sense, implying a shear viscosity to entropy density of nearly 0

3For more relatable references, the temperature of volcanic lava is approximately 1500 K.
The core of the sun is estimated to be 15.7 x 107 K

4Relative to larger, nucleon-nucleon collisions, e.g., lead-lead collisions (Pb—Pb)



Run: 244918
Time: 2015-11-25 10:36:18
e Colliding system: Pb-Pb

ALICE Collision energy: 5.02 TeV

Figure 1.2: Event display of a single Pb—Pb collisions, at \/syn =5.02 TeV, measured by the ALICE collaboration. Each
individual line represents a charged particle track. The figure is taken from Ref. [17].

hancement of strange hadrons, in particular, the ¢ and Z hadrons, relative to
different properties measured in the collision, through multi-differential ana-
lyses to probe pp collisions in the regime where QGP-like features are preval-
ent. This thesis will report on new measurements of particle production in
high-multiplicity pp collisions at /s =13 TeV, as functions of azimuthal event
topology, estimated through the unweighted transverse spherocity S’gTzl. This
is followed by a measurement of ¢ and = production as functions of the relative
transverse activity Rr.

1.1 Thesis outline

This thesis is divided into three parts; 9 chapters in total. The first part consists
of three chapters covering elementary theory and phenomenological concepts,
which puts the research presented in this thesis into context with broader heavy-
ion research. Chapter 2 introduces the Standard Model, the basic theory of QED
and QCD, lattice QCD and Feynman diagrams. This is followed by an overview



of the QGP and the signatures and properties of the QGP in chapter 3. Chapter
4 covers different phenomenological frameworks to describe the hadronization
processes of ¢ and = hadron production.

Chapter 5 comprises the second part, which covers a brief overview of the LHC,
followed by a detailed description of the ALICE apparatus. Experimental tech-
niques used for charged particle track reconstruction, as well as particle identi-
fication (PID) techniques utilized by ALICE, are covered in this chapter.

The last part details the two major studies that I have primarily contributed
to during my time as a Ph.D. student; particle production as functions of the
unweighted transverse spherocity SgTzl, and the relative transverse activity Rr.

I detail the ¢ and = reconstruction procedures in Chapter 6. I was the primary
analyzer for the ¢ yield extraction for both studies, spanning a kinematic range
of (1 < pr <5) GeV/c at midrapidity (|n| < 0.8). I describe the procedure of
identifying oppositely charged kaon pairs, through different particle identifica-
tion techniques, which I then used to reconstruct the ¢ meson. I performed the
full analysis, from optimizing the track configuration, and fitting and calibrat-
ing the combined peak parameterization, to obtaining the final, fully corrected
yields. Furthermore, I developed a new method to estimate the combinatorial
background, which allowed for a yield extraction with better precision. I made
rigorous cross-examinations to ensure that my analysis technique was robust
and that the obtained yields were consistent with results from prior ALICE
publications.

The first study is presented In Chapter 7. Here, I measure the production of
¢ yields with respect to the azimuthal topology. The azimuthal topology is
estimated through the unweighted transverse spherocity SgTzl. I report that
the traditional transverse spherocity observable So contained a large bias when
measuring the production of particles that are not reconstructed as primary
charged particles. Based on my investigation of the Sg estimator and the find-
ings of its shortcomings, I developed the modified SgTzl observable. Further-
more, I report a robust series of cross-checks, not only for the ¢ meson, but
a large range of light-flavor particles (7, K, p, Kg, A, =, K*), to ensure that
selecting events based on SgTzl would produce results directly comparable to
MC generator predictions, for all light-flavor particle species. Moreover, I pro-
duced the MC predictions for all ALICE light-flavor SgTzl studies. I present
SgTzl—differential measurements of ¢, including a large range of ¢ pp-differential
spectra, in different multiplicity intervals. I compare the ¢ measurements to
equivalent = results, followed by a comprehensive discussion of the results.



For the second study, presented in Chapter 8, I measure the production of
¢ yields as a function of the underlying event (UE). The size of the UE is
estimated through the relative transverse activity, Rr. I show that there is
a large experimental bias when measuring the pp-differential ¢ spectrum as
a function of Rp. This is attributed to the smearing by the detector, and
I demonstrate how this bias is effectively canceled when comparing particle
species. I present the pp-differential production of both ¢ and =, relative to the
production of © mesons.

Chapter 9 summarizes the results obtained from the analyses presented in
Chapters 7 and 8. Furthermore, it contains a comprehensive discussion where
the role of ¢ is contrasted between SgTzl and Rr, and how this relates to the
equivalent observations of = production.

1.2 Summary of my contributions

A large proportion of my time as a Ph.D. has been dedicated to rigorously test-
ing and developing new event observables, suitable for high-multiplicity proton—
proton collisions, where several experimental biases were uncovered and accoun-
ted for during development. Consequently, I have worked on my major research
project in parallel, culminating in three papers that are at different (two of them
mostly finalized) stages in the internal ALICE publication procedure. I played a
major role in the development of both event observables discussed in this thesis:
Unweighted Transverse Spherocity SgTzl and the Relative Transverse Activity
Rr. Additionally, I was the main analyzer for ¢ yield extraction, and have given
a large contribution for the A, Kg and Z analyses, w.r.t. to both aforementioned
event observables. However, one should keep in mind that I was not the primary
analyzer for the E reconstruction. Therefore, some of the decisions taken for the
= analysis, especially in regard to the evaluation of the systematic uncertainty,
differ compared to the ¢ meson analysis.

I have also contributed to the data taking and managing of the ALICE appar-
atus in several detector shifts, both during the LHC Run 2 and Run 3 periods.
Moreover, during my ALICE service task, I contributed to the Run 3 upgrade
of the ALICE detector, by decommissioning and recommissioning the ALICE
Time-Projection Chamber (TPC), between Run 2 and Run3.



1.2.1 Papers

Here I list ongoing papers which include major contributions from my side.
These papers are not yet published and are in internal ALICE review. The
papers are listed in order of completeness, where the two first papers are quite
mature and will be published in the near future. Additionally, I list a published
write-up from a workshop that I was involved with.

e Production of pions, kaons, and protons as a function of the transverse
event activity in pp collisions at /s =13 TeV. I am in the paper committee
for this paper, and I had a large part in RE&ED of Rt observable, to un-
derstand experimental biases in the yield extraction of the pr-differential
spectra. It was decided to break up this analysis into two publications,
the first one to mainly publish the unfolding technique for the Nt spectra,
as well as physics results for primary w, K, p production. This paper is
spearheaded by my colleague O. Vizquez [19]

o Light-flavor particle production in pp collisions at /s = 13 TeV as a
function of transverse spherocity. A comprehensive paper of light-flavor
particle production as a function of unweighted transverse spherocity S%Tzl.
This paper is primarily chaired, written, and driven by myself, along with
several colleagues of primary analyzers for different particle species.

« Production of A, K%, K**, ¢, and = as a function of the transverse event
activity in pp collisions at /s =13 TeV. Continuation of the Ry analysis.
I will be part of the paper committee for this paper, which is primarily
driven by my colleague O. Matonoha

e J. Adolfsson et al. QCD challenges from pp to A—A collisions. Eur.Phys.
J.A 56 (2020) 11, 288. https://doi.org/10.1140/epja/s10050-020-00270-1.
This is a published write-up from the workshop “3rd International Work-
shop on QCD Challenges from pp to AA”, which took place 19 - 28 Aug
2019.

1.2.2 Proceedings

I have given several talks during my time as a Ph.D. student, totaling 15 present-
ations. These presentations do not include internal ALICE talks or analysis
reviews. Some of these talks included an opportunity to write and publish pro-
ceedings. All of these proceedings were for centrally approved ALICE talks,



except my first presentation, where I showcased results from simulated data.
The listings are presented in reverse-chronological order:

o A. Nassirpour, on behalf of the ALICE collaboration (2022). Light-flavor
hadron production in small collision systems with ALICE. Will be pub-
lished on EPJ Web of Conference. The proceeding is under review by
journal editors.

e A. Nassirpour, on behalf of the ALICE collaboration (2022). FEwvent-
shape studies of strangeness production in 18 TeV proton—proton collisions
with ALICE. EPJ Web Conf.m 259, 13005. https://doi.org/10.1051/
epjconf/202225913005

o A. Nassirpour, on behalf of the ALICE collaboration (2020). Probing strange-
ness production in small systems through new, multi-differential measure-
ments with ALICE at the LHC. Journal of Physics: Conference Series,
1602(1), 012007. https://doi.org/10.1088/1742-6596/1602/1/012007

o A. Nassirpour (2019).Improved Event Mizing for Resonance Yield Extrac-
tion. MDPI, 10, 1, 26. https://doi.org/10.3390/proceedings2019010026
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Chapter 2

The Standard Model of
Particle Physics

This chapter will cover the basics of the Standard Model; a theory that describes
all fundamental particles of matter (quarks and leptons), and the fundamental
interactions between them (the gauge bosons). This is not a comprehensive re-
view of the Standard Model, but rather a cursory overview of the theory and
concepts needed to discuss upcoming chapters in this thesis. The chapter will
mainly focus on the theory describing the electromagnetic interaction between
quarks, leptons, and photons, Quantum Electrodynamics (QED), and the theory
describing the interaction between quarks and gluons, Quantum Chromodynam-

ics (QCD).

2.1 The Standard Model

The Standard Model contains three types of different elementary particles:
quarks, leptons, and force mediators (bosons). In addition to the particles listed
in Fig. 2.1, all particles have corresponding anti-particles; particles that share
the same mass, but with opposite electric charges.

The Standard Model mainly describes the interactions between three out of
the four fundamental forces: the Electromagnetic, Weak, and Strong nuclear
forces. The fourth fundamental force, Gravity, proposed to be mediated via
the Graviton, interacts too weakly to be detected on a microscopic level [21,
p. 9], and can not currently be formulated into a gauge theory, and is therefore
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Figure 2.1: Overview of the different particles included in the Standard Model. The different colors distinguish the different
types of particles; quarks, leptons, and bosons. The listed numbers are the mass (top), electrical charge
(middle), and spin (bottom). The figure is taken from Ref. [20].

not incorporated into the standard model. The electromagnetic force acts on
electrically charged particles, while the strong force acts on particles that carry
color charges (quarks and gluons). Lastly, the weak force (weak, due to the large
mass of the force mediators, W+ /ZY), acts on quarks, leptons, and electroweak
bosons [21, p. 6].

The quarks constitute the building blocks of hadrons. Quarks are fermions that
obey the Pauli exclusion principle, have spin %, are massive, carry the color
charge of QCD, and electric charges in fractions of either %e or —%e. The
color charges are split into three different values, red (r), green (g), and blue
(b). These colors are not “colors” in a traditional sense, but rather represent
different quantized charges, each one similar to the electric charge.

All hadrons consist of two different types of quarks; sea quarks and valance
quarks. The valence quarks determine the quantum numbers of hadrons and
ensure that hadrons are color neutral, i.e, they consist of partons that form
a color-neutral singlet. This is done either by combining a triplet of different
color charges (rgb or 7gb) which are called Baryons, or a quark-antiquark pair
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with opposite charges (for example, r7), called Mesons!. Conversely, sea quarks
are quark-antiquark pairs that form due to quantum fluctuations inside the
hadron [21, p. 208].

There are 6 known quarks, divided into three generations with ascending masses.
The different quarks are often referred to as different “flavors”. The two light-
est quarks, the “up” (u) and “down” (d) quarks, are the most abundant ones,
which are the building blocks for protons (uud) and neutrons (udd). The heav-
ier quarks do not comprise any stable hadrons but can be produced in ultra-
relativistic particle collisions.

Leptons are massive fermions, and unlike quarks, do not carry any color charge,
and can therefore only interact through weak and electromagnetic interactions.
The electron, muon, and tau leptons carry an electric charge, and all have their
corresponding neutrino particles, which carry no electric charge and can only
interact through the weak force.

The bosons mediate the different forces. Unlike the leptons and quarks, they do
not follow the Pauli exclusion principle, as they have an integral spin of 1 (except
for the Higgs Boson, which has an integral spin of 0). Furthermore, since the
bosons can be derived through the framework of gauge theories, they are also
referred to as “gauge bosons”. The photons transmit the electromagnetic force.
They are massless mediators and do not carry any inherent electromagnetic
charge. In contrast, the massless gluons, which mediate the strong force, carry
an inherent color charge as well; leading to several unique properties of the
interactions between quarks and gluons, further discussed in Sec. 2.3. The W+
and Z° bosons, which mediate the weak interaction, are both massive, where
the W* boson also carries either positive or negative electrical charge, while the
Z° boson is electrically neutral.

It is possible to formalize quantum mechanical frameworks to describe the in-
teractions between matter and forces, referred to as Quantum Field Theories
(QFT). The QFT for interactions between electrically charged particles is re-
ferred to as Quantum Electrodynamics (QED), whereas the QFT for strong in-
teractions is referred to as Quantum Chromodynamics (QCD). The QFTs based
on different symmetry groups within the SM. The different symmetry groups
for the SM can be expressed as:

SU(3) x SU(2)1, x U(1). (2.1)

The U(1) x SU(2)r, term describes the electroweak forces. The L in SU(2),

'LHCb has discovered other types of hadrons, e.g., pentaquarks [22]. However, these had-
rons are rare, and not relevant to the work presented in this thesis.
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signifies that massless fermions can only interact weakly if their spin is anti-
aligned (left-handed). Finally, the non-abelian SU(3) group describes the strong
gluon-quark color interactions.

The Higgs Boson is the fast boson of the Standard Model. It is related to
the Higgs mechanism, which gives mass to the W* and Z° boson (and all SM
fermions except for neutrinos) through electroweak symmetry breaking. The
Higgs boson is an excitation of the Higgs field described by the Higgs mechanism.

2.2 Feynman Diagrams and Quantum Electrodynam-
ics (QED)

The different interactions between hadrons, leptons, and bosons can be depicted
through Feynman diagrams, introduced by Feynman during the early 1940s [23,
p. 9]. The Feynman diagram allows one to intuitively illustrate complex QFT
interactions, and also carries a mathematical description embedded into each
diagram. A simple photon exchange for an electron-electron scattering of the
lowest order is illustrated in Fig. 2.2, where the strength of the interaction is
assigned as y/a, and the probability amplitude of the process is directly propor-
tional to the scattering amplitude M, with momentum q and potential V(r):

M(q) = / V (r)eliar/M) gy (2.2)

By substituting in the Yukawa potential® Vy (r) [23, p. 17)]:

g2 e—'/‘/R

dr  r

W (r) = (2.3)
into Eq. 2.2, we obtain the following expression for M (by integrating over polar
coordinates) [23, p. 18]:

92 h2

M(q) = W (2.4)

where Mx is the mass of the exchanged particle in the interaction. However,
Eq. 2.4 is only valid for low energies, where it is assumed that the initial scatter-
ing occurs from a static source. The lowest-order perturbation theory calculation

2The Yukawa potential is an electrostatic Coulomb potential in the limit for massive
particles
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of a fully relativistic treatment instead yields [23, p. 18]:

252
g°h
M) = 55 2.5
@)= i (2.5)
where ¢? is the squared four-momentum transfer, g the coupling strength of the
interaction. In general, the momentum exchange contribution (also known as
the propagator), for a mediator particle of mass m, is proportional to

1

m. (2.6)

The coupling strength is used to define the coupling constant ay, which is a
dimensionless quantity, generalized to the coupling of an interaction of strength

g:

192

= — =, 2.7
47 he (2.7)

ax
For electromagnetic interactions, the coupling strength for each interaction ver-
tex is related to the fine-structure constant [23, p. 11]:

1 e 1

aEM:FGU%%ﬁ, (2.8)
where e is the elementary charge, ¢y the permittivity in vacuum, ¢ the speed
of light, and A Plank’s constant. With the coupling constant of the electro-
magnetic interaction, it is possible to describe the scattering amplitude of the
direct photon exchange presented in Fig. 2.2. Letting g = e for ax, and m =0
for the propagator (photons are massless) the scattering amplitude |A| can be
expressed as:

Al = ¥1(p1 — @) (—ier” ) (p) _Zg“Wz(pz + q)(—ier" )2 (p2), (2.9)

where 1)1 2 represents the wave function for each electron, (photon emitted from
1), p1 and po the initial momentum for each electron, and ¢ the momentum
transfer of the photon.

Furthermore, the coupling strength can be estimated by measuring the decay

rate of W+t~ decays into etv:

D(W — e*v) ~ 0.223 £ 0.007CGeV (2.10)
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Figure 2.2: Simple Feynman diagram of photon exchange in an electron-electron
scattering.

This can be related to the weak interaction coupling constant ay and the W-
boson mass My (the full derivation can be found in Ref. [23, p. 253]):

DWW — ev) = 2aw My /3 — ay ~ 0.0042 ~ ﬁ (2.11)
Compared to Eq. 2.8, the electromagnetic interaction is only roughly 1.7x the
strength of the weak interaction. The main reason why the weak interaction
remains “weak” is due to the massive properties of the propagators; the photon
is massless, whereas the mass of W is 80.4 GeV/c? + 0.012 and the mass of
70 is 91.2 GeV/c? £0.0021 [24]. This results in weakly decaying particles being
more long-lived, with roughly 107 longer lifetimes than particles undergoing
electrodynamical decays.

2.2.1 Screening & Running Coupling Constant agn

In Eq. 2.8, the fine-structure constant is presented as a constant number. How-
ever, this is only consistent within a classical picture of the scattering. In QFT,
corrections have to be introduced to also accommodate for virtual fermion pair
creation-annihilation. In Feynman diagrams, the creation/annihilation of the
virtual pairs manifests as loops, illustrated in Fig. 2.3. This means that the
coupling constant agys is dependent on the momentum transfer ¢?, and one
has to account for any and all possible virtual fluctuations to recover the 1/137
value of ag;.

The full derivation of this procedure can be found in Ref. [23, p. 235]. If we
measure o = 1/137 for ¢> = —k?, and we let each vertex (including the loop
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Figure 2.3: lllustration of two different Feynman diagrams, where the right figure has
created a virtual pair of electrons. The physical amplitude is given by a
total sum of all necessary higher-order corrections.

vertices) carry a bare coupling of g = €3 /4, then

%)
o By = 2 2.12
em(k?) EETER (2.12)

which can be solved into a generalized form for ag(¢?), at some given scale

¢ = —p*
a(k?
OéEM(q2> = %- (213)

Due to its momentum dependence, agyr(q?) is commonly referred to as a run-
ning coupling constant. The fact that the strength of the expression in Eq. 2.13
is correlated to ¢2, i.e. increases in |¢?| lead to increases in agyy, is quite remark-
able. This consequently leads to a screening effect between electrical charges; to
illustrate this, imagine a single-loop virtual electron is created in the vacuum.
The virtual electron will instantly attract positive charges around it, polarizing
the vacuum, illustrated in Fig. 2.4. This vacuum polarization will then screen a
passing probe, reducing the electric field of the bare electron charge. So a probe
at some distance with a small |¢?| will be screened by the vacuum polarization,
while probes closer to the origin with larger |¢?| will detect a stronger effect-
ive charge, leading to a larger value of apy(g?). As is discussed in detail in
Ref. [21, p. 236], this effect is not negligible. If agy(4M?2)) = 1/137, where M,
is the electron mass, the corresponding coupling strength for a W+ exchange
with mass My is approximately 1/127.
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Figure 2.4: lllustration of the QED screening effect. A probe far from the origin is screened by the vacuum polarization,
while a probe close to the origin will be able to see the original charge. Figure is obtained from Ref. [25].

2.3 Quantum Chromodynamics

Quantum Chromodynamics, or QCD, is a theory that describes the strong in-
teraction between gluons and quarks. “Chromo” in this case refers to the color
charges exchanged between the quarks and gluons. Color in this sense is not
an actual transfer of color; similar to electrical charges being characterized by a
single integer, positive or negative, color charges are characterized by three such
numbers. The quarks carry red, green or blue charges (rgb), and the anti-quarks
anti-red, anti-green and anti-blue anti-charges (7gb). These color charges were
originally introduced to satisfy the Pauli exclusion principle for hadron forma-
tion, otherwise, the quarks would, in some hadrons, occupy the same quantum
state.

Gluons not only mediate the interaction between quarks, but unlike photons,
also carry an intrinsic color charge (the photon in this case propagates the elec-
tric charge, but does itself not interact electrically). Quarks carry a single color
charge, anti-quarks carry anti-color, and gluons always carry both a color and a
different anti-color charge simultaneously. This difference leads to some unique
interactions for the strong force, which partially explains why it is considered
“strong” in the first place.
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2.3.1 Antiscreening

Analogous to the QED case, to find the coupling constant of the strong inter-
action ag (also referred to in the literature as «3), one has to account for all
possible virtual fluctuations and loop corrections that arise from perturbation
theory. However, since gluons also carry color charge, they can self-interact when
undergoing these virtual fluctuations! This phenomenon is illustrated in Fig. 2.5,
in particular in the third diagram, highlighting the gluon self-interaction. Since
gluons carry more color charge than quarks, the third diagram contributes more
to the coupling strength than the second diagram, which will also contribute to
ag as screening. Far away from the origin, with a small momentum transfer, a
blue color charge is seen concentrated in the quark g,. With increasing |¢?|, one
can probe closer to g, although larger |¢?| introduces larger probabilities for the
quark to disassociate, for example through g, — ¢+ gp=. For a probe with larger
|¢?|, one would see the blue color charge from the gluon instead of the original
quark. As |¢?| increases, the virtual fluctuations start to dominate. So close to
the origin, all the color charge would be concentrated in the gluon, which in turn
would make original g, behave like a free particle. Analogous to the QED case,
this effect is called antiscreening, and property of the anti-correlation between
as and |¢?| (higher |¢?| — smaller ag) is referred to as asymptotic freedom. The
running coupling constant is derived in full in Ref. [21, p. 238], resulting in:

_ ag(k?)
S
1+ 2502 (33— 9n ) (In(—g2/k?)

as(q®) (2.14)

where we see that for very large |¢?|, as becomes very small. ag(g?) is shown
in Fig. 2.6, together with experimental constraints, highlighting the asymptotic
feature of the strong interaction.

To properly quantify the strength of the strong interaction, the energy scale
Aqcp is introduced. Aqcp is defined where the denominator of Eq. 2.14 ap-
proaches zero, i.e, when ¢ = —Aqcp. At this scale, the coupling strength is
incredibly strong. Given k = 10 GeV, and as = 0.2, Aqcp turns out to be
~ 166 MeV. At the scale of a few Aqcp, the strong force is expected to be
strong enough to bind together quarks and gluons to form hadrons [21, p. 239).
This phenomenon is called confinement, where at small |¢?|, the quarks and
gluons are confined in hadrons as a color singlet (on a scale of roughly k£ < 1.0
GeV), but will behave like free particles at larger |¢?| (small distances inside the
hadrons). For proton-proton collisions, this consequently means that at higher
energies, the constituent quarks in the protons become more opaque to each
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Figure 2.5: lllustration of how gluon self-interaction affects the higher order corrections in qq — qq scatterings.

other during the collision.

The QCD interactions can be described through Feynman diagrams at large |¢?|
through a perturbation theory called pQCD, where higher-order contributions
from perturbative calculations are renormalized. The same cannot be said for
the confinement region at small |¢?|. In this regime, non-perturbative techniques
have to be applied, as highly non-linear contributions to interactions from several
gluons can not be neglected. The strong force at low |¢?| is approximately 10
GeV/m ~ 2 - 101N3.

2.3.2 Lattice QCD

Since perturbation theory cannot be applied to calculate the interaction strength
of QCD at small |¢?|, other approaches and techniques have been developed to
study and directly calculate the non-perturbative part of QCD. One of the most
prolific solutions to this problem is to analyze QCD through lattice gauge theory,
also known as lattice QCD. Here, the theory is cut-off in momentum transfer, by
calculating QCD processes numerically over a lattice with a minimum distance
scale. The calculations are extremely computationally demanding, and since the
solutions have to be extrapolated to the limit where the distance scale reaches
zero. Performing these calculations within a reasonable timeframe requires com-
plex statistical solutions and techniques.

While computationally demanding and non-analytic, lattice QCD has many
advantages, as it is not constrained by phenomenological assumptions, but is
instead based on first-principle calculations. This has led to a lot of promising
results, allowing for a non-perturbative calculation for the equation of state

3For a relatable reference, the gravitational force acting on a 1500 kg car is approximately
~15-10*°N
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Figure 2.6: A diagram of as as a function of ¢2, highlighting the asymptotic freedom of the strong interaction. Points
are from different experimental measurements, used to constrain Aqcp. Figure is taken from Ref. [26]

(this will be more thoroughly discussed in Sec. 3.2.2), specifying the phases and
transitions between different states of quark-gluon matter.
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Chapter 3

Observables, Heavy-Ion
Physics and the Quark-Gluon
Plasma

This chapter will cover some basic high-energy physics (HEP) observables and
definitions, which are needed to interpret the results contained in this thesis,
such as the transverse momentum pr, center-of-mass energy /s, and pseu-
dorapidity n. This will be followed by an introduction to what drives the study
of high-energy nucleus—nucleus collisions; The Quark-Gluon Plasma (QGP), as
well as the definition and results of observables that are both currently and
historically believed to be signatures of the QGP.

While the results in this thesis are from data produced in proton-proton col-
lisions, I think it is important to understand the context of how these results
relate to the overall understanding of the QGP. As such, some observables and
ideas discussed in this chapter are not explicitly required in order to understand
the work presented later in this thesis. Such sections are marked with an *.
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3.1 Basic observables and quantities

3.1.1 Center-of-mass energy /s

In a collision, between two particles with masses m4 and mp and momenta p4
and pp, the center-of-mass frame (CM) is defined such that the momenta cancel:
pa + pp = 0. The center-of-mass energy s in such a frame is Lorentz invariant,
and the s for two colliding beams is expressed as:

S = (pa +pb)2 = mi‘ + mQB + 2(EAEB — ’pAHpBD = (EA + EB)Q, (3.1)

where F4 and Ep are the total energies of the particles A and B. For a fixed-
target experiment (B is fixed):

s~ mi +mb +2mpEy (3.2)

This means that, for two colliding beams (given E4 = Ep), /s = 2E, while
Vs & \/2mpE, for a fixed target collisions. Thus, one would require extremely
large beam energies in a fixed target experiment to attain the equivalent center-
of-mass energy produced in collider experiments.

For pp collisions, the center-of-mass energy is simply defined as /s, but for
heavy-ion collisions it is customary to add a subscript /snn, to indicate the
center-of-mass energy per nucleus—nucleus pair.

3.1.2 Transverse Momentum pr and Azimuthal angle ¢

The transverse momentum pr is one of the most important observables in
HEP. It is defined as the momentum transverse to the beam axis (along the
z-direction). Hence:

pr = 1\/P2 + D2 (3.3)

If pr is known, the z and y components can be found through the azimuthal
angle, which is the angle that spans over the x — y plane (illustrated with an
x — y cross-section of the beam in Fig. 3.1).

Do = PT COS
Py = prsin ¢. (3.4)
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Figure 3.1: lllustration of the azimuthal angle ¢, relative to the beam-axis z.

Measuring observables and yields as a function of pr is prolific within the field,
mainly due to the following (non-exclusive) reasons:

e pr is Lorentz invariant for boosts along the beam direction. This means
that the measurement is consistent between different frames, moving along
the beam direction.

« Since the partons before the collision will have p'~ (0,0, p.), and pr ~ 0
before the collision, a non-zero pr implies that an interaction occurred,
which can give us information about the kinematics of the collision.

¢ The measurement is a good probe of the virtuality of the partons within
the colliding hadrons; a larger pr implies a larger momentum transfer |¢?|
on average.

3.1.3 Rapidity y and Pseudorapidity 7

The rapidity y is used as a measure instead of the longitudinal velocity since the
collisions occur at relativistic energies. y is additive under Lorentz boosts along
the z-direction (still assuming that z is along the beam-axis), and is defined
as [27, p. 27]:

1. E+p,
y=—1In
2 E-—p,
where E is the energy of the particle, and p, the momentum along the beam-
axis. One can easily see that this quantity is additive in Eq. 3.6, by boosting

Pz
= arctanh —= 3.5
arctanh = (3.5)
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along z axis, by an amount b, such that Fy,st = E coshb—p,sinhband p,, ., =
p, coshb — E'sinh b, then:

n Eboost + Pzpoost

Eboost — Pzpoost
(E + p)(coshb — sinh b)
(E — p.)(coshb + sinh b)
—b

1. e

Since it can be experimentally challenging to measure F for any given particle
track (since it is dependent on particle mass, and therefore requires the particle
to be identified), it is more practical to define the quantity pseudorapidity:

Yboost = 1

N = N

_ 1, [pl+p:
=—In
2 ’p| — Pz
where 0 is the scattering angle; the angle to the beam-axis z. An illustration of
how n evolves with @ is shown in Fig. 3.2.

= —lntang, (3.7)

For the massless limit, £ = |p| = p, so rapidity and pseudorapidity become
identical. In the massive limit, the relationship between 1 and y is more com-
plex: [27, p. 28]:

1 | \/m%, cosh?n +m?2 + prsinhn
~In

2 \/m?[, cosh? n + m?2 — ppsinhn

y:

(3.8)

Together with Eq. 3.8, it is possible to construct a relationship (the Jacobian
transformation) between the y and the 7 distributions of charged particles:

*N _|p| &°N
dndpr  E dydpr
At midrapidity, where y =~ n ~ 0, particle production is mainly dominated by
particles produced in the collision. In the context of this thesis, and ALICE

publications in general, midrapidity will refer to |n| < 0.8 (this will be discussed
in further detail in Sec. 5.2.3).

(3.9)

At midrapidity, Eq. 3.9 can be simplified into the following expression:
d’N _pr d°N
dnde n=0 mr dydpr y=0

(3.10)
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Figure 3.2: lllustration of the relationship between the pseudorapidity ) and the scattering angle 6. Dashed curves represent
the scattering angle in integers of 15°. Figure is taken from Ref. [28].

Experimentally, for identified particles, event selection is imposed by either con-
straining rapidity or pseudorapidity. The Jacobian transformation highlighted
in Eq. 3.10 is then used to carry over particle spectra between the two different
phase spaces.

3.1.4 Centrality and Multiplicity

The centrality of an event refers to the geometric overlap between two colliding
nuclei. If the beam direction is along the z-axis, the overlap is characterized by
the impact parameter b, the transverse distance between the two ion centers in
the x — z plane (also known as the reaction plane). The impact parameter can
be utilized in simulations to estimate the number of participants Npar, nucleons
that partake in the collision, and the number of spectators Ngpec, nucleons that
will not interact. A visualization of these quantities can be seen in Fig. 3.3.

It is important to note that, even though the nuclei selected for nucleus—nucleus
collisions can be spherical (which is the case for lead nuclei)!, they are not spher-

!This is determined by the nuclear electric quadrupole moment Q, where a zero value of Q
implies that the outermost shell of the nucleus is closed.
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Figure 3.3: lllustration of the reaction plane in the x — y (left panel) and = — z (right panel) planes, with the impact
parameter b, showing the shape of two gold nuclei right before the collision. The original figure is taken from
Ref. [29] and then modified by me.

ical along the beam-axis. This is due to Lorentz contraction, which compresses
the spherical nuclei into flat disks along the beam axis.

In pp collisions, it is difficult to formalize a robust definition for centrality. In-
stead, charged particle multiplicity is used to estimate the activity of a collision,
which is simply a measurement of the amount of primary charged particles that
are produced in the event.

Glauber Modelling

Due to the small distances (in the order of several fm), it is impossible to directly
measure Npart and Npare in each event. Experimentally, centrality is defined
based on the multiplicity and is given in percentiles, e.g., 0-10% (90-100%)
means the 10% of events with the largest (smallest) multiplicity. The number
of participants is then estimated by a Glauber parameterization to the spectra
of produced charged particles. The Glauber model is a geometrical model that
describes the collision processes between different nuclei in a nucleus—nucleus
collision. The model is implemented through a Monte-Carlo (MC) framework,
to compute collisions and nuclei interactions event by event. The Glauber form-
alism relies on two important assumptions:

o The Glauber model is based on the eikonal approximation [30] assuming
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that the different nuclei travel in straight lines before the collision, where
P~ (0,0,p,), with negligible interchange of transverse momenta.

o Following the eikonal approximation, and the Lorentz contraction due to
the nuclei traveling at relativistic speeds, it is assumed that each nucleon-
nucleon collision is independent. Therefore, the entire nucleus-nucleus
collision can be treated as a superposition of several nucleon-nucleon sub-
collisions.

The Monte-Carlo implementation? of the Glauber model simulates two nuclei by
stochastically populating the nucleon density in each nucleus [32]. The position
of each nucleon is estimated through a functional form of the nuclear Woods-
Saxon distribution p(r):

p(r) = po (Hw(r/R)D : (3.11)

R
1-exp(™;

where pp is the nucleon density, R the radius of the nucleus (estimated for
spherical nuclei by the number of nucleons A3 w a parameter which accounts
for asymmetrical nuclei, where the maximum density is reached at r > 0, and «a
the nucleon skin thickness, describing how quickly the density falls off towards
the edge of the nucleus radii. The Woods-Saxon distribution in Eq. 3.11 can
only describe the population density of large, spherical nuclei.

Once the two nuclei are populated, nucleons are assumed to collide if the distance
d between the transverse centers is smaller than the distance of the correspond-
ing, inelastic nucleon-nucleon cross-section® oii¢l [32]:

ol /m (3.12)

Finally, N¢op is estimated by counting the number of binary nucleon collisions,
and Npar is determined by counting the number of nucleons that experience
one or more collisions.

Once the Glauber modeling is complete, it is coupled to a negative binomial
distribution (NBD) P, (Ncn) to parameterize the amount of produced charged
particles Ng,. The usage of an NBD is motivated through the assumption that

2This is slightly different from the analytical expression from the total inelastic cross-section
derived for the optical limit, see Ref. [31] for details.
3This value is extracted from interpolations of pp collisions at different /s [33].
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the initial state of a nucleus—nucleus collision can be treated as a sum of indi-
vidual minimum bias? pp collisions. The NBD is defined as:

PNy +h)  (u/k)Y
P,k (Nep) = 3.13
i (Neb) = S0 S EE) () + 1)) (313)
The charged particle distribution is then assumed to be:
Ppuk(Nen) X (f Npart + (1 = f)Neon) , (3.14)

where f is a free fit parameter, used to control the fractional contribution from
processes that scale with Npar¢ and Npart, respectively. The entire NBD-folded
Glauber distribution is then fitted to experimental data. Figure 3.4 shows the
comparison between the amplitude of energy deposited by charged particles at
forward-rapidities® and a combined MC Glauber-NBD fit. A good agreement is
found between the measured data and the combined Glauber-NBD parametriz-
ation, which allows Npa. to be extracted from the Glauber simulation for the
percentiles, represented by the sectioned areas in Fig. 3.4.

3.2 QCD Phase Transitions & The Quark-Gluon Plasma

As discussed previously in Sec. 2.3, quarks and gluons are confined within had-
rons, due to the large value of ag at small |¢?|. However, by increasing the
energy density and pressure around the hadrons, ag could hypothetically de-
crease, allowing the quarks and gluons inside to be deconfined. This would
then cause a phase transition, from confined hadrons into a coherent, strongly
interacting medium. This medium is commonly referred to as the quark-gluon

plasma® (QGP) [34].

Either a sufficiently high temperature or particle density (often expressed through
the baryon chemical potential, pup) is required to induce the phase transition
from confinement into a QGP. A sketch of the QCD phase diagram is illustrated
in Fig. 3.5, showcasing the different phase transitions from the confinement to
a QGP. The first-order transition is analogous to a thermodynamic transition
of water to steam; at first, the temperature of the water will increase propor-
tionally to the energy deposited into the system. However, if the temperature
reaches the boiling point, the water will phase transition into steam. At this

“These are collisions recorded by the detector with the minimal possible trigger bias.
SRefer to Sec. 5.2.1 for more information regarding the VO detectors.
SA “Plasma” refers to a gas of free, charged particles.
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Figure 3.4: A measurement of the VOM amplitude (charged particle density at forward rapidities), in Pb—Pb collisions
at \/snn = 5.02 TeV. The data is compared to a combined NBD-Glauber fit, where the marked percentiles
represent the equivalent centrality limits. Results are taken from Ref. [32]

point, energy is required to convert the water into steam, and thus the temper-
ature of the steam will plateau as a function of energy until all the available
water has transitioned into steam. The temperature of the steam will only rise
once the full phase transition has taken place.

From lattice QCD calculations, one can predict a transition between a gas of
hadrons at ug = 0, into a QGP. However, this transition does not behave like a
thermodynamic singularity [35], but instead has a smooth transition, through a
crossover between the phases. In the water/steam analogy, this transition would
allow the temperature of the medium to increase simultaneously as the phase
transition occurs.

The two aforementioned phase transitions are sketched in Fig. 3.5, where the
dotted line represents the boundary for the crossover transition, and the solid
line the thermodynamic singularity. Consequently, there has to be a point in the
phase diagram where the two competing phase transitions switch (“a transition
in the order of the phase transitions”). This point is referred to as the critical
point. The precise value of the critical point is a hotly debated topic within
the field. Around the critical point, it is currently hypothesized that there is a
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Figure 3.5: Artistic rendition of the QCD phase diagram, showcasing the different states of QCD matter, and the different
phase transitions.

2nd order phase transition before criticality is reached, and the crossover occurs.
The characteristic behavior of the three different phase transitions mentioned
can be seen sketched out in Fig. 3.6.

3.2.1 *Non-Zero Baryon Chemical Potential up

The baryon chemical potential up gives a measure of the balance between ba-
ryons and anti-baryons produced in a collision. pup = 0 means that there is
an equal amount of baryons and anti-baryons, while g > 0 indicates an over-
abundance of baryons.

Due to collision kinematics, up can be rapidity dependent; baryons and anti-
baryons produced in the collision will be created in balance (the baryon num-
ber is conserved), and the main particle production will occur at midrapidity
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Figure 3.6: Sketch illustrating the characteristic behaviors of the different phase transitions between solid and gaseous
states.

(y =~ 0). However, the stopped” primordial baryons (protons and neutrons from
the original ions) will also contribute to up, leading to a net-positive up. The
produced particles contribute mainly to pp at midrapidity but would taper
off at increasing rapidities, where contributions to pp are dominated by prim-
ordial baryons. This feature can be seen in Fig. 3.7, where the net-proton
yield (i.e, antiproton-to-proton difference) is plotted as functions of rapidity for
Au+Au collisions at \/sny 200 GeV measured by the BRAHMS collaboration
at RHIC [36]. There is a clear rapidity dependence for the ratio, as expected
from the above discussion.

The rapidity dependence of up goes hand-in-hand with a center-of-mass energy
dependence of the colliding beams. At SPS energies, the energy is low enough
to make the colliding particles almost reach a full stop. However, at top RHIC
and LHC energies, particles (either protons or ions) are colliding at such high
energies that they penetrate each other. Therefore, the primordial baryons
will end up at large rapidities, while the particles at midrapidity will all have
been produced in the collision, and therefore up ~ 0. This is sketched out
in Fig. 3.8, where the high-energy (red) protons will pierce through and leave
an open rapidity gap solely dominated by newly produced particles, while the

"Baryons with rapidity near beam rapidity
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Figure 3.7: The net-proton yield plotted as a function of rapidity, for top-5% central Au+Au collisions at y/snn 200 GeV
measured at the BRAHMS experiment, Pb+Pb collisions at /sxN 17 GeV measured at the SPS, and Au+Au
collisions at \/snn 5 GeV measured at the AGS. Results are taken from Ref. [36]

low-energy (blue) packets will come to a stop, contaminating the mid-rapidity
region with primordial baryons.

3.2.2 Quark-Gluon Plasma Characteristics

Even though the confining part of the QCD potential within a QGP is weak
enough to allow for quarks and gluons to separate, the QGP itself is strongly
interacting. This means that there will be partonic interactions within the QGP.
In this sense, the quarks and gluons are not “free”, but instead deconfined.

Lattice QCD is able to provide strong predictions concerning the properties of
deconfinement and the QGP. By calculating the energy density and pressure,
relative to the temperature of a hadronic gas, one can see a clear transition in
the equation of state, between confined matter into a deconfined QGP. This is
presented in the left panel for Fig. 3.9, highlighting that the critical temperature
T., which is the temperature required for the phase transition to occur, is pre-
dicted to be T, ~ 145 — 150 MeV. Figure 3.9 also presents the entropy density,
which is obtained by combining the results for pressure and energy density, also
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Figure 3.8: A rough sketch of why p;, is both rapidity and center-of-mass energy-dependent.

consistent with a change in the equation of state between T, ~ 145 — 150MeV .

Furthermore, lattice QCD calculations can predict the QCD color screening
(see Sec. 2.3.1 for details), highlighting that the strong interaction range (con-
sequently, the level of deconfinement) is inversely proportional to the temper-
ature of the system [37]. This is demonstrated in Fig. 3.10, which presents
the free potential energy of static, heavy quark-antiquark pairs, as a function
of the temperature, which is measured in fractions of the critical temperature
Tc. The interaction range is suppressed for higher temperatures, with a drastic
change in range when crossing the boundary of 7., suggesting that the spatial
quark-antiquark correlations are more diluted [37].

As the QGP is a very complex system, it is easier to build up an understanding
of the QGP by categorizing the interactions into different length scales. The
different length scales are illustrated in Fig. 3.11, where 1/7" corresponds to the
average distance between two partons in the medium, and g proportional to the
coupling strength®. Perturbative QCD calculations can describe interactions at
extremely small length scales of [ < 1/T. QCD calculations at finite temperat-
ure can be used to estimate particle dynamics at ~ 1/¢T, the non-perturbative
processes will dominate around =~ 1/¢*T, which are estimated through lattice
QCD calculations. At scales of | =~ 1/¢>T, the partons will have soft collisions
with small |¢?|, and at length scales of | & 1/¢*T, one has to account for hard col-

8As defined in Sec. 2.3, g = Vo4, where « is the coupling constant.
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Figure 3.9: (Left panel): Lattice QCD calculations of the energy density (blue curve), three times pressure (red curve), and
the entropy density (green curve). All three measurements are compared with an equivalent hadron-resonance
gas ( HRG), represented by the thinner curves. All three curves are consistent with a phase transition between
T. ~ 145 — 150MeV . Results are obtained from Ref. [38]

lisions with large momentum transfer through the Boltzmann equation. Lastly,
a hydrodynamic description is required to gain a meaningful understanding of
the QGP dynamics at large length-scales of [ > ¢*T' [40].

At the hydrodynamic length scales, it is possible to estimate the shear viscos-
ity of the medium itself. This is done through a conjecture called Anti-de-
Sitter/Conformal Field Theory (AdS/CFT). The theory is a rough approxim-
ation, as it assumes a scale-free theory (which is not the case for QCD, as it
requires a Aqcp), and large coupling strengths. While the underlying workings
of this theory are very complicated and well outside the bounds of this thesis
(more in-depth information can be found in Ref. [41]), it has led to some re-
markable “postdictions” regarding transport properties of the QGP. Through
the conjecture, the QGP is predicted to behave like an almost-ideal fluid (in-
compressible, with close to zero viscosity), where the relative shear viscosity 7
to volume entropy density s can be estimated as [42]:

h

~6.11 x 107 3s K 3.15
drkp % > ( )

>

» |3

To highlight how small the estimated n/s for the QGP is, the /s in water, at
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Figure 3.10: Lattice QCD calculation of the energy potential of heavy quark-antiquark pairs, highlighting how the interac-
tion range of QCD is inversely proportional to the temperature. Figure taken from Ref. [39]

300K of the order of 10s K. Hence, the QGP appears to be “the most perfect
liquid” in the known Universe [43].

3.3 Signatures of the Quark-Gluon Plasma

As discussed in Sec 3.2, the QGP is an extremely hot and dense medium that
is very short-lived. Therefore, secondary probes and signatures are required to
access information about the QGP, deconfinement, and the initial stages of the
collision. This section will present a non-exhaustive list of different measure-
ments, both historically and contemporary, that are used to demonstrate the
formation of a QGP.

3.3.1 Strangeness Enhancement

The increased production of hadrons containing strange quarks was one of the
first proposed signatures of the QGP [18]. The idea proposed was that strange-
ness abundance would saturate for a sufficiently excited QGP. The soft produc-
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Figure 3.11: Rendition of QGP interactions broken down into different length-scales. 1/ represents the typical distance
between two partons, where « is the interaction strength.

tion of strange (and heavier) particles in a hadron gas is suppressed, as QCD
requires large confinement energies to bind the heavier quarks®. This is not of
importance in a QGP, given that quarks and gluons are deconfined, where the
production is only dictated by the masses of the constituent quarks. Further-
more, as is shown in Ref. [44], given the conditions of a QGP, the production
rate of q¢ — s5 is expected to increase at a much faster rate as a function of
temperature, compared to the lighter quarks produced through gluon splittings
g9 — qq. This would in turn increase the production of rare, multi-strange
hadrons, which could be used as indicators for the formation of a QGP.

One could also consider strangeness enhancement through the thermal produc-
tion of hadrons from the QGP. If a QGP were to be formed in a collision,

9This can be illustrated with the ¢ meson, where the sum of the constituent strange quarks
is & 200 MeV/c?, whereas the mass of a ¢ meson is in the order of ~ 1 GeV/c?.

38



Hyperon-to-pion ratio

—

=
w
I

B ALICE Pb-Pb at 2.76 TeV
Il ALICE ppat7TeV
[ B ALICE pp at 900 GeV
. /\ [ ] STAR Au-Au, pp at 200 GeV
10 A ALICE Pb-Pbat2.76 TeV
[ A ALICEppat7Tev
/% STAR Au-Au, pp at 200 GeV

1 IIIIlIIl | II]IIHl | 11

1 10 10°
(N__ )

Figure 3.12: =/7 and Q/m ratios presented as a function of (Npqr¢) for Pb-Pb collisions at \/syN 2.76 = TeV and
Au-Au collisions at \/syn = 0.2 TeV for ALICE and STAR respectively. Results are obtained from Ref. [45].

part

one would expect hadrons to follow a statistical thermal distribution. The
thermal yields would not be suppressed by the quark mass but rather dictated
by the hadron mass, implying a comparable production rate of non-strange and
multistrange particles with similar masses. This is in contrast to most QCD-
inspired models of hadronization, where strangeness production is exponentially
suppressed (by the quark mass). Consequently, measuring the relative strange-
to-nonstrange hadron yields becomes a good experimental probe of the QGP.
These two different paradigms are explored in further detail in Chapter 4.

Experimentally, the yields of strange hadrons are normally compared to the
amount of produced pions (7™ +7~). A potential abundance of strange particles
is referred to as strangeness enhancement. Both LHC and RHIC have observed
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strangeness enhancement in heavy-ion collisions. Fig. 3.12 highlights that the
relative yields of multistrange'® hadrons = and Q are larger in heavy-ion colli-
sions, compared to a minimum bias pp baseline. The enhancement also grows as
a function of centrality, estimated by the average number of Np.+. This effect
seems to be largely independent of collision energies and is observed by both the
STAR and ALICE collaborations. In both instances, the enhancement increases
with the strange quark content of the baryons. The centrality dependence of
the enhancement is in agreement with (but does not necessarily prove) the po-
tential formation of an equilibrated QGP. Since more central collisions would
have larger temperatures, they would also have better conditions for forming a

QGP.

3.3.2 *Quarkonium Suppression

Quarkonia (mesons that are flavor neutral) suppression is one of the most con-
vincing signatures of deconfinement, which I will describe in the following. Let
us first consider the production of an upsilon T meson, which consists of a pair
of bb quarks. Given the mass of a b quark, the probability to produce a bb pair
in the initial hard scattering is extremely rare, ideally having zero or one bb pair
produced per nucleus—nucleus collision [6]. Furthermore, the T can be produced
in three different spin states (1S, 2S, 3S), each with different binding energies.
The T (1S) state is the most tightly bound of the three states, which has a size
smaller than an ordinary hadron. Even if immersed in a QGP, the confining
part of the QCD potential for T (1S) is strong enough for it to potentially re-
main bound as a bb pair [6]!'. However, this does not hold for the T (2S, 3S)
states, due to anti-screening, and the melting of the QCD potential for heavy
quarks shown in Fig. 3.10. For these weakly bound states, the screening from
the QGP is strong enough to prevent the bb pair from attracting each other,
which consequently leads to the quarks drifting apart, dissolving the hadron.
This is especially true for the T (3S), which is comparable to the size of an
ordinary hadron [6].

This effect is demonstrated when comparing the production of T (1S, 2S, 3S)
between nucleus—nucleus and pp collisions. Figure 3.13 presents results of T
production, by reconstructing the invariant mass of muon-pairs, from Pb—Pb
and pp collisions at /syy =5.02 TeV and /s =13 TeV, respectively. Here, one
can see that the production of the production rates of Y (1S), which is the largest

10«Multistrange” refers to consisting of multiple strange quarks.
"While more resilient than the weaker T (2S,3S) spin states, experimental observations have
shown that YT (1S) production is suppressed in Pb—Pb collisions, see Ref. [46] for details
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Figure 3.13: The invariant mass of muon pairs, which reconstruct the yields of the T (1S, 2S, 3S) states, measured by
CMS in Pb—Pb collisions at /s~ =13 TeV. One can note that the more weakly bound Y (2S, 3S) states
are suppressed, with respect to the equivalent pp yield. See text for more details. Results are obtained from
Ref. [47].

peak shown in the figure'?, for both pp and Pb-Pb collisions. However, the
productions of Y (2S, 3S) are clearly suppressed, with the (3S) state completely
vanishing, in Pb—Pb collisions, with respect to pp collisions. This is interpreted
as the formation of a QGP in central Pb—Pb collisions, which melts and diffuses
the weakly bound T states.

3.3.3 Flow

So far, the discussion of the QGP has been in the context of a stationary thermal
source. However, this is most likely an oversimplified view of the QGP. Evid-
ence suggests that the medium itself is expanding during its evolution. Massive

!2This figure can be misleading; The production of Y 1(S) is suppressed in heavy-ion col-
lisions. In Fig. 3.13, the pp data is normalized to the Pb—Pb peak, to highlight the relative
suppression between different T states in the two systems
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Figure 3.14: lllustration of the coordinate and momentum anisotropy that creates elliptic flow. The figure is obtained from
Ref. [48].

hadrons that interact with the QGP will be collectively affected by the expan-
sion, generating what is referred to as flow. This section will discuss how the
expansion of the medium can be studied through both anisotropic and radial
flow.

* Anisotropic Flow

Anisotropic flow is a natural consequence of a hydrodynamical expansion devel-
oping from a non-uniform geometry. This is best described by a characteristic
oval ellipsoid (often referred to as an “almond shape)” collision geometry along
the reaction plane, illustrated in Fig. 3.14. At initial times, the almond-shaped
reaction zone will have asymmetric pressure gradients; anisotropy in coordinate
space leads to anisotropy in momentum space. The gradients along the z — x
plane will be much stronger than along the y direction. This will start to drive
an expansion in the z — x plane. This process is self-attenuating; once the pres-
sure gradients along z —x are weakened, the expansion is already well underway.
Therefore, the spatial anisotropy will be converted into a momentum anisotropy.
This phenomenon is referred to as anisotropic flow.

Anisotropic flow can be generalized by Fourier decomposition along the event
plane ¥, utilizing the total particle distribution:

EPN 1 &2 (

W = Trpr dprd 1+ 20, cos(n(¢ — q;n))) (3.16)

n=1

vy, in Eq. 3.16 is the coefficient for the different flow harmonics. The harmonics
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represent types of different anisotropic flow, each sensitive to fluctuations in
different ways. The elliptic flow discussed previously is characterized by the 2nd
harmonic, vo, and shapes up to the fifth harmonic are illustrated in Fig. 3.15.

Figure 3.15: lllustration of different anisotropic flow harmonics, starting from elliptic flow at v, up to vs. Figure is
obtained from Ref. [49]

A robust way of determining the harmonic coefficients is to use two-particle
cumulants. The expression for two-particle cumulants can be derived by ex-
panding ¢ — A¢d = ¢1 — o, where ¢ and ¢o are azimuthal angles from the two
correlated particles:

% x (1 +) " 20pa cos(n(¢ — q/n))> (3.17)

n=1

By expanding the flow harmonic for the two-particle correlation v,A, one can
decompose the individual, single-particle contributions. By decomposing the
contribution, it becomes clear in Eq. 3.18 that the flow coefficient for the two-
particle correlation is equivalent to the product of the corresponding single-
particle coefficients. Experimentally, this is an incredibly strong tool, as the
coefficients can now be calculated by simply averaging over all charged particle
pairs.

UnA = (cos(nAg))
(cos(n(¢p1 — hn)) cos(n(d2 — ¥n)))

~ (cos(n(p1 — ¥n))) (cos(n(pe — ¥y)))
= Uy Unigy = U% (3.18)

One should keep in mind that there can be positive contributions to the flow
coefficients, without a collective origin. This is referred to as non-flow and
arises from azimuthal correlations not linked to the symmetry plane, mainly
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driven by resonance decays and jet fragmentation. Experimental measurements
of anisotropic flow implement sophisticated techniques to remove the non-flow
contribution for the flow harmonics. These techniques will not be discussed
further here, as it falls outside the purview of this thesis. Additional reading on
this subject can be found in Ref. [50].

ALICE measurements of different flow harmonics, with different orders of cumu-
lants, are presented in Fig.3.16 in Pb-Pb collisions at both /sxy = 2.76 and 5.02
TeV as a function of centrality. The results highlight the measured final-state
particles exhibit a positive ve, which increases as a function of centrality. As
centrality increases, so does the anisotropy in coordinate space (the event geo-
metry becomes increasingly “almond-shaped”), suggesting that there is elliptic
flow driven by anisotropy in the initial state. Furthermore, one can note that
the elliptic flow is well described by hydrodynamical calculations, suggesting the
presence of a strongly interacting medium.

Long-range angular correlations

Early measurements of long-range angular correlations, in central nucleus—nucleus
collisions, have suggested that the produced particles exhibit longitudinal col-
lective behavior. Figure 3.17 reports the STAR measurement of two-track angu-
lar correlations in An and A¢, obtained from central Au-Au collisions at /snn
=200 GeV. The peak centered around A¢ =~ An = 0 arises from correlations
between the large number of particles produced in particle jets. An away-side
ridge can be observed at A¢ = w, across the entire An range. This is inter-
preted as a measurement of the sub-leading jet, which is suppressed due to the
presence of a QGP (discussed in Sec. 3.3.4). The sub-leading jet is smeared
across the entire n range since di-jets are not necessarily produced back-to-back
in 7 (due to asymmetric fractional momentum carried by the partons in the
initial hard scattering). Remarkably, there is also a long, and pronounced ridge
around A¢ = 0, over the full An range. This indicates that even particles that
are produced in close A¢ have a strong, longitudinal correlation, which can be
interpreted as flow (and an indication of the geometry produced at early stages
of the collision) due to the presence of a QGP medium.

Radial Flow

Another manifestation of flow is through a radial expansion of the system, arising
from extremely strong internal pressure released when deconfined from hadronic
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Figure 3.16: ALICE measurements of different flow harmonics in Pb-Pb collisions both at /sxynx =2.76 and 5.02 TeV,
plotted as a function of centrality. The results are compared with hydrodynamical calculations for both v2
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and vz [50].

This creates a velocity field of expanding matter, which can be para-
meterized by the Blast- Wave model, where the transverse velocity distribution

of thermalized matter Sr(r) can be expressed as [37]:

where (g is the velocity at surface R, and k is a free parameter, which is de-
termined by fits to data. During the expansion, the velocity field will push out
heavier particles toward larger momenta. This behavior can be described by an
analogy of a river. Assume that the river applies a constant velocity field. If two

pr(r) = s ()"

45



Au+Au central Au+Au central
3<p19<4 GeV/c 4¢pM9¢6 GeV/c

=
3
i B 3%
S 40 A = =
PR
AAUKI o Ry

Figure 3.17: Two-particle correlations measured in A7 and A¢, for two different pr intervals, measured in Au—Au collisions
at \/snn =200 GeV. The results indicate a strong, near-side ridge around A¢ ~ 0, across the entire An
range. Results are taken from Ref. [51].

rocks of different weights are tossed into the river, they will pick up the same
speed due to the velocity boost. However, the heavier rock requires more effort
to push, leading to a larger momentum. While simplified, this analogy would
lead us to believe that this also applies to particles with relativistic momenta.

Experimentally, this can be studied by measuring the p/7 ratio as a function
of pr. If an expanding velocity field is produced, the protons would be pushed
towards larger pr. Fig. 3.18 shows the centrality differential p/7 as a function
of pr, clearly demonstrating that (p) gets pushed towards higher values, with
increasing centrality. One should keep in mind that there is no enhancement
of protons at higher centralities; rather, the integrated p/7 ratio is in fact sup-
pressed as a function of centrality. The overall peak-shape changes and becomes
taller due to that a majority of the yield is located at low-pr. Furthermore, all
curves saturate toward the same values at high-pr. This is due to hard (perturb-
ative) processes being dominant at such large pr values. This is also suggested
by the fact that the pp curves align with the Pb-Pb curves.

3.3.4 *Jet Quenching and Energy Loss

Jet production can provide valuable insight into the dynamics of the QGP since
they are produced from hard scatterings, which occur at very early stages of
the collision. If a QGP is formed, jets have to propagate through the medium.
Figure 3.19 shows the azimuthal angular correlation between unidentified had-
rons for different collision systems. All presented systems have a clear peak
around A¢ ~ 0. This is interpreted as the particles from the leading jet, which
are produced in a tight cone with a high density of tracks. Consequently, A
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Figure 3.18: ALICE measurement of the proton-to-7 ratio as a function of pr, in different centrality bins, for Pb-Pb
collisions at /snn 2.76 TeV. The results are obtained from Ref. [52].

jet is produced in the opposite direction (away-side) of the leading jet, which
balances the momentum conservation. This peak can be seen at A¢ ~ 7 for the
smaller collision systems. However, the away-side peak is not present for the
Au—Au collisions. This is interpreted as the away-side jet being absorbed by a
QGP, where the initial high-momentum is deposited and “lost” in the medium,
instead ending up as many soft particles (e.g., through gluon bremsstrahlung),
which are diffused over broader angles relative to the original jet direction. This
phenomenon is referred to as jet quenching, which supports the idea that strong
interactions still occur after the initial hard scattering [6].

The energy lost due to jet quenching can be quantified by the nuclear modifica-
tion factor Raa, which measures the energy loss in heavy-ion collisions, defined
as

dANAA Jdndpr
Ncoll> dep/dnde ’

Raa = < (3.20)

The Raa measures the modification of a given observable between a nucleus—
nucleus collision, with respect to a pp collision, which is upscaled with the num-
ber of binary collisions that occur during the nucleus—nucleus collision. Rapa ~ 1
would indicate that the hard production in a heavy-ion collision can simply be
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Figure 3.19: STAR measurements of two-particle azimuthal angular correlations, for different collision systems. See text
for details. Results are taken from Ref. [53].

modeled by a superposition of several pp collisions, whereas Raa # 1 would
imply a nontrivial modification created nucleus—nucleus collisions, often inter-
preted as the formation of a QGP medium. Figure 3.20 presents the Raa as a
function of the jet pr (the combined pr of particles within a jet cone), for Pb-Pb
collisions of different centralities at /sy =5.02 TeV, measured by ATLAS. The
results report a significant suppression of the jet pp as a function of centrality,
suggesting that a significant portion of the jet momentum is absorbed by the
medium formed in more central Pb—Pb collisions.

Moreover, Fig. 3.21 presents the R a for different particle species, from PHENIX
measurements in Au-Au collisions at /sy =200 GeV, for the 0-10% most cent-
ral events. One can see suppression of all particle species which interact strongly,
with proton production being slightly boosted at intermediate pt, most likely
as a result of radial flow. However, the direct photon measurement is consistent
with Raa ~ 1, implying that the unique dynamics that arise in nucleon—nucleon
collisions are not sensitive to electroweak interactions, which suggests the form-
ation of a strongly interacting medium.
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Figure 3.20: ATLAS measurement of the Raa as a function of jet-p, for Pb—Pb collisions with different centralities.
There is a clear suppression of the overall jet-pT for higher centralities. Results are obtained from Ref. [54]

3.4 The New Paradigm:
High-Multiplicity Proton-Proton Collisions

Several results were presented in Sec. 3.3, which all could be understood as
final-state effects resulting from the formation of a strongly interacting medium.
Historically, these signatures were believed to be unique features of heavy-ion
collisions, and robust probes for investigating the properties of the QGP.

However, several results from high-multiplicity pp and p-Pb collisions in recent
years have revealed that these signatures are also present in smaller collision
systems. This creates a difficult challenge for current theoretical frameworks, as
smaller collision systems produce a very small volume. Consequently, these small
volumes will have too short lifetimes for the system to fully equilibrate. This
has generated a lot of confusion, as previously non-controversial interpretations
of past measurements have to be re-examined in this new context, leading to
several potential outcomes:

1. Either there is enough lifetime to equilibrate in small volumes, to create
QGP droplets, or the QGP does not need to fully equilibrate to form. This
implies that previous measurements are signs of a QGP forming, for small
and large systems alike.

2. QCD-inspired models being able to describe “QGP features” in smaller
collision systems opens up the possibility that heavy-ion measurements
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Figure 3.21: PHENIX measurement of Raa for different particle species, obtained from the 0-10% most central Au—Au
collisions at /sxn =200 GeV. Results are taken from Ref. [55]

are not measurements of the QGP at all. Instead, these features could be
described by different phenomenological adaptations of QCD.

3. While the signatures are qualitatively similar, the collective effects (strange-
ness enhancement, anisotropic flow, nuclear modification) in small and
large systems could originate from different phenomena.

These findings come with severe implications; for QCD-inspired models, this
means that pp collisions can no longer be thought of as incoherent sums of
parton-parton interactions. This violates the concept of “Jet Universality”, a
longstanding QCD principle that assumes that color fields and hadronization
processes are universal. Consequently, a high-multiplicity pp collision cannot
be described by a scaled-up minimum bias pp-collision. Conversely, hydro-
dynamical descriptions have to incorporate a relative fraction of “QGP-like”
and “eTe”-like” processes to describe the features found in small systems.

This sets the context for the overall motivation and work performed in this
thesis, as new observables are required to gain further insight into high-multiplicity
pp collisions, and their relation to the QGP. These new multi-differential ob-
servables are developed to be sensitive to the QGP-like effects observed in the
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high-multiplicity pp collisions, which can put constraints on different phenomen-
ological descriptions.
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Figure 3.22: Two-particle correlations measured in An and A¢, measured in pp collisions at /s =13 TeV for low (high)-
multiplicity events in the left (right) panel. The results indicate a near-side ridge around A¢ = 0, across the
entire A range. Results are taken from Ref. [56]

In 2013, the CMS experiment reported that long-range angular, near-side cor-
relations are produced in central p-Pb collisions [16]. This was followed up in
a similar study of pp collisions at /s =13 TeV, presented in Fig. 3.22. The
left panel reports the two-particle correlation for low-multiplicity events, which
reflects what would be expected from a hard di-jet; a leading jet with strong
correlation at A¢ ~ An =~ 0, followed by a ridge from the sub-leading jet at
A¢ = 7 along the entire Az range. Remarkably, the same measurement at high
multiplicity presents a significant ridge along the near-side jet, at A¢ = 0, along
the entire An range. The strength of this correlation is suggested to increase
linearly with multiplicity and indicates that longitudinal collective behavior is
also present in smaller collision systems.

ALICE has shown that the strangeness enhancement observed in Pb-Pb col-
lisions is also found in high-multiplicity pp and p-Pb collisions, presented in
Fig. 3.23. Here, the hadron-to-m ratios are listed, for several hadrons containing
strange quarks, as a function of midrapidity multiplicity. It can be seen that
the smaller collision systems fall into the same, universal curve as the Pb-Pb
curves. Both pp and p-Pb exhibit strangeness enhancement, seeing large relat-
ive increases at higher multiplicities. Furthermore, similar to the observation in
Pb-Pb, the enhancement grows stronger with increased strangeness content.

Furthermore, ALICE has also presented observations of both radial flow and
anisotropic flow in high-multiplicity pp systems [57]. Proton-to-m ratios, for pp
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collisions at /s = 13 TeV, as a function of pr are displayed in Fig. 3.24 for
different multiplicities (third line of panels). Here, one can see the same (pr)
hardening of the p/x ratio as for Pb-Pb collisions (third row). This effect is not
as strong for the K /m ratios, suggesting a mass dependence. This implies that
the protons are pushed to higher momentum by a constant velocity field in all
three collision systems.

Figure 3.25 shows measurements of different flow harmonics measured in pp,
p-Pb, Xe-Xe, and Pb-Pb collisions for different \/sNnn energies measured by
ALICE. Even after subtracting non-flow, there are positive contributions to v
in both pp and p-Pb collisions. However, the contributions are not as strong as
they are in larger collision systems. Hydrodynamical models have difficulties de-
scribing the flow harmonics for pp systems, while PYTHIA 8, a general-purpose
QCD-inspired event generator (with no implementation of hydrodynamics), can
qualitatively describe both ve and vy.
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obtained from Ref. [1].
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Chapter 4

Monte-Carlo Models, and
Phenomenology of Particle
Production

This chapter will detail the different phenomenological descriptions of particle
production. The actual mechanisms of hadronization in QCD can not currently
be calculated and have to be described through phenomenological adaptations.
The general picture of how hadronization occurs is different from a proton—
proton and nucleus—nucleus standpoint. This is illustrated in Fig. 4.1, where
traditional pp collisions are modeled to produce particles through fragmenta-
tion of gluon strings. For heavy-ion models, the QGP is developed in different
stages, affecting the final state of produced particles. Once the QGP cools down,
partons within the QGP will either coalesce or fragment. This will create a
hadron gas, which will eventually freeze out, both chemically (quark flavor) and
kinetically (momentum), to produce free hadrons. A main distinction between
the two paradigms is that, for proton—proton models, hadronization is often de-
scribed on a microscopic level, where quantum numbers between parton—parton
interactions are conserved close in phase-space. For heavy-ion models, quantum
numbers are usually conserved globally.

Due to the onset of collective behavior in high-multiplicity pp systems, the two
paradigms clash. QCD-inspired models have to include new phenomenological
concepts to describe how high-multiplicity pp collisions transition into a similar
QGP-like picture seen in Fig. 4.1, or introduce new features which can reproduce
collective effects without the presence of a QGP. Likewise, heavy-ion-inspired
pp event generators have to model the onset of QGP formation in a pp collision,
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Figure 4.1: An illustration of the two different paradigms for hadronization. a) depicts the traditional hadronization picture
for pp collisions, where partons are created through string fragmentation. b) depicts the process of the creation
of a QGP in a nucleus-nucleus collision, which eventually freezes out to produce hadrons. The figure is taken
from Ref. [59].

most often through a two-component model.

In this context, a comparison between the ¢ meson and the = baryon carries
a large discriminatory power. The ¢ meson consists of a strange-antistrange
quark pair (s§), carrying zero net strangeness, while the = baryon consists of
a dss triplet. In the context of a traditional pp picture, the ¢ meson has to
conserve strangeness on a microscopic level, implying an associative strangeness
production close in phase space. This is not the case in a hydrodynamical
picture, where the ¢ meson is formed inherently with zero net strangeness.
Consequently, the ¢ meson is expected to behave like a proton in heavy-ion-
inspired models (due to their similar masses), and like a multistrange particle in
QCD-inspired models. Both of these different paradigms will be discussed in the
following Chapter, where I will detail three event generators; PYTHIA 8, and
Herwig 7, QCD-inspired event generators based on the Lund string model and
cluster hadronization, respectively, and EPOS-LHC, a semi-hydrodynamical,
core-corona model.
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Figure 4.2: Sketch of the 1-dimensional simplification of the gluon field between a quark-antiquark pair, used in the Lund
String Model.

4.1 The Lund String Model

In the Lund string model, (1+1)-dimensional®, massless, relativistic strings are
used to model the QCD-color fields that arise from quark confinement [60]. The
simplification of the topology is illustrated in Fig. 4.2. The strength of the
QCD-potential Vgcop(r), between a quark and antiquark (for a color singlet) of
distance r, can be approximated as [61]:

4 o
Vocp(r) & =g~ +kr (4.1)

The linear term, xr, will dominate at large r, where a large amount of energy has
been deposited into the gluon color fields. The motivation for a linear compon-
ent of confinement has been confirmed through lattice QCD calculations [62],
represented by the solid curve previously seen in Fig. 3.10. Consequently, field
lines between the quark-antiquark pairs, which are formed from parton-parton
interactions during the collision, are compressed into tube-like regions, which
can be approximated as strings. The quark-antiquark pair, now traveling in
opposite directions as a result of the collision, are confined by the string, with a
string tension of approximately x ~ 1GeV /fm, with no transverse excitations.

The color field between the quark-antiquark pair will oscillate through space-
time, forcing the string to expand and contract, bringing the quarks further and
closer apart. This is referred to as a yo-yo motion between the two quarks,
where the momentum-energy for the quark-antiquark p,; as a function of time
can be expressed as:

Dgg = \f — Kt (4.2)
From Eq. 4.2, it becomes clear that all the energy from the quark-antiquark pair
has been deposited into the gluon field at t = /s/2k, where none of the momenta
is carried by the quarks. At this point, the string is expanded to its maximum
length, and will thereafter start to contract. After a full oscillation, the two
quarks will meet at the origin and now travel in opposite directions toward the

1Only one spatial dimension, i.e, space + time
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Figure 4.3: lllustration of the “yo-yo" motion for a quark-antiquark pair, connected with a Lund string, with string tension
Kk ~ 1GeV/fm. Ecn refers to the center-of-mass energy, and is denoted as /s in the text of this thesis.
The figure is taken from Ref. [61]

origin. This motion is illustrated in Fig. 4.3, both in the center-of-mass frame
and a Lorentz-boosted frame w.r.t. the center-of-mass frame [61].

Ia?

While the quark-antiquark pair “yo-yo’s” through space-time, the string can
break up and form new quark-antiquark pairs. This process is analogous to the
production of ete™ pairs in a homogenous electric field [63], produced with a
rate per unit time/volume Y +.- proportional to

2 mme

Yoo o (aB() exp (- 705, (4.9
where m, is the electron mass, with an electric charge q, and E(r) is the
strength of the electric field. New, massive pairs cannot be produced in a
point through classical means, and have to be separated by a minimal distance
lee = 2me/qE(r). However, it is possible to produce massive ete™ pairs, in the
context of a quantum tunneling process. Virtual electrons are then produced,
which can tunnel through the classically forbidden region .., to be produced in
a point.

It is possible to apply this interpretation to the creation of new quark-antiquark
pairs, exchanging the electric field strength, with the color field strength ap-
proximated through Lund color strings. If the Lund string is carrying energy
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Figure 4.4: An example of the fragmentation process in the Lund Model, illustrating how new quark-antiquark pairs are
formed by fragmenting Lund strings. Figure taken from Ref. [65]

equivalent to an on-shell hadron mass, the gluon field can deposit the energy
to produce a new quark-antiquark pair. However, if the quarks produced in a
string-breaking are massive, or carry transverse momentum pr, they have to be
produced as virtual particles and tunnel out at a distance /4, to be produced
as massive particles, similar to the process described for the creation of ete™

pairs. The distance [y, is proportional to the transverse mass Mt = 4/ mg + p?r,

where [,y = Mrp/k. The new quark-antiquark would then be produced with
opposite pr to the longitudinal expansion of the string, with a quark-antiquark
pair production rate Yy, expressed as [64]:

Y5 < Kexp (—EM%> : (4.4)
K

The fragmentation process, describing how Lund strings are transformed into
new qq pairs, is illustrated in Fig. 4.4, where the distance between the initial
quark-antiquark pair is plotted as a function of time. The quark-antiquark pairs
are confined during the entire process, connected through Lund strings, which
can momentarily break to form new ¢g pairs. The probability for each string to
fragment, with a momentum fraction of z taken away in the string-breaking, is
defined by the fragmentation function f(z):

f(z) o< (1/2)(1 — 2)%exp (—bM%/z) , (4.5)

where a and b are free parameters related to the number of hadrons [64]. Equa-
tions 4.4 and 4.5 highlight a fundamental property of the Lund strings; the pro-
duction of a new quark-antiquark pair is exponentially suppressed with growing
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Figure 4.5: lllustration of the production of a ¢ meson (left panel) and a = baryon (right panel), in the context of a Lund
string model. The figure is taken from Ref. [66].

pr and quark masses mg, implying that the production rate of heavier quarks
is suppressed in the Lund model. The effective strange masses are tuned to
LEP data, giving a strange-to-up quark production rate s/u of ~ 0.22. The
relative production of ¢ mesons, in the context of a Lund string, would be
doubly-suppressed, requiring a simultaneous string-breaking to form an ss pair,
illustrated in Fig. 4.5. This aspect is crucial to keep in mind for the interpreta-
tion of the results presented in this thesis.

In the Lund model, baryon production is accommodated by introducing a prob-
ability for a diquark-antidiquark breaking to form at any given string fragment-
ation. This occurs through a vacuum fluctuation along the string, forming a
qq pair momentarily before the string fragments. An example of a = hadron
and anti-hadron production, in a string-like picture, is illustrated in Fig. 4.5.
The probability to produce a baryon is exponentially suppressed by the effective
mass of the diquark. This means that strange baryons will be doubly suppressed,
both from a decreased rate in s/u, but also from a decreased probability to form
a strange diquark-antidiquark breaking. Therefore, in the context of a Lund
string model, multistrange baryons have a lower relative production of strange
particles, compared to lighter flavors.

One of the key takeaways is that the production of a ¢ or a = hadron, in a
Lund string-like context, would necessarily imply the formation of other strange
hadrons, close in phase space. This is well summarized in Fig. 4.5, where one
can see that the string-fragments that do not contribute to either the ¢ or =
production, have to carry strange quarks to conserve quantum numbers along
the string. Therefore, even though the net strangeness between ¢ and = is very
different (|s| = 0 and |s| = 2, respectively), the kinematics and hadrochemistry
for particles produced alongside both the ¢ and = would be very similar, in the
context of Lund strings.

2@Given that the mass of a charm quark is in the order of ~ 12x times heavier than a strange
quark, producing c, b,t quarks in a Lund string is extremely improbable.
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Figure 4.6: lllustration of a fully modeled proton-proton collision in PYTHIA 8. Figure is taken from Ref. [64]

4.1.1 PYTHIA 8

PYTHIA 8 is a general-purpose Monte-Carlo (MC) event generator, which im-
plements the Lund hadronization model to simulate the full dynamics of a pp
collision. Figure 4.6 illustrates the different processes that occur in a pp colli-
sion, illustrating the complexity of PYTHIA 8. The full details of PYTHIA 8
are outside the scope of this thesis, please refer to Ref. [64] for further details.
In the following, I will summarize the physics processes in PYTHIA that are
relevant for interpreting the results in this thesis.

1. The initial hard scattering. A hard scattering occurs between two par-
tons, one from each colliding proton, calculated through pQCD at Lead-
ing Order (LO). The common process is a 2 — 2 scattering of either light
quarks or gluons. The scattering produces new partons and gluons, usually
carrying a large pr.

2. Parton Showers. Radiative processes arise from the partons in the hard
scattering. The radiation occurs before the scattering through initial state
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radiation (ISR), and for the particles produced after the scattering through
final state radiation (FSR). The radiative processes produce a large num-
ber of partons, and are commonly referred to as “parton showers” [64].
Both ISR and FSR are directly tied to the strength of the initial hard scat-
tering, where a larger momentum transfer produces larger parton showers,
carrying a larger pr.

3. Multiple-Parton Interactions. Protons are composite objects, consist-
ing of sea quarks and gluons, in addition to the valence quarks. When
accelerated to relativistic energies, sea quarks can scatter against each
other, in addition to the initial hard scattering. Hence, a single pp colli-
sion can consist of several parton-parton collisions. These are referred to
as multiple-parton interactions (MPIs). Partons produced from MPIs are
not associated with the strength of the initial hard scattering. Moreover,
particles originating from sources outside the initial hard scattering, are
referred to as the underlying event (UE).

4. Color reconnection. Produced partons will form gluon color strings,
which stretch out through phase space. However, the color fields between
the scattered partons can reconnect with partons from the beam remnant,
merging gluon dipoles from softer MPIs to harder MPIs3. Consequently,
the average string length is reduced, producing fewer particles from softer
MPIs, and more particles from harder MPIs. This process is called color
reconnection (CR). The introduction of this feature allowed PYTHIA 8 to
give accurate predictions of how the (pr) evolves as a function of multi-
plicity.

5. Hadronization. Hadrons are produced from the gluon fragmentation
processes described in Sec. 4.1. Produced hadrons are allowed to re-scatter,
and will eventually decay down to stable hadrons. For results presented
in this thesis, PYTHIA 8 simulated events are required to meet the same
definition of “primary particles” used by ALICE collaboration [67].

Color Ropes

As described in Sec. 4.1, relative strangeness production is not only suppressed
in each string fragmentation but doubly so for multistrange baryons, requiring
strange diquark-antidiquarks to form. Furthermore, the probability of producing
a strange quark scales linearly with the number of produced strings, where
the production rate s/u is independent of the size of the produced system.

37s0ftness” and “hardness” in this context refers pr of the MPI.
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Figure 4.7: An illustration of a coherent color rope formed from several Lund strings, simulated for a pp collision at /s 7
TeV. Figure is taken from Ref. [68]

This is incongruent with observations seen in data, where ALICE results have
demonstrated that strange particles are produced at higher rates, for larger
multiplicities, in pp collisions at both 7 and 13 TeV.

PYTHIA has introduced a new phenomenological feature, where color strings in
densely populated regions of phase space act coherently. This coherent structure
is referred to as a color rope. [63][64]. An illustration of the field lines in a
color rope is presented in Fig. 4.7. The color rope acts as a stronger field than
individual strings and thereby carries a larger string tension. The effective string
tension for each strand in the color rope can be expressed as [69]:
2p+q+4
= K

KEff = 4 M (4.6)

where p, g represents the coherent number of color multiplets forming the rope.
When the rope breaks, it does so one string at a time, with a decaying effective
string tension in each splitting. L.e., a rope formed with two color strings would
imply that for the first string fragmentation p = 5/4, where kpg = (5/2 — 1)k,
where the following string fragmentation would only consist of a single string,
and therefore kpg = K.

An increased effective string tension modifies the expressions in both Eq. 4.4 and
Eq. 4.5. Since Eq. 4.4 is tuned to LEP data to extract the s/u fraction for each
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produced string fragmentation, an increase of effective string tension increases
the relative probability to form both strange quarks, and strange diquarks, pro-
portional to a power of z"ef/% By introducing color ropes, PYTHIA is able
to qualitatively describe the enhancement of multistrange baryons observed at
high-multiplicity pp collisions. This is presented in Fig. 4.8, where the relative
yields of multistrange hadron-to-pion ratios are measured as functions of multi-
plicity, in different collision systems measured by ALICE, and are qualitatively
predicted by PYTHIA 8 with color ropes.
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Figure 4.8: ALICE measurements of hadron-to- ratios for different collision systems and energies, as a function of mul-
tiplicity. The measured data points are compared to different phenomenological models, including PYTHIA
8 with color ropes, which manages to qualitatively predict the trends observed in data. Results are obtained
from Ref. [70]
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Figure 4.9: An illustration of the difference between two QCD-inspired hadronization approaches, with a string model (left
panel) and a cluster model (right panel). Both figures are obtained from Ref. [73].

4.2 Cluster Hadronization with Herwig 7

Herwig 7 [71] is a general purpose, QCD-inspired event generator, that unlike
PYTHIA does not rely on Lund strings, but rather implements a cluster ap-
proach to describe hadronization [72]. The cluster model relies on the concept
of preconfinement, i.e, the idea that pairs of color-connected partons, nearby in
phase-space, have asymptotic mass distributions, that fall rapidly with higher
masses [73, p. 189]. Similar to the Lund string model, clusters are formed
through the splitting of gluons into ¢q pairs. However, instead of one-dimensional
strings, the energy from the gluon fields are stored in clusters, with an average
mass of each cluster of roughly 1 —5 GeV/c?. Figure 4.9 presents a sketch of
the hadronization process in a string versus several clusters, clearly illustrat-
ing the difference between the two approaches. The clusters can generally be
treated as a superposition of meson resonances, and new hadrons are produced
by clusters isotropically radiating particles, with branching ratios determined
by the density of states, until the cluster mass is depleted.

Herwig 7 has recently implemented baryonic ropes; a reconnection scheme which,
similarly to the ropes in PYTHIA 8, can enhance the probability of multistrange
baryons forming. As is shown in Fig. 4.8, Herwig 7 gives a qualitatively good
description of the relative enhancement of multistrange baryons, as a function
of the charged particle density at midrapidity.

67



- FT '+‘ ! T T L 3
Tacks Pb-Pb 5,,=2.76 TeV -
QU i ,L( 0-10% centrality ]
=) b - .
P4 e E
© 1;_ qD‘"’:’" —;
107 *.d 1

g », ]

107 . E

0 é .'?:He SH E
10*} e Data, ALICE hat .
10°F Statistical Hadronization -

: total (after decays . He -

10k tal (af ys) 3. 3
Eomeeneres primordial 3
10—7‘..‘.\.‘.‘|....\.‘.‘|...‘|H‘.l...‘l‘.‘.f

0 0.5 1 1.5 2 2.5 3 3.5 4

Mass (GeV)

Figure 4.10: ALICE data of hadron yield, as a function of hadron mass, from Pb—Pb collisions /snyn = 2.76 TeV/c
measured by ALICE. The ALICE data are compared with calculations from thermal-statistical hadronization,
both from total decays (including resonance), and primary particles (here referred to as “primordial”). Results
are from, and presented in Ref. [76]

4.3 Hydrodynamical & Thermal Hadronization

The production of hadrons in the context of a QGP is often modeled through
thermal [74]. While individual nucleon-nucleon scatterings still produce hard
interactions, forming parton showers and jets, the main bulk of hadron produc-
tion is expected to be driven by the thermal production from the QGP. Heavier,
less energetic hadrons form quicker, relative to lighter, more energetic quarks.
The details of how hadrons are decoupled from the QGP to final-state hadrons
are model-specific. Simpler models abruptly truncate the hydrodynamic phase
(Cooper-Frye hadronization [75]), while more ambitious models try to regulate
the transition from the hydrodynamic phase into a hadron gas (transport mod-
els, allowing for hadron-hadron interactions to occur within the QGP).

Thermal production of hadrons is “democratic” w.r.t. the quark content, in
the sense that the probability to produce a hadron is directly proportional to
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the hadron mass. Figure 4.10, highlights the thermal production of different
hadrons, compared to hadron yield in Pb-Pb collisions at /snn =2.76 TeV /c
from ALICE. There is a good agreement between the thermal calculations and
data, suggesting a Poisson distribution of particles relative to the hadron mass.
This is in remarkable contrast to the QCD-inspired Lund model, revealing that
hadronization, in a statistical-thermal context, is not suppressed by the quark
mass, but rather the hadron mass. Since pup = 0 at midrapidity for ultra-
relativistic, high-energy nucleon—nucleon collisions, so will strangeness chemical
potential pg ~ 0. This implies that the strange quark content plays no role
in particle production [76], and thermal production is solely governed by the
effective hadron mass.

One of the key takeaways is that ¢ meson, which is doubly suppressed in the
Lund model, is produced to have similar dynamics to protons in the context of a
thermal model, given that the effective ¢ mass is approximately the same as the
proton mass, which is also observed in Fig. 4.10. Therefore, the dynamics and
characteristics of particle production between ¢ and = are expected to be very
different in the context of thermal hadronization, due to the large difference in
particle mass.

4.3.1 EPOS-LHC

EPOS-LHC is a MC, general purpose pp event-generator, based on a two-
component, core-corona description. Hadronization in EPOS-LHC simultan-
eously combines QCD and QGP-inspired features. Nucleus-nucleus scatterings
are simulated on a partonic level, where gluon strings form a “parton ladder”
(illustrated in Fig. 4.11) between the interacting partons.

The string density in phase-space is then compared at a proper time 7y, well
before hadronization occurs. A core is formed for large string densities, where
the mass of the core is proportional to the center-of-mass energy of the strings in
given n-differential regions [59]. Each core produces hadrons through a thermal-
statistical process, where the probability to radiate a given hadron is linked
directly to the effective hadron mass, as previously discussed in Sec. 4.3. In
competition with hadron production from the core, strings located in regions
with a low string density will fragment, to produce mesons through hard scatter-
ing processes, similar to strings in the Lund model. The production of hadrons
from less dense string segments is referred to as the corona. An illustration
of the corona relative to the fraction of core, for different collision systems, is
presented in Fig. 4.12.
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Figure 4.11: lllustration of the elementary interaction in the EPOS model, featuring the “parton ladder” which forms
together into a coherent color-field flux tube. The figure is taken from Ref. [59].

Hadrons are produced from both the core and corona in each EPOS-LHC event,
where the average size of the core grows with the total number of produced
charged particles. QGP-like features are modeled by the core, with an over-
all higher strangeness production (due to the thermal production), and relative
hardening of protons-to-pions with increasing multiplicities, attributed to radial
flow. In contrast, hard, perturbative QCD-inspired particle production is con-
trolled by the corona. Combining both paradigms, EPOS-LHC can qualitatively
describe the enhancement of strange particles as a function of multiplicity in pp
collisions, which can be seen in Fig. 3.23.

4.4 Phenomenological Understanding of the ¢ Meson
in Experiments

I will give a brief review of the current experimental findings of the properties
of ¢ mesons, and how they relate to = baryons. The ¢—to—m, and E—to—¢
ratios are presented in Fig. 4.13, measured by ALICE for different collision sys-
tems, as a function of multiplicity. One can see a clear enhancement of the ¢
production as a function of the midrapidity charged particle density, where the
different collision systems scale as a single curve. This is in line with the ob-
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Figure 4.12: lllustration of the relative fraction of core (orange dots) and corona (blue dots), for different collision systems.
Particle production from the core is modeled from a statistical thermal source, whereas hadronization in the
core is modeled through string fragmentation. Figure is taken from Ref. [77]

served strangeness enhancement as a function of multiplicity, earlier presented
in Fig. 3.23, although the effect is not as pronounced. The Z—to—¢ ratio sug-
gests a flat modification between ¢ and Z yields for large systems, but highlights
a pronounced enhancement at lower multiplicities, for smaller collision systems.

Figure 4.14 reports the proton—to—¢ as a function of pr, for different collision
systems and centralities measured by ALICE. Here one can see a large modi-
fication going from central, heavy-ion collisions, to smaller and more peripheral
systems. The 0-10% most central Pb—PDb collisions suggest a flat pr-dependence,
whereas the smaller systems (and peripheral Pb—Pb collisions) align on a seem-
ingly universal trend, showcasing a relative suppression of proton production
(or an enhancement of ¢ production) at high-pr.

Lastly, Fig. 4.15 presents vy for identified particles as a function of pr, meas-
ured in Pb-Pb collisions at \/sny =5.02 TeV, in different centrality bins. The
trends observed for the ¢ meson points to two different hierarchies; at low-pr
(approximately pr < 2.0GeV/c), the vo between ¢ mesons and protons are sim-
ilar, suggesting that the ¢ particle dynamics are mainly driven by the mass.
However, at higher pr, the vy of ¢ mesons diverge w.r.t. the vy of protons, to
align with the kaons (both charged and neutral). This implies that, at high-pr,
the dynamics of the ¢ meson follow the other mesons (scales with the number
of valance quarks). Given that high-pp production is normally associated with
hard, pQCD physics, the results indicate that there are two parallel production
mechanisms; thermal, soft production at low-py (where ¢ dynamics scale with
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systems. See text for more details. Results are obtained from Ref. [78]
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particle mass), and recombination at high-pr.
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Chapter 5

The Large Hadron Collider &
The ALICE Detector

This chapter will detail the experimental setup of ALICE, one of the four main
experiments at the Large Hadron Collider (LHC). This includes a brief over-
view of the LHC, but will mainly focus on describing the different sub-detectors
of ALICE, in particular the sub-detectors used for charged particle track re-
construction, and centrality /multiplicity estimations. Refer to Ref. [81] for a
comprehensive review of the ALICE detector. One should keep in mind that
the description that I will give of ALICE is the Run 2 configuration, which was
used to record the results presented in this thesis. During Run 3 and onward,
ALICE has undergone upgrades, which will improve aspects of (and completely
rebuild) some detector systems.

5.1 The Large Hadron Collider

The Large Hadron Collider (LHC) is a synchrotron/storage ring accelerator sys-
tem, operated & constructed by the European Organization of Nuclear Research
(CERNY), located near Geneva on the border between Switzerland and France.
The LHC is located 100 m underground, and spans a circumference of 27 km,
with 1232 superconducting dipole magnets, which can bend a beam of protons
and ions in two separate beam-lines, to collide pp, p—Pb, and Pb—Pb nuclei at
peak, center-of-mass energies of 13.7, 8.16 and 5.02 TeV, respectively.

'The name acronym is derived from the French translation: Conseil européen pour la
recherché nucléaire (European council of nuclear research)
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The beams at the LHC are accelerated in several steps to reach the peak colli-
sion energy. This is achieved through a complex system of several accelerators,
illustrated in Fig. 5.1. After being stripped from electrons, the protons and ions
are accelerated up to 2 GeV in Proton Synchrotron Booster (PSB), which are
then ramped up to 26 and 450 GeV through the Proton Synchrotron (PS) and
Super Proton Synchrotron (SPS) respectively. The protons and ions are then
finally injected into the LHC, where they are accelerated to their final peak
collision energies.

The LHC physics program currently includes 4 major experiments. A Toroidal
LHC Apparatus (ATLAS) and the Compact Muon Solenoid (CMS), are two
general-purpose pp experiments, which are primarily focused on the study of
rare physics processes. These two experiments are currently focused on the
search for dark matter and other physics beyond the standard model. The two
remaining experiments are specialized detectors; The LHCb experiment is de-
signed to study flavor physics, in particular bb physics, while A Large Ion Collider
Experiment (ALICE) is the only experiment optimized for heavy-ion collisions
in the LHC physics program. The majority of each run year is dedicated to
proton—proton collisions, where each year has a short period of heavy-ion data
taking, from either p—Pb, Pb-Pb, or Xe—Xe collisions (and Oxygen—Oxygen
collisions in the upcoming Run 3).

While all 4 major LHC experiments have their own heavy-ion physics programs,
ALICE is the only detector that is designed to study ultra-relativistic heavy-ion
collisions. The pp experiments, which search for rare phenomena and decay
modes, are designed to operate at maximum collision rates (luminosity). How-
ever, luminosities for heavy ion collisions are relatively low. Here, the experi-
mental challenge is primarily to design a detector that is capable of measuring
the extremely large charged particle densities produced in central collisions,
particularly in the low-pt regime. ALICE is designed with this challenge in
mind. When used for pp collisions, ALICE does not reach the sensitivity to rare
probes of the dedicated pp experiments but instead complements them with
low-pr measurements, and excellent PID performance. The studies presented
in this thesis benefit strongly from both of these two factors, as the data ana-
lyzed in this thesis is recorded by the ALICE apparatus, which will be described
in more detail in the following.
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Figure 5.2: An illustration of the entire ALICE apparatus, highlighting different subdetectors in both the central barrel
(encapsulated by the large dipole magnet) and the forward regions. The figure is taken from Ref. [83].
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5.2 The ALICE Detector

A Large Ion Collider Experiment (ALICE) is one of the four main experiments at
the LHC. ALICE is an experiment that is primarily intended to study nucleus—
nucleus collision, which is reflected in the overall design of the detector. ALICE
is capable of capturing the full dynamics, at midrapidity, of Pb—Pb nuclei collid-
ing at relativistic energies. Unlike a pp collision, with charged particle densities
at midrapidity of (dNen/dn) = 7 at /s =13 TeV [84], a Pb-Pb collision at /snn
5.02 TeV produces (dNgy,/dn) =~ 1950 for the top-5% most central collisions [85].
Superb spatial resolution is required to reconstruct each individual particle tra-
jectory. However, this precision comes at a cost of a slow recording rate; during
LHC Run 2, ALICE was only able to operate at a rate of 0.2kHz for Pb—Pb col-
lisions, and 350 kHz for pp collisions [81], out of the 8 kHz and 40MHz collisions
rate provided by the LHC for Pb—Pb and pp collisions, respectively.

An overview of the detector is presented in Fig. 5.2. The entire detector can be
categorized into two different sections, based on their pseudorapidity coverage:

o The central barrel is enclosed inside the large L3 solenoid magnet (the
red structure illustrated in Fig. 5.2), weighing 7800 tons, with a nom-
inal magnetic flux density of 0.5 T?. The central barrel houses the main
tracking detectors, the Inner Tracking System (ITS), the TPC, and the
Transition Radiation Detector (TRD). It also includes detectors designed
for particle identification, such as the Time-of-Flight Detector (TOF),
the High-Momentum Particle Identification Detector (HMPID), and the
Photon Spectrometer (PHOS). Moreover, the central barrel also contains
an Electromagnetic Calorimeter (EMCal), which is primarily designed and
utilized to measure jet physics and to reconstruct particles decaying to
electrons and photons.

¢ The forward detectors refer to the detectors located outside the central
barrel. The forward detectors are divided into two “sides”, with respect
to the central barrel; The “C”-side, which points toward the CMS experi-
ment (right-direction w.r.t Fig. 5.2), and the “A”-side, facing the ATLAS
experiment (left-direction w.r.t Fig. 5.2). Certain forward detectors cover
pseudorapidity intervals on both sides. This includes the VO minimum
bias trigger and multiplicity detectors and the T0 detector, which gener-
ates a start time for central barrel detectors. The Zero Degree Calorimeter

2The applied magnetic field will bend the particle trajectory of charged particles produced
at midrapidity, where the momentum of each particle can be obtained from the radii of the
curvature as projected onto a plane, perpendicular to the beam axis
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Figure 5.3: Front view (along the beam-axis) of the two VO disks, VOA in the left panel, and VOC in the right panel. Figure
taken from Ref. [87]

(ZDC), used to estimate the effective energy transferred from the beam
particle to the collision, and Forward Multiplicity Detector (FMD) are
also situated on both sides. Additionally, the C-side contains the Muon
spectrometer, including a dipole magnet (with a magnetic field strength
of 0.666 T).

For the remainder of this chapter, I will provide details for the detector subsys-
tems relevant to the analyses presented in this thesis. Refer to Ref. [81] for a full
description of the ALICE detector, with additional information on subdetectors
not utilized for analyses presented in this paper.

5.2.1 The VO System

The VO detector (also referred to as VZERO) consists of two disk-shaped arrays
on either side of the interaction point, each segmented into 4 rings, consisting
of 32 individual plastic scintillator detectors, illustrated in Fig. 5.3, placed at
forward rapidities: VOA at 2.8 < n < 5.1, and VOC at —3.7 < n < —1.7. The
radial size of the VOA is larger, with a radius of 41.2 ¢m, compared to the radius
of 32.0 cm for the VOC [81]. The detector material consists of Bicron-404, which
is a plastic scintillator with a decay time of 1.8 ns, and a fast rise time of 0.7
ns [86].

The VO detectors are primarily designed for two purposes. First, the VO contrib-
utes to the minimum bias (MB) trigger, to select and measure inelastic pp, p-Pb,
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and Pb-Pb collisions. Secondly, the VO detectors can estimate the charged mul-
tiplicity produced in a given collision, due to the monotone dependence between
the signal amplitude in the VO detectors and the number of charged primary
particles. The material will scintillate (and produce a pulse) whenever a charged
particle interacts with the material. The scintillation photon pulse is amplified
by a photomultiplier tube and then digitized. The measured response correl-
ates to the total amount of charged particles produced in the VO pseudorapidity
interval. The charged particle multiplicity is then estimated through percent-
iles of the VOM distribution, which is the mean between the raw (corrected
independently for respective gain) VOA and VOC signals®. The self-normalized
VOM distribution for pp collisions at /s =13 TeV is presented in Fig. 5.4. A
comparison to the equivalent VOM distribution for Pb-Pb collisions, presented
previously in Fig. 3.4, highlights that the overall multiplicity distribution is
much broader in Pb-Pb collisions. In pp collisions, even though the VOA covers
a broader rapidity interval, the signal detected in the VOC is usually dominant
for the multiplicity estimation, since it is located closer to the interaction point
(and thereby absorbs a larger charged particle density).

By estimating the multiplicity in the VO detectors, one can estimate multipli-
city and measure physics observables in two independent pseudorapidity regions.
The benefit of this approach is that one avoids possible auto-correlations, which
could otherwise bias observables toward unphysical results. If the particle ex-
traction and multiplicity estimation occur in the same pseudorapidity region,
one risks biasing the event selection toward local fluctuations that produce an
abundance of charged particles. This can alter the overall perception of the
hadrochemistry, which is demonstrated in the multiplicity dependence between
neutral and charged kaons, presented in Fig. 5.5%.

5.2.2 The Inner Tracking System

The inner tracking system is, as the name suggests, the innermost tracker, closest
to the interaction point. The ITS is primarily designed to track and identify
particles with low momenta and to localize and reconstruct the primary (and
potentially secondary) vertex for each collision. The ITS consists of 6 cylindrical

30ne should keep in mind that the VOM signals are presented in arbitrary units, and not
in units of the elementary charge. The gain is equalized between the two detectors, therefore
ensuring that the distribution is directly proportional, within percentiles, to the produced
charge particles.

4To avoid potential confusion, I will state here that the analyses presented in Chapter 7
utilize a midrapidity multiplicity estimation (through tracklets, defined in Sec. 5.2.2), where
this “bias” is used as an advantage. This will be discussed in more detail in Sec. 7.3
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layers of silicon detectors, which surround the beam pipe. The 6 layers are
separated into three different groups, for two layers each. KEach group uses
different techniques to reconstruct the track coordinates. The SPD covers the
two first layers (layers 0 and 1), followed by the SDD (layers 2 and 3), ending
with the SSD (layers 4 and 5). The layout for the ITS is illustrated in Fig. 5.6.

The design parameters of the different silicon layers vary based on their proxim-
ity to the beamline. The SPD, closest to the beamline, at an innermost radius
of ~3.9 cm, has to operate at extremely large track densities and high radiation
levels [81]. Therefore, the SPD is constructed to have high granularity, based on
reverse-biased silicon detector diodes that are bonded onto a two-dimensional,
flat matrix, with a thickness of 200 um. Each matrix consists of 256 x 156 cells,
measuring 50 pm in the x-y plane perpendicular to the beam-axis, and 425 pm in
the z-direction, along the bean-axis. The two-dimensional array covers 12.8 mm
in the x-y plane and 70.7 mm in z. The geometry of the SPD consists of staves,
built from 4, two-dimensional silicon matrices, which are then assembled into
a sector comsisting of two layers; two staves in the inner layer, and four in the
outer layer. By combining 10 sectors, one gets full azimuthal coverage around
the beam pipe, with two layers of silicon pixel detectors, covering the pseu-
dorapidity region |n| < 1.4.
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Figure 5.5: Comparison of neutral-to-charged kaon production for multiplicities measured at midrapidity (left) and forward
rapidities (right), for simulated pp collisions at /s =7 TeV. Results are taken from Fig. [89]

Each pixel diode generates a pulse when a charged particle deposits sufficient
energy into the silicon. This pulse is then read out to form coordinates for
two-point track segments, referred to as tracklets. Tracklets have a good spatial
resolution and are used for both efficient vertex determination, and as an estim-
ate of the charged-particle multiplicity at midrapidity. Most ALICE analyses
at midrapidity utilize the VO for multiplicity estimations, to avoid biasing the
multiplicity selection toward fluctuations from jets and parton showers, which
can occur if the physics observable and multiplicity estimate are measured in
the same pseudorapidity region. However, for the analysis presented in Chapter
7, this bias can be fully exploited, discussed more in detail in Sec. 7.3.

Tracklets are also used to find the primary vertex for each collision. The z—co-
ordinate, of the primary vertex is initially estimated by a linear extrapolation
of the z—coordinate for tracklet pairs which are close in azimuthal angle (trans-
verse to the beam-axis). Since the two SPD layers are close to the interaction
point, track bending due to the magnetic field can be neglected for the initial
estimation. The primary vertex is used as an input for the full track reconstruc-
tion, where the full tracks are then used to recalculate the primary vertex with
better precision.

The SDD consists of two layers of Neutron Transmutation Doped (NTD) silicon
detectors. The silicon detectors are positioned as segmented, semicircular lad-
ders, at a radius of 150 mm and 239 mm from the interaction point, for the 3rd
and 4th ITS layer, respectively. Since the two SDD layers are located further
away from the beam axis, each cell will have a lower track density, and therefore
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Figure 5.6: An illustration of the layout of the ITS, and its corresponding layers, from two different angles; an isometric
view of the ITS cylindrical geometry (left), and a view of the different layers along the beam-axis (right). The
Figure is taken from Ref. [81]

requires less granularity than the SPD. Each NTD silicon cell has an active area
of 70.17 mm(x-y) x 75.26 mm(z). Each cell is divided into two drift regions
of approximately 35 mm, which are separated by a -2.4 kV potential. Once a
charged particle track interacts in the drift region, it will ionize the substrate,
and produce charge carriers that drift through the active volume, illustrated in
Fig. 5.7. Because of the coordinate-dependent drift time, signals will be spread
out in time. This gives a good multihit capability, and readout can be handled
with a minimum number of electrical channels. The spatial coordinates of a
particle track are then determined by measuring the drift time, compared to
the drift-velocity (8.1us over 35 mm, at -2.4kV), which is monitored by MOS
injectors.

The two outermost layers consist of double-layered silicon strip detectors, which
form the SSD. Each strip has a sensor area of 75 x 42mm?. The double-faced
layers of silicon are positioned back-to-back on square modules. Strips on one
face have a relative pitch of 30 mrad, w.r.t. the strips on the opposite face.
Spatial coordinates are determined where strips that generate a signal intersect.
The SSD rows are organized in the same way as for the SSD, with radii of
378(384) mm and 428(434) mm for the inward (outward) pointing silicon face,
for the two layers, respectively.

Only the SPD is utilized to estimate the midrapidity multiplicity and vertex
locations. The remaining layers of the I'TS are only used for track reconstruction
in the analyses presented in this thesis. In total, the ITS can provide 6 spatial
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Figure 5.7: A schematic of the ALICE SDD cells. There are 33 MOS injectors in each row and a total of 256 collection
anodes. The Figure is taken from Ref. [81]

points for each track, where 4 points in the SDD and SSD can be used to measure
energy loss, which can be used for PID measurements (discussed in Sec. 5.2.6).

5.2.3 The Time-Projection Chamber (TPC)

The TPC is the main tracking detector of ALICE, located in the central barrel,
with a cylindrical geometry across full azimuthal acceptance, and covering |n| <
0.8% for full track lengths, with an outer radius of 2.5 m. As is illustrated in
Fig. 5.8, the TPC has a cylindrical cut-out through the center, with a radius of
85 cm, to accommodate both the beamline and the ITS.

The TPC consists of a field cage, divided into two symmetric 250 cm halves cov-
ering the interaction point, separated by a central high-voltage electrode. The
field cage is filled with about a 90 m3 Ne/CO3 /N3 gas mixture, in relative parts
of (18:2:1)%. Neon is used as the main ionizing agent, allowing for operations at
a very low drift velocity, with low diffusion and low radiation length coefficients.
A negative voltage of 100 kV is applied to the central electrode, which will cre-
ate an axial electric field of 400V /cm along the beam-axis, resulting in a drift
velocity of 2.7 cm/us, with a maximum drift time (from an electron having to
traverse the full 250 cm) of 92pus.

5The TPC covers up to |n| < 0.9, however, the particle reconstruction efficiency drops
sharply around 0.8 < |n| < 0.9. Therefore, outside technical tests, the TPC is only used to
reconstruct charged particles up to |n| < 0.8.

SIn official ALICE documentation this is often written as (90/10/5). One should keep in
mind that these are relative parts, and note relative fractions of the total gas volume
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Figure 5.8: Schematics of the ALICE TPC from two different perspectives; an isometric view of the cylindrical field cage
(left), and a view of the read-out chambers along the beam-axis (right). The Figure is taken from Ref. [81]

Readout chambers are positioned at the opposite end of the central electrode,
divided into two radially segmented sections, an inner readout chamber (IROC)
covering 84.8 cm < r < 132.1 cm and an outer readout chamber (OROC), cov-
ering 134.6 cm < r < 244.6 cm. In the azimuth, there are 18 IROC and OROC
chambers, composing one of the two readout planes of the TPC. Each readout
chamber consists of an array of multi-wire proportional chambers (MWPC).
The geometry of each MWPC is illustrated in Fig. 5.9, consisting of three wire
planes (gating grid, cathode, and anode wires) facing the drift volume. A 1.5 kV
potential is applied to the anode wire, creating a strong electric field near the
anode wire. Circuit boards are placed near the anode wire, with etched-out pads
for signal readout. The readout pads are organized in rows along each cathode
wire, to read out the charge produced from the electron avalanches. The size of
each pad in the IROC is 4 x 7.5 mm(¢ x r), while the OROC has two different
pad sizes”: 6 x 10mm and 6 x 15 mm. The IROC holds 63 pad rows, whereas
the OROC holds 96 pad rows. This totals into 159 pad rows (maximum spatial
points for track reconstruction®). Each IROC and OROC hold 5504 and 9984
readout pads, respectively, which totals approximately 560 000 readout pads
for the entire detector. The detector is non-sensitive in the regions where the
different readout chambers meet, corresponding to 10% of the total azimuthal
acceptance. This creates narrow azimuthal regions with poor reconstruction
efficiency for intermediate-to-high pr (mostly radial) tracks, which is discussed
in more detail in Sec. 8.2.

"Each pad covers multiple cathode wires, given that the spacing between wires (on average
2 mm) is smaller than each pad.

8In Chapter 6, these pad rows are sometimes referred to as the “number of crossed TPC
rows”.
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The basic operating principle of a TPC is that of a gaseous detector used to
measure ionizing radiation. A charged particle traversing the gas volume creates
electron-ion pairs through ionization. By applying an external electric field over
the gas, the electron-ion pairs will drift apart, instead of recombining[p. 204] [90].
The electrons will drift toward the readout chambers, whereas the ions will
drift toward the central electrode. An electron avalanche will occur once the
drifting electrons approach the anode inside the MWPCs, which will amplify
the signal. The amplification is read out by the readout pads, resulting in an
x — y coordinate. Since the charge is smeared over several pads in a single pad
row (referred to as a cluster), one gets a resolution of approximately 1 mm [91].
The electron avalanche is eventually quenched by the CO9 component in the gas
mixture, which is also included to prevent secondary ionization from ultraviolet
photon emission. CO4y was selected over other typical quenching gasses, such as
CH,4 and CFy4, due to CO5 having better aging properties?. The quenching, as
well as the overall stability of the gas, is improved by adding Ny into the gas
mixture.

The electron avalanche from the MWPC will produce a large number of positive
ions that drift back toward the negative potential of the central cathode. This
is not an issue on an event-by-event basis, since electrons produced from the
particle track drift faster than the ions produced during the amplification (due
to their difference in mass). However, this could potentially create space-charge
distortions for consecutive events, as newly ionized electrons would have to drift
against ions that were produced in an earlier event. To maintain good spa-
tial accuracy, each MWPC is equipped with a gating grid of wires. Once an L1
trigger signal is received!?, the gating grid will open for the duration of one elec-
tron drift interval (approximately 92us). At this stage, the gating wires in each
readout chamber are given the same potential, making the gating transparent
to electrons and ions alike (same electric field as the external drift field), which
allows for electrons in the drift volume to pass into the amplification region.
The gating grid will then close by applying an alternating potential between
the wires in the grid, creating an electric field transverse to the drift field, and
thus catching both electrons and ions. This is crucial for the ions, as the gate
prevents them from entering the long drift region of the TPC, which would take
the ions many milliseconds to traverse. The gating grid must not be opened
until all ions have been captured, which consequently limits the interaction rate
of the ALICE TPC to about 3 kHz.

The charges collected by the 560 000 pads are further amplified and digitized into

9Perhaps most importantly, to avoid 90 cubic meters of flammable gas in the experiment.
0The L1 signal is sent from the ZDC, approximately 6.5 us after the collision.
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Figure 5.9: A schematic of the MWPC configuration in the ALICE TPC, including the wire used for the gating grid. The
Figure is taken from Ref. [81]

signals by the front-end readout electronics. While the spatial x—y coordinates
are determined by the clusters that have read out an electric impulse from the
MWPC, the z—coordinate is determined by measuring the drift time between the
LO trigger, to when the charge is detected in the readout pads. More information
about the digitization of the readout signal and data acquisition can be found
in Ref. [81].

5.2.4 Time-of-Flight Detector

The TOF detector consists of a cylindrical array, with full azimuthal coverage,
consisting of 18(¢)x5(z) individual sectors. Each sector houses 15-19 multi-gap
resistive-plate chambers (MRPC), which are gaseous detectors used to measure
the time-of-flight arrival time for charged particles, for a total of 1593 [81] MRPC
strips. The main design purpose of the TOF detector is to provide particle
identification of massive particles, by measuring the time-of-flight relative to
the momentum of each reconstructed track.

An MRPC consists of a stack of resistive plates (in the case of ALICE, two
rows of 5 glass plates surrounded, by anode and cathode plates, illustrated in
Fig. 5.10). The resistive glass plates are spaced with nylon fishing lines to create
gas gaps, filled with a mixture of SFg and CoF4Hs. A 6.5 kV potential is applied
symmetrically w.r.t. the middle plate in each MRPC stack. The potential is
only applied between the outer-to-middle stack, while the in-between stacks are
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Figure 5.10: Illustration of the cross-section in a single MRPC module, used in the TOF sub-detector in ALICE. Schematic
is taken from Ref. [81]

left electrically floating. When a particle traverses the MRPC stack, an elec-
tron avalanche is produced in each gas gap. The resistive plates themselves are
transparent to the electromagnetic signal generated by the electron avalanches,
thereby allowing one to retrieve the full signal deposited on the external elec-
trodes, by integrating the signal produced in each gas gap. The narrow gaps
allow for more precise time measurements, as the time jitter scales with the
propagation distance (from plate to plate) through the gas. This allows for
a very precise measurement of the arrival time of each particle, with a time
resolution of less than 50 ps [92].

5.2.5 Charged Particle Track Reconstruction

The reconstructed charged particle tracks in this thesis will utilize spatial co-
ordinates from both the TPC and ITS. The trajectory fit is based on a Kalman
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filter [81][93], which can iteratively estimate a trajectory that is perturbed by
noise and stochastic losses. The Kalman filter requires a seed to start the fit-
ting procedure, and a stable fitting procedure relies on establishing a “good”
seed [91]. The seed is estimated in the TPC but requires a primary vertex to
be found by the ITS. A parameterized helix is fitted by finding pairs of points,
one in the outer rims of the TPC, and the second point 20 pad rows inwards,
both pointing toward the primary vertex. The helix parameterization is taken
as an estimate of the full trajectory, and a Kalman filter is started, limited to
the 20 points between the initial pair that point toward the primary vertex. If
the majority of the points between the initial pair are successfully associated
with the track candidate derived from the helix parameterization, the seed is
considered good!!.

When a seed has been established, a full Kalman filter procedure is started,
propagating from the outermost point of the TPC, inwards to the ITS. The
track information is updated for each space point compatible with a track pro-
longation through the Kalman filter. Once the Kalman filter has swept through
all available data points in the TPC, a new Kalman filter is started in the ITS,
using the track parameterization from the TPC. The inward track propaga-
tion is done twice, first with the primary vertex as a fixed constraint, and then
without this condition. This is done to identify if particle tracks are associ-
ated with the primary vertex, or come from secondary decays (kinked tracks, or
weakly-decaying particles, described in detail in Sec. 6.2.1).

Once the Kalman filter has created a track parameterization in both the TPC
and ITS, a new Kalman filter is started in the opposite direction, from the
ITS and outwards. The track parameterization from the inwards propagation is
used as an initial seed for outwards propagation, allowing for a more precise fit,
rejecting points that were outliers in the inward propagation. Particularly, the
outward extrapolation is performed out to the TOF detector, where momentum
from the TPC is matched with TOF hits. Finally, the track can potentially
be fitted a third time, by re-fitting the original track parameterization, going
inward from the rim of the TPC, down to the ITS, where information from
the outwards fit is used as the initial seed. This third refit is referred to as
the TPCRefit and I'TSRefit, for each respective detector, and can be used as
an additional requirement for track reconstruction quality assurance. A figure
illustrating the entire procedure, from initial fit, to outwards fit, to refit, is
illustrated in Fig. 5.11.

1To avoid biases, a second seed-finding procedure is started, which looks for track pairs
shifted inwards by 10 rows
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Figure 5.11: An illustration of the three Kalman filters used for the full reconstruction of charged particle tracks in ALICE.
See text for details. Figure is taken from Ref. [94]
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5.2.6 Particle Identification
Particle identification through energy loss

Particles traversing material will lose energy with respect to the length the
particles travel. In a gaseous detector, such as the TPC, the deposited energy
in the readout chambers is directly proportional to the number of initial ion-
izations that were collected from the detected particle track!'?, which in turn
is proportional to the energy deposited into the gas itself. The average en-
ergy loss per unit length (dE/dz) (also referred to as “stopping power”) for a
quantum mechanical description of a collision process can be obtained through
the Bethe-Bloch formula:

ama?n®Zn. [ (meB?\ L, 80)

where I the ionization potential, m, the electron mass, of n. electrons, Z the
atomic number, and « the fine-structure constant. The Lorentz factor v and
the absolute velocity [, are defined in terms of momenta, expressed as:

__r
N/

v =4 /1+(&)2 (5.2)

In the ALICE TPC, the momentum of particles is estimated by measuring the
larmor radius p, which is a measurement of a particle’s track curvature with
charge ¢, due to the external magnetic field B:

B-p=pr/q—=pr=B-p-q. (5.3)

Furthermore, the energy-loss measurement in ALICE relies on a different para-
meterization compared to the theoretical Bethe-Bloche formula. This is because
the Bethe-Bloch formula presented in Eq. 5.1 includes all sources of energy loss,
while ALICE only measures the ionization energy loss (and no A electrons).
This modified parameterization is expressed as [91]:
P 1
dE/dx = FR (Pz — B —In [Pg + WD : (5.4)

12This is only valid if the external voltage is within the proportional region. Detectors that
operate at higher voltages, such as the Geiger-Muller tube, will not have a direct proportional
response between incoming-and-outgoing charge.
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Figure 5.12: ALICE performance measurement of dE/dx for pp collisions at /s =13 TeV. Black lines are fits from the
parameterized Bethe-Bloche formula in Eq. 5.4. See text for details. Figure is taken from Ref. [95]

Parameters P; through P; are free parameters that are calibrated by fitting the
energy-loss measurements in a gas mixture for a known particle mass.

The dE/dx as a function of momentum for pp collisions at /s =13 TeV meas-
ured in ALICE, for different particle masses, is presented in Fig. 5.13. The
figure highlights clear, identifiable bands for primary 7, K, p particles (as well
as deuterons) at low-to-intermediate momenta. The overall dE/dz resolution
depends on the charged-particle density, with an approximate 5.5% smearing
of the resolution in pp collisions [81]. At larger momenta, where § — 1, dis-
tinguishable particle bands start to mix, which makes it difficult to accurately
identify particles on a track-by-track basis. Information from the TOF is used
for PID (which is described in the following) at intermediate momenta. For
higher momenta, one has to utilize statistical methods to extract the yield of
different particles. For the analyses presented in this thesis, primary =, K,p
are identified through no distributions. The no information is available from
the central processing of ALICE data. The reconstructed detector dE/dx re-
sponse is compared to the expected detector response for each particle mass.
The reconstructed distribution includes contamination from other particles at
higher-pr. Since the energy-loss distribution has very broad tails toward higher
momenta, the truncated mean of the energy-loss is measured for each particle
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Figure 5.13: ALICE performance measurement of 3 for pp collisions at /s =13 TeV. See text for details. Figure is taken
from Ref. [95]

track instead of the average energy-loss, resulting in an approximately Gaussian
response. A clean sample (at low momentum, c.f. Fig. 5.13) is used to produce
clean curves, which are extrapolated to higher momentum. The TPC response
for each particle mass can be estimated through Gaussian distributions, where
the deviation between the reconstructed and expected distributions are quanti-
fied in terms of the expected resolution, no, defined as:

dE/dzx dE/dz

measured <

g

no expected> ) (5.5)
Through this technique, it is possible to identify particles on a track-by-track in
the clean regions (low-pr), where the probability to be of an identified particle
mass is proportional to no, and via statistical methods in regions where the
bands overlap (high-pr). A smaller no allows for higher purity, at the cost of
reduced efficiency and limiting statistics.
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Particle identification through time-of-flight

Similarly to energy loss, particles can be identified by measuring the velocity
B, which can be obtained through the time-of-flight measurement in the TOF
detector, together with the momentum from the TPC. This requires an extra-
polation of the tracks in the TPC to match the TOF detector. The time-of-flight
for a distance of L can be expressed as:

L L [p>+m?
AtTOF:%:EVPT—)

L

= Atrope (5.6)
Since the time-of-flight in Eq. 5.6 depends on mass, each massive particle will
have a distinct curve in absolute velocity, as a function of momentum. The [
measured by ALICE for pp collisions at /s =13 TeV is presented in Fig. 5.10.
Compared to the TPC PID in Fig. 5.13, the TOF PID allows for a cleaner
separation between particle species toward larger momenta. Similarly to the
dF/dzx measurement, primary 7, K,p for the analyses presented in this thesis
are obtained from no distributions. One of the main caveats for the TOF no
measurement is that, unlike the dF/dz, § is not well-described by a Gaussian
distribution, and has a much broader tail (decaying as e~?), which has to be
incorporated in the modeling between measured-and-expected value. Utilizing
PID information from both the TPC and the TOF leads to a precise, track-by-
track identification of particles at low-to-intermediate pr.
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Chapter 6

¢ Meson and = Baryon
Reconstruction

This chapter will detail the procedure for identifying and reconstructing ¢(1020)
mesons and Z¥(1322) baryons as functions of py. = will simply be denoted
as Z in the following, describing the reconstruction procedure for particle and
antiparticle alike. The extraction techniques described in this Chapter will apply
to the analyses presented in Chapter 7 and Chapter 8 unless otherwise stated.
Minor caveats apply, which are discussed in the respective chapters.

6.1 Common Event Selection

The results presented in this thesis are obtained from collisions measured during
the LHC Run 2 pp program, running from 2016-2018. The dataset corresponds
to roughly 1.2 billion events. Rigorous cross-examinations for both = and ¢
analyses were performed to ensure consistency of the extracted yield between
each run year. The measurement of pions, which in this thesis is used as a
baseline for both ¢ and =, excluded data gathered from 2017. This was done
due to a change of gas mixture used in the TPC, which negatively affected
the dF/dx performance for primary =, K, p analyses [19]. Excluding the 2017
dataset, the combined dataset measured during the years 2016 and 2018 yields
approximately 820M events.

Each run period (a period with a consistent ALICE configuration) of data
recording also has a corresponding Monte Carlo (MC) production. The MC
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datasets were produced by generating PYTHIA 8 events and propagating them
through a full simulation of the ALICE detector. The detector simulation is con-
structed using the GEANTS3 framework; software which is designed to simulate
particle transport and interaction properties with matter [96]. The generated
events are propagated through a virtual version of the ALICE detector, where
GEANTS signals are digitized to look like real data, and then reconstructed
according to the standard reconstruction procedure. The efficiency and res-
olution of the ALICE detector can be estimated by comparing the original,
generated event, to the corresponding event after reconstruction. The datasets
are “anchored” to the run periods, in a sense that the GEANT3 digitization
matches the ALICE configuration used for data taking during each run period.
This includes, but is not limited to, matching the gas mixture in the TPC, the
detector status (high-voltage and magnetic field strengths, etc.), and calibra-
tion procedures. Each anchored simulation contains approximately 25% of the
events measured for each corresponding period, yielding ~ 190M and ~300M
events for the 2016+2018 and 2016+2017+2018 datasets, respectively.

A standard event selection is applied to the entire Run 2 dataset, to ensure
that events with incomplete detector information, or events without a precisely
defined primary vertex, are rejected. This selection is required in addition to
the analysis-specific event selections discussed in Chapter 7 and Chapter 8.
The event selection must be applied consistently between all measured particles
for a given observable for all analyses. This allows for an “apples-to-apples”
comparison between the measured yields of each particle. Events are required
to pass the following criteria:

¢ Standard ALICE physics selection, with a minimum bias trigger threshold.
For the run periods analyzed in this thesis, the minimum bias trigger
requires a hit in both VOA and VOC detectors. Furthermore, considered
events have to be inelastic (INEL> 0), requiring at least one charged track
reconstructed at |n| < 0.8.

e Events with incomplete information from the data acquisition are rejec-
ted. This includes events where sub-detectors fail mid-run, and full event
information is not retained.

e Events are required to have a primary vertex reconstructed by the SPD.
This vertex is required to have a resolution in the z plane within 0.25 cm
and with a dispersion no greater than 0.04 cm. This is to ensure that there
is a primary vertex produced in the bunch-crossing. Broader vertices are
likely to include multiple vertices, either from overlapping bunch-crossings
or secondary decays.

98



o The primary vertex z-position |v,| is required to be within |v,| < 10 cm
of the ALICE midpoint. This requirement is implemented such that the
primary vertex is within the luminous region of ALICE, and ensures con-
sistent kinematic properties between different events.

e Multiple constraints are implemented to reject pile-up events. There are
two different forms of detector pile-up; in-bunch pile-up and out-of-bunch
pile-up (OOB pile-up). The former arises from overlapping or broad ver-
tices formed during the same bunch-crossing, whereas the latter arises from
vertices produced from different bunch-crossings. OOB pile-up is mainly
produced due to the TPC being a slow detector. To reject these events,
a hit in the SPD has to be connected to the primary vertex. The SPD
is a fast detector, ensuring that tracks' in the event are associated to a
reconstructed primary vertex. The VO minimum bias triggers are required
to synchronize with tracks detected in the SPD, which removes in-bunch
pile-up. OOB pile-up is rejected if a particle track cannot be associated
with either of the faster SPD or TOF detectors.

Approximately 15% of events from the entire 2016-+2017+2018 pp dataset are
rejected according to the above criteria. The largest source of rejected events is
due to vertices outside of |v,| < 10 cm, followed by events with no/mismatched
reconstructed vertices.

6.2 Reconstruction & Identification of ¢ (1020) Mesons

The ¢ meson is a neutral, strongly-decaying hadron. The ¢ meson is a resonance
particle, with a lifetime of 1072 s. While this is relatively long-lived for a
resonance particle, it is too short to detect directly. Instead, we have to detect
it statistically, by reconstructing the invariant mass M;p, of the constituent
decay daughters. If mq o and py2 are defined as the total mass and momentum
for each respective daughter, the M;,,, is calculated as:

M;,, = (p1+p2)” = mi +m3 + 2pipo (6.1)

The three largest branching ratios of ¢ meson decay are listed in Table. 6.1 [97].
The 2nd and 3rd decay modes pose considerable experimental challenges, as K2,
Kg and p are neutral particles, which cannot be detected directly by the TPC,
and have complex, three-body decays. Therefore, for the work presented here,

!These are not fully-reconstructed tracks, but tracklets, defined in Sec. 5.2.2.
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the ¢ meson yield is reconstructed through the decay mode with the largest
branching ratio: ¢ — KT + K.

Table 6.1: The three most common decay modes for ¢ meson resonances. Data is taken from the Ref. [97].

Decay Mode Branching Ratio
¢ — KTK~ 48.940.5%
¢ — KOK? 34.240.4%

¢ — prn+ata a7 15.3240.32%

Due to the short lifetime of the resonance, the kaon decay daughters created from
the ¢ meson are experimentally impossible to distinguish from primary, charged
kaons. Consequently, this means that ALL charged particle tracks, which are
associated with the primary vertex and identified as kaons, have to be considered
as potential ¢ decay daughters. The M2 distribution will therefore contain a
lot of background, as kaons are quite abundant (being the 2nd lightest hadron).

6.2.1 Reconstruction of ¢ Decay Daughters

Particle tracks are reconstructed using combined information from both the I'TS
and TPC, to achieve high precision in both spatial and momentum resolution.
To maintain high precision on a track-by-track basis, the reconstructed tracks
are required to pass a set of quality assurance criteria. Tracks that pass the
following criteria are referred to as “global tracks” throughout this thesis:

1. Reconstructed tracks require a signal from at least 70 crossed pad rows in
the TPC: N¢p7pc > 70

2. Requires the ratio between crossed rows and findable clusters® to be less
than 0.8: Rrpc = Nerrpc/Neisirrre < 0.8

3. The reconstruction fit requires a maximum x? per cluster in TPC: x%p <
4.

4. The reconstruction fit requires a maximum y? per cluster in ITS: X%TS <
36.

5. Requires a maximum y? globally in the TPC across all findable clusters:
X&,rpo < 36.

2A cluster is a segment of a pad row, which has measured current from the electron ava-
lanches. See Sec. 5.2.3 for details.
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6. Requires a converging TPCRefit
7. Requires a converging ITSRefit
8. The transverse momentum is required to be larger than pr > 0.15 GeV/c
9. The pseudorapidity is required to be less than n < [0.8]
10. Requires a hit in any SPD cluster

11. Requires a cut on the Distance-of-closest-approach (DCA) in the z — y
plane, between the primary vertex and the reconstructed track: |DCA,,| <
0.0105 + 2350

T1
pr

12. Requires a maximum DCA from track to primary vertex in the z plane:
DCA, < 2.0.

13. Rejects secondary particles that decay through kinks (aka “kink daugh-
ters”).

The numerical values for all the above parameters have been calibrated centrally
by ALICE, to optimize tracking precision relative to reconstruction efficiency.
Conditions 1-7 are required to maintain good tracking precision for the recon-
structed tracks. A larger number of crossed rows in the TPC results in more
spatial points to fit the particle trajectory, leading to a more precise momentum
resolution for each reconstructed track. The average fit quality is further im-
proved by constraints on the maximum y?2, both per cluster, and globally, for
each track. The tracks are also required to be “re-fitted” down towards the
primary vertex, both from the ITS and TPC (discussed in further detail in
Sec. 5.2.5). Furthermore, conditions 8-9 implement constraints on n and pr
near the boundary of the TPC acceptances, to reduce inefficiencies from fringe
effects.?

Conditions 10-13 are required to ensure that there is a primary vertex in the
event and that the tracks are associated with that vertex. This is done to avoid
contamination from secondary particles that decay from weakly-interacting particles.
“Kink daughters” are defined as secondary particles that originate from charged
pions and kaons that weakly decay within the TPC volume. The decay will
produce a change in curvature for the propagated track, producing a distinct
kink. The kinks are identified by extrapolating tangents to reconstructed track
trajectories.

3Both 1 and pr are steeply falling distributions around the cut boundaries, resulting in
poor reconstruction efficiencies.
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If a track passes the quality criteria and is ensured to originate from the primary
vertex, it must then pass additional criteria to be identified as a Kaon. This is
done through central ALICE calibrations with no distributions, both from the
TPC (dE/dx) and TOF (1/3). This procedure is explained in further detail
in Sec. 5.2.6. One should keep in mind that this identification technique has
constraints at larger momenta, where both dE/dx and 1/ merge into a single
distribution. This is referred to as the relativistic rise, where tracks cannot be
identified on a track-by-track basis. This does not pose a significant problem
for the ¢ analysis, for the following reasons: First, misidentification on a track-
by-track basis does not contaminate the measurement of the raw ¢ meson yield.
There is a second layer of identification through the Mj,, spectra, which the
raw yields are extracted from. Secondly, the combinatorial background grows
with the square number of particles. The pr distribution of charged particles
is steeply falling at higher pr. The signal-to-background (S/B) ratio at high-pr
is therefore quite large, resulting in a low combinatorial probability for the
available charged particle tracks to randomly sum to have the same Mj,, as a
¢ meson. This effect is illustrated in Fig. 6.1.

6.2.2 Identification of ¢ Mesons and Background Reduction

The M;y, is calculated for oppositely charged pairs of identified kaons, (passing
the requirements in Sec. 6.2.1), in narrow pr-intervals. Examples of raw M;y,
distributions are presented in Fig. 6.1. The relative fraction of (S/B) is quite
large, with (S/B) = 0.5 around low (1-2 GeV/c) pr.

The ¢ meson mass of 1.019 GeV/c? is quite close to the combined mass of
two kaons 2Mg+ = 0.987354 GeV/c?. Since kaon masses are assumed when
calculating the My, it is kinematically impossible for the My, of two combined
tracks to be lower than 2Mj+. For this reason, the background is asymmetric
around the central peak (seen in Fig. 6.2), and cannot be evaluated using the
sideband method*

In the work presented here, four different M,y spectra are constructed, to create
three different estimates of the combinatorial background for ¢ — KTK~. An
example containing all three different methods can be found in Fig. 6.2. In all

4This method utilizes the regions around the peak (sidebands) to estimate the combinatorial
background. The sidebands are normally estimated at 3-60 from the central peak region. Due
to the asymmetry and limited range of the left sideband, the combined sidebands will give a
bad description of the combinatorial background under the peak (and also contain a non-trivial
portion of the yield), therefore making this method unviable
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Figure 6.1: Invariant mass distributions of ¢ — K+ + K~ for minimum bias pp collisions at v/s = 13 TeV, measured by
ALICE. The pr intervals range from 0.5 - 5.0 GeV, with the lower (upper) limit presented in the top (bottom)
left panels, whereas the right panels represent two intermediate pr intervals.

cases, the background spectra are normalized to the right of the peak, far away
from the central peak region (quantified in Sec. 6.2.5):

1.

Like-Charge, Same-Event (LSS)

Invariant mass distributions are created with kaon pairs that have the
same charge. The entries in the invariant mass distribution consist of the
geometric mean of K™K+ and K~ K~ pairs.

Unlike-Charge, Mixed-Event (USM)
Invariant mass distributions are created with kaon pairs with opposite
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charges, originating from different events. Each event is mixed with 9
other events.

3. Like-Charge, Mixed-Event (LSM)
Invariant mass distributions are created with kaon pairs with the same
charge, originating from different events. Each event is mixed with 9 other
events. This is not used directly to estimate the combinatorial background
but is used as a tool for the following Mi,, spectrum.

4. Reweighed Unlike-Charge, Mixed-Event (Rew. USM)
The AR = /A¢2 + An? is calculated for the LSS and LSM distributions.
A ratio of ARpss/ARpsy is then used as a weight to correct for the
difference in topology (loss of di-jet structure, which will be discussed in
the following) between same-event and mixed-events. The event-mixed
distribution is then reweighed accordingly.

Under ideal conditions, the LSS Mjy, distribution should give a good descrip-
tion of the combinatorial background. However, utilizing the track requirements
listed in Sec. 6.2.1 results in a non-uniform azimuthal acceptance. This is par-
tially due to non-active regions in the SPD. Consequently, the azimuthal charge
acceptance is also not symmetric. Furthermore, in the context of the Lund
model, production of ¢ (s5) creates a large amount of associated strangeness,
creating a kaon background that is correlated. A sum of like-sign kaon pairs is
therefore not able to adequately describe the combinatorial background in the
oppositely-charged channel, which can be seen in Fig. 6.2.

One can avoid the charged bias by using a technique called event-mizing. Here,
tracks are collected from 10 different events. The M., is then constructed
with individual kaons from regular events paired up with kaons from different
events. This ensures, by definition, that the kaon pairs used to construct the
M,y spectra are uncorrelated, and can be used to estimate the combinatorial
background. To ensure that the mixed events have similar detector acceptances,
the largest deviation to the collision vertex in the z—plane is required to be
within Av, < lem.

Unfortunately, the implementation of the event-mixing technique introduces a
new bias. As mentioned previously, the mixed pairs are by definition uncorrel-
ated. This also means that any information regarding the topology of the signal
events is lost. For example, mixing 10 events with di-jet topologies, events where
the majority of tracks are produced along a 180-degree jet-axis, will produce a
mixed event with an isotropic topology. This effect is illustrated in Fig. 6.3.
A change in angular topology will consequently lead to a change in average
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Figure 6.2: Invariant mass distributions of ¢ — KT + K ~, for minimum bias pp collisions at /s = 13 TeV, measured
by ALICE. The signal distribution is compared with three different M., spectra that are used to estimate the
combinatorial background. The p intervals range from 0.5 - 5.0 GeV, with the lower (upper) limit presented
in the top (bottom) left panels, whereas the right panels include two intermediate pr intervals.

My, given that p, and p, enter into the M;,, calculation. Contributions to
the combinatorial background originating from events with strong di-jet struc-
tures cannot be described by event-mixing alone. This will be of particular
importance later when extreme di-jet topologies are studied in Chap. 7.

A technique that attempts to circumvent both of these biases has been pioneered
in this thesis. Like-sign, same-event, and mixed-event Mj,, spectra, are meas-
ured to quantify the “loss” of the correlated topology. The difference between
these two spectra should be independent of any bias in charge acceptance. The
difference in topology between the two like-sign spectra is estimated by measur-
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n=1 n=2

Figure 6.3: lllustration of how an azimuthal di-jet topology can be lost when utilizing event-mixing. n=1,2,3... represents
the number of events mixed.

ing the jet cone AR = \/A¢? + An?2, as functions of both M;,, and pr. Weights
are constructed by taking the ratio of ARpgs/ARpsn. These weights are used
to re-weigh the oppositely charged, mixed-event Mj,, spectra, thereby creating
an Mi,, spectra of uncorrelated, oppositely charged kaon pairs, corrected for
the difference in topology. The improvement of the background description is
limited for minimum bias collisions but gives a more precise description of the
background when measured in contrast to variables sensitive to the event to-
pology, c.f., Appendix A. Further details on the reweighing procedure can be
found in Ref. [98].

6.2.3 Extracting The ¢ Yield

Figure 6.4 highlights the M, spectra of oppositely charged kaon pairs, after
subtraction of the combinatorial background by standard event-mixing (referred
to as “reduced My, spectra” in the following). However, the background estim-
ation is not perfect, therefore residual background remains after subtraction. To
extract the yield, the reduced Mjy, spectra are fitted with a combined peak func-
tion®. The combined peak function incorporates a residual background function,
as well as a Voigitan function. The Voigitan function, expressed in Eq. 6.2, is
defined as the convolution of a parameterized relativistic Breit-Wigner distri-
bution, together with a Gaussian. Under ideal circumstances, a Breit-Wigner
distribution should perfectly describe the peak shape, given that ¢ is a reson-
ance particle. However, the detector resolution is not constant as a function
pr, which will broaden the peak at larger momenta. A Gaussian is therefore
convoluted with the relativistic Breit-Wigner distribution to account for this

5Keep in mind that Fig. 6.4 is included here for illustrative purposes. The fit functions have
been calibrated for the event selection presented in Chap. 7 and Chap. 8, and therefore are not
optimized for fits to minimum bias data. These fits can be found in Appendix A, highlighting
a much more precise x?/ndf.
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Figure 6.4: Fits to the reduced Mj,, spectra for ¢ — KT K, for the same pr interval as shown previously. The spectra
are fitted by a combined peak function, where the solid line is described by a Voigitan function and the dashed
line a 2nd-degree polynomial function. The pr intervals range from 0.5 - 5.0 GeV, with the lower (upper) limit
presented in the top (bottom) left panels, whereas the right panels include two intermediate pr intervals.

effect.

dN Po ©(Mipy — M)? 1 ,
- ar.

Volg(Min) = 3 — = T(2r) 202 (M — M,)2 +12/4
(6.2)

I' and o are the Breit-Wigner and Gaussian widths respectively, My is the ideal
¢ meson mass (1019.455 MeV /c?), and p, the integrated yield.

One of the most important criteria for the parameter configuration is to optimize
the number of degrees of freedom to describe the peak shape, but not to the
degree such that statistical fluctuations of the peak shape are also fitted. This
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is particularly the case for the analyses described in this thesis, where different
event classes, which have different shapes of combinatorial backgrounds, are
directly compared to each other. Therefore, the same parameter configuration
is used between all different event classes, to allow for differences in yield to
be driven by the different event characteristics, rather than trivial differences
in peak shapes. The optimized parameter configuration, which allowed for the
most robust fits across different event selections and pr bins, are as follows:

e The Gaussian o was first calibrated as a free parameter on high-statistics
event samples®. The same Gaussian smearing was fixed and used across
the different event samples.

o The resonance width I was fixed to the vacuum expectation value (4.266
MeV /c?).

o« The mean mass calibrated to the mean value of 100M simulated PYTHIA
¢ mesons, seen in Fig. 6.5.

o All background parameters were left as free parameters.
Finally, the yield is extracted in two steps:

1. In the integration region around the peak 1.01GeV/C2 < Miny < 1.03GeV/02,
the polynomial background function is evaluated in the bin-center of each
bin, and the raw yield Ng ist i estimated by subtracting the background
from the raw entries in each bin. This difference is then summed up for
each bin within the integration region:

1.03
NIt — ST (USS - USM,, Jbm — B(x)y, (6:3)
bin=1.01

2. 10-15%" of the total ¢ yield sit in the tails outside the central peak region.
The yield in the tails are estimated by evaluating the integral of the com-
bined peak fit, bounded outside the integration region. The upper bound
integrates from 1.03 GeV/c? to infinity, while the lower bound starts from
the kinematically forbidden limit 2M g+ up to 1.01 GeV/ .

Timin o0
Ngazls _ / Vmg(va)dev + / V01g(va)dev (64)
2 Imax

M+

SHigh-multiplicity reference for the SgTzl analysis described in Chap. 7, and events with a
5.0 GeV trigger for the Rt analysis described in Sec. 8
"This number is obtained from PYTHIA simulations.

108



5 0.004
> — .
3 L This Thesis
:9 | Gaussian Mass Resolution g,
0.003—(p N K+K'
0.002 |-
B 1
L T
i+ Tt
"'+.|..|.+'|"'|"—l—
0.001}
N T T T I I P
1 2 3 4 5 6 7 8
[ [GeVic]
51.021 . '
2 - This Thesis
€ [Breit-Wigner Mean Mass M
Y19
1.02}
L e T '
——
_-I-
1.019
1.018IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
1 2 3 4 5 6 7 8
P, [GeVic]

Figure 6.5: The Gaussian resolution o (top panel), and the mean mass My (lower panel) presented as functions of pr.
The same values are applied across different event selections, to ensure that the yields are not trivially modified
by changing the peak parameterization. The values are calibrated on clean peaks from PYTHIA 8 simulations.

By combining both methods, the majority of the yield is extracted directly
from the M,y spectra (avoiding irregularities of the peak shape due to binning
effects), while retaining a good estimation of the signal present in the broad
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tails. The total estimated raw yield Ng‘“” in each pr interval:

dNfay _ 1
dndpr  dndpr

(EFist 4 N (6.5)

6.2.4 Fully Corrected ¢ Yields as a Function of pr

The fully corrected, pp-differential ¢ spectrum is obtained as:

ng,_ 1  dNZ 1

Raw

dyde B Nuorm dydpr €corr ‘

(6.6)

The analyses performed throughout this thesis are constructed to be sensit-
ive to the event shape, leading to a potential bias if the raw rapidity spectra
were measured. Instead, the raw spectrum is measured differential to n and is
transformed into rapidity space by using the relationship between rapidity and
pseudorapidity® (also illustrated in Fig. 6.6).

dNRw  mr dNR,,
dy dpr  pr dndpr

(6.7)

This approximation works well at midrapidity y = n = 0, and is transformed
over the entire TPC acceptance for each n interval : (y(n = 0.8) — y(n =
—0.8))/1.6.

The spectrum is corrected for both detector efficiency, and branching ratio”. As
described in Sec. 6.1, the efficiency €corr is estimated using simulated PYTHIA
events. The efficiency ecorr, is calculated as a ratio:

Numerator: The total amount of generated ¢ mesons that pass all event se-
lection criteria, as well as the rapidity criteria |n| < 0.8.

Denominator: The total amount of reconstructed ¢ mesons within || < 0.8,
originating solely from the decay mode ¢ — KK, passing all event and
track selection criteria.

The pr-differential efficiency is presented in Fig. 6.7, for different PID configur-
ations.

8This relation is described in further detail in Sec. 3.1.3.
9 A slight caveat applies for the analysis in Chap. 7, where the branching ratio is not corrected
for. Refer to Sec. 7.2 for details
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Figure 6.6: Conversion between 1 — y, as a function of p for the specific ¢ mass.

The fully corrected ¢ spectrum is normalized by Nyom. This includes the total
number of analyzed events that pass the event selection, with a correction factor
for vertex loss. If the number of events with a good vertex, |v,| < 10 cm, is
defined as Njyix<10, the number of events with a good vertex independent of
position in the z—plane as Nj,,|, and the number of events with a bad vertex
as Ny, vtx, the normalization factor is defined as:

Nio vix - N\vtw<10|
N\vtz|

Nnorm = N\vtx<10| (6'8)

One should keep in mind that the probability of vertex loss is larger in low-
multiplicity events (too few tracks to propagate down to the vertex). This effect
is negligible for high-multiplicity events, where Nyorm ~ Njyix<10]-

Furthermore, a signal-loss correction is normally applied to fully corrected, min-
imum bias ¢ spectra. However, for higher multiplicities, the signal correction
gives a sub-1% contribution. The signal loss is negligible for the work presented
in this thesis, and therefore no correction was applied.

The corrected ¢ meson yield obtained from my analysis is compared to the
published ALICE results in Fig 6.8. Both the published yields and the yields
obtained in this thesis are extracted from events included in the top-10% quantile
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Figure 6.7: The detector reconstruction efficiency of ¢ mesons, as a function of pt. The efficiency is calculated by taking
the ratio of generated and reconstructed ¢ mesons, from PYTHIA 8 simulations propagated through a GEANT
3 simulation of ALICE. The efficiency is presented for three different PID configurations. The blue markers
(bottom trend) represent the nominal PID configuration.

of the multiplicity distribution. One can see that the yield extraction presented
in this thesis is consistent with prior ALICE results.

6.2.5 Variations considered for the systematic uncertainty in the
¢ analysis

Sections 6.2.1 - 6.2.4 detail the nominal configuration of parameters and tech-
niques utilized for the full ¢ yield extraction. These parameters were optimized
by systematically altering the values, both through isolated and simultaneous
variations. The performance of the variations was evaluated using PYTHIA
simulations, where the total amount of available yield is known. In this way,
one can define a robust extraction method.
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Figure 6.8: A comparison between the corrected ¢ yield presented in this thesis, and the published ALICE data for the top
0-10% quantile (left) forward multiplicity [99]. The red line represents a Oth-degree polynomial fit. Errors are
purely statistical. See text for details.

Therefore, parameter variations were used to assess the systematic uncertainty.
This section will list the variations of each parameter included in evaluating
the systematic uncertainty, where the variation enumerated by 1 represents
the nominal configuration. The variations are then tested against the Roger-
Barlow criteria, to evaluate whether the variations can be ascribed to a statistical
fluctuation. This procedure is described in detail in Sec. 7.4.1. One should keep
in mind that the variations described in this section were only considered for
systematic uncertainty, and do not necessarily enter into the estimation of the
systematic uncertainty. Refer to Sec. 7.4 for more details.

Overall track quality

The overall quality requirements for global tracks were varied, where loose
(tight) track criteria were tested to confirm that the analysis was robust when
the efficiency (purity) is increased. The different configurations used are listed
in Tab. 6.2. The different track criteria were tightened /loosened simultaneously.
due to the parameters being strongly correlated with each other.

PID configuration
The PID criteria are varied to have both looser (higher efficiency) and stricter
(higher purity) variations. In ALICE, a variation without a TOF veto is some-
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Table 6.2: The variations of parameters used to define a well-reconstructed, global track.

Cuts on Global Tracks Nominal Loose Tight
Minimum Crossed Rows in TPC Ne;: 70 50 80
Maximum x? for TPC Kalman fit per Cluster: 4 5 N/A
Maximum distance to vertex in z— plane DCA,: 3 cm N/A 2 cm

Cut on impact parameter in x — y: 0.0105 + OPOIT%E’O N/A  0.0182+ 01;(1;%510

times included for minimum bias analyses. However, the differential analyses
presented in this thesis are constrained by low statistics. Consequently, the
combinatorial background becomes so large that the yield extraction was un-
stable. For this reason, the variation without a TOF has not been included,
as it is considered too extreme, e.g, in the pr interval of 1-2 GeV /¢, there is
approximately a 10% gain in efficiency (seen in Fig. 6.7), but roughly a 50%
lower S/B.

Table 6.3: A table showcasing the different PID configurations used for the ¢ meson analysis

PID Configurations | TPC Cut TOF Veto

PID Config. 0 [nor Cl <2 | [nogPF| < 2
PID Config. 1 norCl <2 | [noglf| < 3
PID Config. 2 [norCl <4 | [noxCf| < 4

Background subtraction technique

The combinatorial background is estimated using the three techniques described
in Sec. 6.2.2. Different descriptions of the combinatorial background results
in varying qualities of the combined peak fit of the residual background. The
performance of the three techniques varies as a function of pr, and the difference
in yield from each method is used to study the systematic uncertainty of the
combinatorial background reduction.

o Background Estimation 0: Event-mixed K™ + K~ pairs.

o Background Estimation 1: AR Reweighed, Event-Mixed Kt + K~
pairs.

¢ Background Estimation 2: Same-event, like-sign kaon pairs.
Background normalization regions
The Miy, spectra used to evaluate the combinatorial background are normalized

such that the integral between signal and background spectra are equal, for
different regions around the central peak.
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« Normalization Region 0: 1.04GeV/c? < My, < 1.06GeV/c?

¢ Normalization Region 1: 1.O5Ge\//c2 < Mo < 1.10Ge\//c2

« Normalization Region 2: 1.10GeV/c? < My, < 1.15GeV/c?

o Normalization Region 3: 1.20GeV/c? < My, < 1.25GeV/c?
Residual background fit function
Both 1st and 2nd order polynomials are used to estimate the residual background
that remains after the background subtraction. This is correlated with how well
the combinatorial background is estimated; a good estimate will yield reduced
M,y spectra that contain almost no residual background.

o Fit Polynomial 0: Linear polynomial, B(x) = py + xp;

 Fit Polynomial 1: Quadratic polynomial, B(x) = py + xp; + X*ps
Fitting ranges
The fitting ranges for the combined peak shape are varied both simultaneously
and asynchronously, with tighter and loser cuts relative to the central peak.

This is done to test how well the parameterization of the combined peak fit is
with loser/tighter constraints.

« Fitting Range 0: 0.990-1.07 GeV/c?

 Fitting Range 1: 0.995-1.07 GeV/c?

« Fitting Range 2: 0.995-1.09 GeV/c?

« Fitting Range 3: 0.990-1.09 GeV/c?
Central integration region
The regions where the yield is evaluated by either fit or raw histogram count-
ing are varied around the mean of the central peak region. This is done to
test the largely arbitrary thresholds for when the two different yield-extraction
techniques are applied (Eq. 6.3 and Eq. 6.4).

¢ Integration Region 0: 1.005 <1 < 1.025

o Integration Region 1: 1.01 <I1<1.03

e Integration Region 2: 1.015 <1<1.035
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Primary vertex position relative to ALICE center in the z—plane, |v,|
Finally, the vertex cut along the z—plane is varied, which is used to estimate
the compromise between statistics and event homogeneity.

e Vertex Cut 0: |v,| < 5cm
o Vertex Cut 1: |v,| < 10cm

o Vertex Cut 2: |v,| < 15cm

6.3 Reconstruction and Identification of == +Z" (1322)
Baryons

—_

The E~ baryon and respective anti-baryon :+, are charged, weakly-decaying
particles. Both == and =" have to be reconstructed through the invariant mass
M,y of its decay constituents. The decay has a characteristic topology, seen in
Fig. 6.9, which is easily resolved by the TPC, as both decays are weak. For the
work presented here, Z baryons are reconstructed through the following decay
mode

=2 E") — AA) + 7 (xh), 99.887 = 0.035% [100]
AN) = 7 (7 1) + p(p), 63.9+0.5% [101]  (6.9)

The decay topology illustrated in Fig.6.9 is referred to as a cascade. The topo-
logy of the A decay is commonly referred to as a V°, due to the characteristic
shape formed by the decay daughters. The = baryons are identified through
this decay topology, where the decays are long-lived enough to produce a set
of three distinct vertices. The invariant masses are then reconstructed for each
step of the decay, to eventually identify if it is a valid Z candidate. Exploiting

the cascade topology yields a signal with low combinatorial background.

6.3.1 Cascade Reconstruction

Potential cascades are first identified through the internal, central ALICE data
processing stage. Only secondary tracks are used as candidates for the cascade
decay daughters (tracks outside the impact parameter cut specified in Sec. 6.2.1).
The identification process involves three different steps:
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Figure 6.9: lllustration of the characteristic cascade decay topology. The figure is obtained from Ref. [102].

1. VO daughter DCA determination

First, the V? (decay product from =) is reconstructed by identifying the
decay daughters, referred to as PIDgaugters, to reconstruct the M, of
the VO. In the case of a A, PIDgaugters consists of a proton and a 7
meson. The PIDgaugters are identified by measuring the distance-of-closest
approach (DCA) between oppositely charged particle tracks, that do not
point toward the primary vertex. Potential PIDgaygters are considered if
they can be propagated to a tertiary vertex, with a DCA of less than 2
cm in the z — y plane (DCA,,). There is a possibility for two minima,
depending on the curvature of the tracks. To separate these, most often
false VY signals, the radii of the curvature are compared to a hypothetical
circle of the trajectory. If the two minima are identified, the DCA is
determined from where the three-dimensional DCAg3p is minimized. This
is illustrated in Fig. 6.10.

2. Cascade daughter DCA determination
Once a V' is reconstructed, the algorithm identifies whether the VY itself is
produced as a secondary particle. This is done by finding a charged particle
track which represents the 7 decay from the initial = decay (left-most pion
in Fig. 6.9), referred to as bachelor track, and denoted as PIDy,cperor- If @
PIDpachelor intersects with the extrapolated trajectory of the VO candidate,
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Figure 6.10: (Top panel): lllustration of the DCA estimation of V° candidates with one (left) and two (right) minima. The
case of two minima is often referred to as “cowboy/sailor” minima. (Bottom panel): lllustration of how the
two different examples above are distinguished, by extrapolating circles from the particle trajectories. Figure
is take from Ref. [102]

both the PIDy,chelor and the VO are considered as cascade candidates. The
bachelor track is propagated through a curve from the primary vertex. The
distance between the curved propagation to the secondary vertex in the
x —y plane is defined as the DCA_, for the cascade and is limited to 2 cm.

3. Cascade decay point estimation

Lastly, the decay point of the original = baryon is determined by utilizing
the reconstruction probabilities from the VO and bachelor decay points.
Covariance matrices Cy,n and Cyq are extracted from the position of the
bachelor (rpach) and VO (rvo), in-line with the original decay vertex. Based
on the weights from the covariance matrices, the = decay vertex is then
extrapolated back to the VO DCA point, seen in Eq. 6.10. The decay point
is reconstructed somewhere in between these two points, as illustrated in
Fig. 6.11. Valid cascade candidates also require a decay radius r= of more
than 3 cm.

rz = [Chaan + Cvo] X [CoaenTbach + Cygrvo] (6.10)
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Figure 6.11: lllustration of the procedure performed to find the decay point of the original cascade. Figure taken from
Ref. [102]

6.3.2 Identification of =~ + =" Baryons

Once a cascade candidate is found, further selection criteria are applied to reduce
the background of misidentified cascades. An illustration of these parameters
can be found in Fig. 6.12. The parameters are defined as follows:

e PV: Primary vertex

e DCARachelor - Pv: The impact parameter between bachelor track and primary
vertex.

e DCApy . vo: The impact parameter between primary vertex and VO.
e SV: Secondary Vertex, where = decays.
e DCARBachelor - vo: The DCA between bachelor and V°

« PA: Pointing angle between cascade momentum vector, and a vector from
the primary vertex to the secondary vertex.

o TV: Tertiary Vertex, where the VO decays.
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Figure 6.12: An illustration of the cascade decay topology, including experimental parameters that are tuned to select
identified Z baryons. A full description of the different parameters can be found in the text. The illustration
is borrowed from Ref. [103]

e DCAvy0 daughters: The DCA between the two VO daughters at the TV

Table. 6.4 presents the parameters selected for = identification in this thesis.
These values, as well as the final yield extraction, were calibrated and refined
by Peter Christiansen, based on the existing, published ALICE = results [15].

Table 6.4: Summary of the topological cut values used for the = candidate selection. All impact parameter cuts on tracks

are 2D (zy).
’ Cut Variable ‘ Cut Value ‘
Topology of =
DCABachelor - Vo < 1.6 cm
DCAsgachelor - v (Impact Parameter) > 0.05 cm
Pointing Angle cos PA > 0.97
Cascade transverse decay radius > 0.8 cm

Topology of Secondary A

Window around A mass < 0.006 (GeV/c?)
DCAVO daughters < 1.6 cm
DCApv - vo (Impact Parameter) > 0.07 cm
DCAVO daughters - PV > (0.04 cm
VY transverse decay radius > 14 cm

Daughter Track Selection

Pseudorapidity In| < 0.8
TPC clusters > 70
TPC PID of daughters <50

In addition to the requirements listed in Tab. 6.4, at least one of the three de-
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cay daughters (bachelor, or one of the two VO daughters) is required to have
a matching ITS track (reconstructed with good quality), or a hit in the TOF
detector. This additional constraint made it possible to reject background ori-
ginating from OOB pile-up at high-pr.

6.3.3 = 4+ =* Signal Extraction

Once a valid = candidate is identified, the invariant mass distribution is meas-
ured in narrow pr intervals. Figure 6.13 presents an example of the difference
between the measured Mi,,, to the Z vacuum expectation value, for select pr
intervals. While the topological selection allows for a much cleaner signal than
the ¢ meson, the signal is still contaminated by significant amounts of back-
ground. This effect is especially pronounced at low pr. The background sources
are mainly V0’s (either fake or real) that get mismatched with random 7 mesons
produced at low pr, or m~ 7~ p triplets where the bachelor pion gets mistaken
for a VO decay daughter (thus reconstructing a “V0” with the wrong pion).
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Figure 6.13: Invariant mass distributions for = — A, for the central (top-right panel) and two most extreme pt bins
(left panels). The magenta line (Gauss+poll) is a fit to the distribution used to extract ;1 and o. The red
dashed lines are draw, at  — 100, p — 50, i, 4+ 50, and p + 100, to indicate the Background, B, and
Peak, P, regions. 4th panel (bottom-right) presents the extracted Gaussian variance as a function of pr.
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The signal is extracted by evaluating the background in the regions outside the
central peak. This technique is referred to as the sideband subtraction method.
First, a combined peak fit (Gaussian + 1st order polynomial) is applied to each
pr-differential Mj,, spectra. The Gaussian mean p and variance o parameters
are then extracted from the fit. The M;j,, spectra are then segmented into
different regions, as shown in Fig. 6.13, based on the number of deviations away
from the mean. The regions 5 — 100 away from the peak regions are selected as
sidebands, which are used to estimate the combinatorial background under the
central peak region.

The underlying assumption of this method is that the sidebands contain es-
sentially zero contribution to the overall = production. If the shapes of the
sidebands are flat (or linear relative to the peak), the raw = yield produced in
the central peak region, NPE{aW, can be estimated as the difference between the
integrals (counted by summing bins) of the central peak region Ngjﬁ{ and the
sidebands NE&w

Background
pu+50
R
NP:;I/( = Z (Minv)bin
bin=-50
n—>50 n+100
R:
NB:Z‘{(ground = Z (va)bm + Z Miny bm
bin=-100 bin=+50
Raw __ pnjRaw Raw
N” - NPeak - NBackground
Raw Raw Raw
N \/NPeak Background (6 1 1)

6.3.4 Fully Corrected =~ + =t Yields As a Function of py

The final yields are obtained by correcting the raw yields extracted from the
My, spectra for detector efficiency €., and a rapidity correction to transform
the measurement from 7 to y, similar to the ¢ meson analysis (refer to Sec. 6.2.4
for details). The extraction procedure utilizing the reconstructed, simulated
tracks is identical to the procedure performed in the data analysis. The fully
corrected = spectrum is then expressed as:

2
d}’de dyde dyde Nnorm dyde €corr

(6.12)
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Figure 6.14: Minimum bias reconstruction efficiency X acceptance for 2~ +=7 as a function of pr. Efficiency is estimated

by comparing the = yield in PYTHIA 8 events before/after propagated through a simulation of ALICE.

Ninorm contains a vertex correction, and is defined in Eq. 6.8 (see Sec. 6.2.4 for
details).

6.3.5 Systematic Variations for the =~ + =% analysis

Similar to the ¢ meson analysis, the nominal parameters utilized for the = baryon
extraction were calibrated to find a good compromise between reconstruction
efficiency and signal purity. Variations enumerated by 1 represent the nominal
variation used in the final extraction.

Variations to cascade identification
The cascade identification cuts were varied as a group, in “looser” and “tighter”
configurations relative to the nominal selection, as presented in Tab. 6.5.

Estimation of out-of-bunch (OOB) pile-up

The OOB pile-up rejection is varied to require at least two of the three decay
tracks (bachelor and V° daughters) to have a fast detector signal. It was not
possible to reproduce published ALICE data without the OOB pile-up rejection,
and therefore the parameter was never “loosened”. This variation tests to what
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Table 6.5: The variations done to study the systematic uncertainties associated with the topological PID selection of =

baryons.

Cuts on E Nominal Loose Tight
Max DCA between daughters (cm) 1.6 1.9 1.5

Min bachelor impact parameter (cm) 0.05 0.03 0.05
Min cos of cascade PA 0.97 0.95 0.98
Cuts on VY daughter

Window around A mass (GeV/c?) 0.006 0.006  0.005
Min cos of cascade PA 0.97 0.92 0.97
Min V° impact parameter (cm) 0.07 0.07 0.08
Min impact parameter for daughters (cm) 0.04 0.02 0.05

degree the MC can correct for this additional requirement.

e OOB variation 1: One of three daughters are required to have a hit in
either the ITS or TOF.

¢« OOB variation 2: Two of three daughters are required to have a hit in
either the ITS or TOF.

TPC PID no requirement for decay daughters

The systematic uncertainty due to the TPC PID is usually tested by varying the
amount of no for the identified protons and pions that decay from A. However,
extensive testing found that a stricter cut does not improve the background in
any meaningful way. Implementing a loser, 50, was found to only incorporates
more background. A 40 TPC PID selection, therefore, does not reject any
signal.

Track requirement for crossed-rows in the TPC

The = analysis does not utilize global tracks, and instead, uses tracks that are
connected to the overall = topology. The systematic uncertainty introduced by
using looser track criteria was tested by varying the number of required crossed-
rows in the TPC, N,

e TPC configuration 1: N, > 70
e TPC configuration 2: N > 80
Variations of sidebands in M;,, signal extraction
Uncertainties related to the consistency of the sideband method are tested by

also performing the sideband subtraction in arbitrary, fixed regions around the
central peak region.
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e Sideband configuration 1: 50 intervals around fitted peak mean p

o Sideband configuration 2: Fixed sidebands, for M., — M= at [-0.2;-0.1)
and (0.1; 0.2] GeV/c2.
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Chapter 7

¢ and = Yields as Functions of
Unweighted Transverse

Spherocity S](O)Tzl

The first analysis presented in this thesis will focus on particle production relat-
ive to different azimuthal topologies. The azimuthal topologies are characterized
by the event-shape observable Transverse Spherocity. The experimental defini-
tion of the observable itself has gone through several iterations of optimization,
to reduce the experimental bias. The optimization process is described in the
following, detailing the necessity to slightly alter the definition of Transverse
Spherocity So, into the Unweighted Transverse Spherocity Sgr:l.

Consequently, the measured spectra can be directly compared to MC generator
predictions, without requiring unfolding. I will report on preliminary results
from ALICE, presenting pr-differential spectra and particle ratios, along with
integrated quantities, for both ¢ and = as functions of SgTzl.

7.1 Charged particle production as a function of the
azimuthal topology

This section will detail the original definition, as well as the track requirements
used to calculate the Transverse Spherocity Sg, event-by-event. A comparison
between charged and neutral particles will be used to evaluate any potential
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bias introduced by defining the event topology w.r.t. the distribution of charged
particles.

7.1.1 Transverse Spherocity So

The Transverse Spherocity So, which was originally proposed in Ref. [104], can
be used to quantify the topology of the event plane [105][106]. It is defined in
the transverse plane, for the unit vector # that minimizes the ratio:

7T2 El|p’fl X M 2
S0 = ™ min () | 71
4 n ipT,i (7.1)

The sums in Eq. 7.1 are calculated over all primary charged particles, with a re-
quirement of pr > 0.15GeV /c. The value of Sg is, by construction, constrained
between the limits 0 and 1. Events with So ~ 0 implies that |pt x n| = 0 for
all charged particle tracks. To satisfy this condition, all pp vectors from the
particle tracks have to be (anti)parallel in the azimuthal plane. In contrast,
events where Sg ~ 1 require all particles to be uniformly distributed in the azi-
muthal plane. This is also reflected in Eq. 7.1; assuming the pr is equal for each
particle track, and distributed isotropically, such that the sum approximates an
integral. Integrating over d¢ yields 2/m, and thereby So =1.

The azimuthal event topology, and thereby Sq, will reflect the dominant mode
of particle production in a given event. Events with So — 0 are likely to be dom-
inated by a single hard scattering, producing a back-to-back jet!. Contrarily,
events where Sg — 1 implies the absence of a preferred direction w.r.t. particle
production, suggesting that particles are produced through several softer inter-
actions. An illustration of the two limits in the azimuthal plane is presented in
Fig. 7.1

Throughout this chapter, So is measured for high-multiplicity events, which is
then used to categorize the topology of a given event. The categories are labeled
as follows:

o Jetty events, where Sg — 0.

o Isotropic events, where Sg — 1.

! At this point, T am describing So as it was described in earlier publications, c.f., Ref. [105].
However, throughout this chapter it will become apparent that this description is not neces-
sarily accurate; a single, large pr track can have an enormous weight, which can completely
skew the measurement of So
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Figure 7.1: lllustration of the characteristic topologies in the azimuthal plane, for the two Sg limits.

The selection occurs in percentiles of the total So distribution. The selected
percentiles range from [0-20%]- [80-100%)], to, [0-1%]-[99-100%)] for jetty? and
isotropic selections, respectively. One should keep in mind that ”jetty” in this
case is simply a label. Even though jetty events are dominated by physics
associated with hard scatterings (which will be discussed in the following), no
rigorous jet-finding algorithm is implemented. Therefore, jetty events will not
necessarily satisfy the standard ALICE definition of a jet [107].

7.1.2 Track Selection

As the Transverse Spherocity is sensitive to the azimuthal distribution of particles,
it is important to have a consistent, global azimuthal acceptance. Losses in
global azimuthal reconstruction efficiency would introduce a large experimental
bias, and particle production measured as a function of Sg would require unfold-
ing. Particles produced in azimuthal regions where there is high reconstruction
efficiency would give a precise estimate of the event shape, whereas particles
produced in regions with poor reconstruction efficiency would result in a poor
description of the event topology.

The SPD contains inactive regions, which creates "holes” in the azimuth. The

2Jetty events are also ubiquitously referred to as ”jet-like”, or ”pencil-shaped” throughout
this thesis.
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Figure 7.2: The azimuthal probability distribution of reconstructed tracks, utilizing global track cuts, as well as only

information from the TPC (without the SPD). See text for details.

reconstruction efficiency around the holes is poor, as can be seen in the azimuthal
distribution of global tracks?, presented in Fig. 7.2. To avoid a potential bias, no
track information is required from the SPD when measuring So. However, the
SPD is only used to locate the initial primary vertex. To obtain an overall large
reconstruction efficiency, the TPC requirements are also loosened, retaining a
good spatial performance, but resulting in a poorer momentum resolution. The
loss in momentum resolution will not have a large impact on the presented
results, for reasons discussed in Sec. 7.2. Tracks that are considered in the
calculation for Sp have to pass the following criteria:

= W N

A minimum of 50 clusters in the TPC require a hit.
The track trajectory fit cannot exceed x? > 4 for each cluster in the TPC.
Kink daughters are rejected (defined in Sec. 6.2.1)

Selection criteria to identify and reconstruct the primary vertex are im-
plemented. The impact parameters, relative to the primary vertex, are

3Refer to Sec. 6.2.1 for definition
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constrained both in the z-plane (DCA, < 3.2 cm) and the xy-plane
(DCA,y < 2.4 cm).

5. Both valid ITS and TPC refits are required, which improves OOB pile-up
and improves the spatial resolution of each reconstructed trajectory.

7.1.3 Neutral-to-Charged Bias

The ALICE reconstruction efficiency for charged tracks is not perfect, and losses
of a large number of tracks, or loss of a single high-pp track, can distort the
experimental estimation of Sg. This effect is commonly referred to as folding,
where the "real” value of Sg is smeared due to limited detector

ALICE has previously reported results on unidentified, primary charged particle
production Ny, as a function of So [106]. It was observed that the discrepancy
between the "real” and "reconstructed” Sp was limited. This was extensively
tested, by generating PYTHIA 8 events (in this sense, the generated, "real”
particle distribution), and propagating them through a GEANT 3 simulation
of ALICE, following standard reconstruction procedure. It was found that bi-
ases due to tracking efficiency were only relevant for low-multiplicity events,
retaining an overall good Sgp resolution for reconstructed events. Likewise, pre-
liminary ALICE results on 7, K, p, as a function of Sg, demonstrated that the
reconstructed and generated yield of 77 + 7, measured for reconstructed and
generated selections of Sp, were found to be consistent [108].

One could naively expect that the same would apply to the particles measured
in the work presented here. However, one should keep in mind that primary
7, K and p, themselves enter directly into calculation for Sg. The same does
not apply to weakly decaying particles. Decay-daughters from =, A, and K(SJ
are reconstructed as secondary particles, and therefore will only rarely? enter
the So calculation. Furthermore, strongly decaying resonances, such as ¢, will
enter twice, since both kaons are experimentally indistinguishable from primary
kaons produced in the collision. We will evaluate the experimental bias for the
So event selection, relative to extracting the yield of weakly decaying particles,

4This can occur if secondary decay daughters from weakly-decaying particles are misiden-
tified as primary particles.
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as well as the ¢ meson, by constructing the closure test C(PID, pT)SO:

1 <d2NRec>PID
e \dndpr Jg_ g
C(PID, pr)®° = <d2NG )PIB = (7.2)

So,Gen

e PID is the particle specie on which the closure test is performed for.

e ¢ is the minimum bias reconstruction efficiency. Unless there is additional
smearing introduced by the So selection, the generated spectra should be
recovered by correcting the reconstructed spectra with the minimum bias
efficiency.

d2 NRec )
L]
dndpr So,Rec
selection has been done using the reconstructed So.

is the reconstructed particle yield, where the topological

PID
. (dQNGen ) < G is the generated particle yield produced in the simulation,
O,en

where the topological selection has been done using the generated Sg.

Figure 7.3 presents the estimate for the experimental biases, C(PID, pr)S°, for
primary 7, K,p. The results are in agreement with previous findings from
Ref. [108], demonstrating a negligible experimental bias for primary =, K, p
when selecting events based on Sg. However, a significant bias is present when
selecting ¢, and neutral, weakly-decaying particles, shown in Fig. 7.4, where
C(PID, pr)S© are presented as functions of pr (alongside a new estimator, de-
scribed shortly in the following). Consequently, measured spectra of weakly-
decaying particles as functions of Sp will contain a large bias. In Sec. 7.2, the
case will be made that this bias would remain after unfolding, as the bias does
not rely on the experimental setup, but instead on the underlying definition
of So. Therefore, measurements of So will always be biased when estimating
the topology between charged and neutral particles. However, changes could be
made to the definition of S, to construct a more robust observable. This was
done for the work presented in this thesis, which is described in the following.

7.2 Unweighted Transverse Spherocity SgTZl

The hypothesis for why the experimental bias is particularly large for weakly
decaying particles is that neither secondary nor neutral particles are considered
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Figure 7.3: Results of experimental bias using So, for 7, K,p. Experimental bias is evaluated by measuring

C(PID, pT)SO, as a function of pr. Uncertainties are purely statistical. Refer to the text for details.

for the generator measurement of Sg. To illustrate this effect, Fig. 7.5 presents
a set of two boosted jets, consisting of two charged 7 mesons, and two neutral 7°
mesons. The two jets are identical, except that the position of the charged and
neutral 7 mesons are swapped. Even though the overall topology is identical
between the pair of jets, a measurement of Sp would describe two completely dif-
ferent topologies. In an event with several low-pr particles that are isotropically
distributed, a single high-pT track can drive the entire Sp calculation towards 0.
Such a single high pr track will have an enormous weight in the spherocity cal-
culation, which can occur for a charged pion, but never for a neutral pion. This
applies to all neutral particles, which are not able to carry a large-pr weight, as
long as So is defined solely by charged particles.

To mitigate this bias, one could instead re-normalize the weights in Eq. 7.1.
By setting the magnitude of each track to [p7| = 1.0GeV /¢, the same weight
is assigned to each track. In this sense, the measurement becomes more robust
against individual tracks with large pr, which can skew the description of the
azimuthal event topology. With equal pt weights, and assuming that neutral
and charged particles are similarly distributed, we can use the charged particles
as a proxy of the event topology for neutral particles:
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particles. Experimental bias is evaluated by measuringC(PID, pT)SO, as a function of p. Uncertainties are
purely statistical. Refer to the text for details.

e A jet will contain both charged and neutral particles in the shower.

e An isotropic event will have an isotropic distribution of both charged and
neutral particles.

Therefore, I introduce the Unweighted Transverse Spherocity SgTzl, defined as:

- 2 Silpti x 2\
ger=1 _ T in () . 7.3
o 4 n Ntrks ( )

As illustrated in Fig. 7.5, SgTzl describes very similar topologies regardless of
whether the leading particle is neutral or charged. In this sense, SgTzl is more
robust and reduces the possible charged-vs-neutral biases. Figure 7.4 includes
closure tests as a function of SgTzl, where one can note that there is a significant
improvement when estimating the topology with SgTzl, drastically reducing the
charged-to-neutral bias.

A substantial effort has been made to ensure that SgTzl is sensitive to the same
associated modes of particle production as So. The distribution of the azimuthal
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Figure 7.5: lllustration of the charged-to-neutral bias between two jets. Red arrows represent the weights utilized when
. . . . =1
measuring S, whereas blue arrows represent the weights utilized when measuring SgT .
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Figure 7.6: The distribution of azimuthal difference between charged particle tracks, A¢, presented in five different SgT=1
intervals. Errors are purely statistical.
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difference between particle tracks, A¢ is presented in Fig. 7.6, confirming that
lower values of SgTzl retain a distinct di-jet topology, which is smeared out for
higher values of SgTzl. Furthermore, the (pr) of charged, primary particles are
presented as a function of S’gTzl in the upper panel of Fig. 7.7, demonstrating
that SgTzl can select events based on their hardness. Lastly, the lower panel of
Fig. 7.7 presents PYTHIA 8 simulations of primary charged particles, relative
to the number of MPIs (c.f., Sec. 4.1.1), suggesting that SgTzl is sensitive to
the magnitude of the underlying event.

However, one should consider that SgTzl is a fundamentally different observable
than Sp. This means that prior results obtained using the traditional definition
of Sp can only be qualitatively compared with new results obtained using SgTZl.
Furthermore, SgTzl requires a substantial amount of particles to construct a
well-defined measure of the event topology, as the observable is independent
of pr. For this reason, results presented in this thesis will require that events
have at least 10 charged tracks, to ensure that one can study and contrast event

topologies in a meaningful way.

7.2.1 Further Caveats

A very important aspect of the SgTzl analysis has been to ensure that MC
generator predictions and experimentally measured results are directly compar-
able. While more robust against the charged-vs-neutral bias, SgTzl selection
still features a significant experimental bias. Moreover, the experimental bias
grows larger with narrower selections in SgTZl. For the work presented here,
extensive studies have been performed to understand and mitigate the remain-
ing experimental bias that arises due to the S’gTzl selection. Similar to So, the
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experimental bias of SgTzl is estimated by the closure of PYTHIA generated

events, propagated through an ALICE simulation, C(PID, pT)SgT_l, defined in
Eq. 7.2. The experimental uncertainty is minimized by adopting the following
criteria, allowing for direct comparisons between data and model predictions,
ensuring that SgTzl is a robust and model-independent observable:

=1 . . .
SpOT selection in quantiles

The first major source of experimental bias is the smearing of the measured
SgTzl distribution by detector effects. This bias is exacerbated when selecting

extreme values of SgTzl, even for measured yields of 7, K,p. The measured

C([7r,K,p],pT)SgT_1 are presented in Fig 7.8, as functions of pr, with events
selected by SgTzl in different percentiles. A significant experimental bias is
introduced when selecting events with extremely small values of SgTzl. It is
important to stress that the SgTZl percentiles are calibrated to the reconstructed
distribution, and the cutoff value is then used for both the reconstructed and
generated yields, i.e., for the jetty events in Fig. 7.8, both reconstructed and
generated particles are selected for SgTZlReQGen < 0.487. This corresponds to

the bottom-1% percentile of the reconstructed SgTZl distribution, but not the
bottom-1% percentile of the generated distribution, as the mean of the generated
and reconstructed SgTzl distributions are not equal.

However, it is possible to minimize the effects of the smearing by measuring
SgTzl percentiles, both for reconstructed and generated events, similar to how
multiplicity classes are defined (c.f., Sec. 5.2.1[109]). This is demonstrated in

Fig. 7.9, where C([m, K, p],pT)SgTi1 is presented as a function of pr, in SgTZl
percentiles, where the percentile cut-off now applies for both reconstructed and
generated SgTzl distributions. The tail toward lower values of SgTzl is broad,
and consequently, the particle production will be softer for the generated SgTzl
distribution. The closure tests suggest that a loss of a track during the recon-
struction will shift, rather than smear, the SgTzl distribution. Furthermore,
the closure tests indicate that this “shift” can be recovered when measuring the
SgTzl distribution in percentiles.

Consequently, making model predictions based on quantiles, rather than on the
reported experimental SgTzl ranges, allow for precise model-to-data comparis-
ons. Since the quantile measurement is robust and can be directly compared
to MC generator predictions, one can unfold the SgTZl distribution to obtain

. . =1
direct comparisons for generated SgT values.
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Only the charged decay modes are included for resonance yields

Since the decay daughters of ¢ meet the standard ALICE definition of primary
particles [67], each ¢ meson will produce two kaons, which, if reconstructed, will
both enter into the SgTzl distribution. These daughters will also contribute to
the multiplicity estimate at mid-rapidity, making events with a ¢ that decays
to two charged kaons more likely to pass the requirement of having 10 charged
tracks. As ¢ mesons have both charged and neutral decay modes, the branching
ratio for the charged decay mode will therefore be enhanced in high-multiplicity
events. This bias can be completely avoided by only including (and correcting
for) the charged decay mode in the resulting spectra: ¢ — K1TK~. This effect
is illustrated in Fig. 7.10. For this reason, the correction for the branching
ratio, described in Sec. 6.2.4, is not applied to the fully corrected ¢ yield, when
measured as a function of SgTzl. This correction is not directly attributed to
the SgTzl selection but is rather a consequence of a high-multiplicity selection
at midrapidity.

Contamination of secondary particles

The loose DCA cuts described in Sec. 7.1.2, which are primarily utilized to
maintain a full azimuthal acceptance, consequently lead to some decay daughters
from VO and cascades to be incorrectly reconstructed as primary particles.
To minimize the experimental bias from this effect, we include A and Kg in
the calculation of SgTzl for the generated MC predictions. This improves the
experimental closure for weakly-decaying particles and is demonstrated for A
+A in Fig. 7.11. The inclusion of these particles on the generator level makes
the results directly comparable to MC generator predictions.

However, there is still a significant bias at pr < 1.0GeV /¢, even with the in-
clusion of secondary particles in the calculation for the MC predictions. The
current hypothesis is that, for these very low pr tracks, the azimuthal angles of
the decay daughters that enter the SgTzl measurement are too different from
their mother to give a precise result. Therefore, A (A) and K2 results will only
be presented for pp > 1.0GeV/c.
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7.3 Definition of “High-Multiplicity”

The main goal of this analysis is to study particle dynamics in high-multiplicity
events, in the regime where QGP-like phenomena are most visible in pp collisions
(c.f., Sec. 3.4). Therefore, a multiplicity selection is required, in addition to the
SgTZl event selection. Two different multiplicity estimators are used for this
analysis; The total signal deposited in the VO detectors, denoted VOM?, and the
number of SPD tracklets® with || < 0.8, denoted Ntﬂ Cilgt'f. The multiplicity is
classified as a percentile for each estimator, where 0 % corresponds to the highest
and 100 % to the lowest multiplicities. The high-multiplicity events presented
in this thesis are selected from the top-1%(10%) multiplicity percentiles from
both multiplicity estimators. The SgTZl distributions” for the top-1% VOM and

N|n\ < 0.8

tracklets Nigh-multiplicity events, are presented in Fig. 7.12.

7.3.1 Multiplicity Estimation at Forward Vs Midrapidity.

Previous measurements of QGP signatures in small system collisions, such as
strangeness enhancement [45] and long-range correlations [16], have indicated
that there is a strong correlation between the onset of QGP-like effects and
multiplicity. However, if one considers pp collisions to be built up from sev-
eral, incoherent sub-collisions (which is the case for PYTHIA, through multiple
parton-parton interactions), there could be a trivial isotropization with increas-
ing multiplicities. It is therefore important to disentangle this potential trivial
bias, to study the underlying physical properties we are interested in. One can
explore this bias by utilizing two different multiplicity estimators, covering dif-
ferent 7 intervals. The (pr) and the average pion yield (AN, /dy), with different
multiplicity and spherocity selection criteria, are reported in Fig. 7.13. Results
are shown for both the forward (VOM) and mid-rapidity (Ntlﬂ Cilgt'f) multiplicity
estimators. A clear distinction is observed between how the different multi-
plicity estimators relate to the hardness of SgTzl selected events. One should
keep in mind that this effect is solely driven by the rapidity region where the
multiplicity is estimated, and not by properties or inefficiencies of the ALICE
apparatus.

5The mean amplitude measured in VOA and VOC

5Tracklets are not “fully” reconstructed tracks. Refer to Sec. 5.2.2 for details.

TA 1D unfolding technique has been applied to the SgTZl distributions presented in
Fig. 7.12, according to the procedure described in Ref. [19]. This ensures that the distri-
bution is directly comparable with data. However, one should keep in mind that no unfolding
is applied to the extracted particle yield relative to SgTZl since there already is good closure,
demonstrated in Sec. 7.2.1.
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(bottom panel). The obtained data is compared to different model predictions. Errors are purely statistical.

See text for more details.
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and empty boxes, respectively. “CL1" is used in this plot to refer to Nt‘rya]clkljtso.s' This (incorrectly) assumes

multiplicity classes. The statistical and total systematic uncertainties are represented with crosses

that the NJ;’C‘H;O’S only uses the “1st"” layer in the SPD. However, both SPD layers are used to reconstruct

n] < 0.8
tracklets

It is apparent that the SgTzl analysis of the VOM multiplicity selected events
maintains a similar (pr), but covers larges variations in (dN,/dn), for the dif-
ferent SgTzl selections. Since VOM multiplicity is estimated outside the central
region, each multiplicity interval (e.g., 0-10%) will have a broad distribution
of particles produced at midrapidity. This can easily be understood like this:
consider two jets, boosted along forward rapidities, with no underlying event
produced at midrapidity. Conversely, two jets at midrapidity with no UE would
produce very low multiplicity at forward rapidities. Such an event would create
large multiplicities at forward rapidities, while essentially no particles are pro-
duced at midrapidity. The results suggest that, if multiplicities are estimated
at forward rapidities, a SgTzl selection at midrapidity is largely driven by a
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trivial multiplicity dependence, as opposed to sensitivity to different particle
production processes®.

In contrast, the Ntlﬂcilgt's selected events are characterized by large differences

in (pr) between the event classes, indicating that we are indeed selecting events
according to their hardness. The implicit multiplicity dependence of SgTzl is
minimized by using a mid-rapidity multiplicity estimator so that the multiplicity

N\n\ <0.8

pTzl . . .. .
and Sg are measured in the same region. This implies that the N (s

multiplicity estimator, in tandem with a SgTzl selection, is best at separating
events based on their hardness. The spread in (dN./dn) for the various SgTzl

selections is the smallest for Nt‘ﬂcilgt’s 0 — 1%, which makes this the preferred
multiplicity estimation. To summarize, the event classes featured in this analysis

are:

o NM<080 107 with SgTzl selections of [0-10%] and [0-1%]. As is shown in

tracklets

Fig. 7.13, NJL‘;I&S 0-1% can minimize the trivial multiplicity dependence
of SgTZl, whereas the most extreme topologies, SgTZl [0-1%], highlight
the impact on the QCD dynamics of the extreme event-topologies. Unfor-
tunately, limited statistics for SgTzl [0-1%]. (0.01% of the total amount
of available events) does not allow for ¢ production to be measured accur-
ately. Consequently, the SBT=" selection is extended to [0-10%] (0.1% of
the events) to allow for a direct comparison between ¢ and E.

. Nt@l Cilgt'f 0-10% with SgTzl [0-1%)]. This broader multiplicity range retains
sufficient statistics (0.1% of the events) to study ¢ meson production in
the most extreme event topologies.

e VOM 0-1%, SgTZl [0-10%]. This is to study the impact of a broader
(dN; /dy) selection, as well as being able to compare midrapidity to forward-
rapidity multiplicity estimation between approximately similar d Ny, /dn,
as is seen in Fig. 7.13.

Furthermore, the ratio between charged and neutral kaons are presented for
both multiplicity estimators, with a 0-10% multiplicity selection, in Fig. 7.14.
The charged-to-neutral ratios are consistent with unity, hinting at an overall
suppression of neutral kaons when estimating multiplicity at midrapidity, which
is in agreement with earlier findings [89] (discussed in Sec. 5.2.2). The most
important feature is that there is no significant charged-to-neutral bias between

8The main modes of particle production, which are associated with characteristic azimuthal
topologies described in Sec. 7.1.1.
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Figure 7.14: The ratio between charged and neutral kaons, obtained for pp collisions at /s =13 TeV, for high-multiplicity
events estimated by VOM activity (top panel), and the number of N/l < 0.8 (bottom panel). The data is

tracklets
compared to equivalent PYTHIA predictions, with the standard Monash tune, and with rope hadronization.

Statistical and Systematic errors are represented by lines and boxes, respectively.

the different SgTzl selections, with either multiplicity estimator. This gives

data-driven support to the claim that SgTzl is a robust estimator of the azi-
muthal topology, where charged particles can be utilized as a proxy to describe
the event topology of neutral particles.

7.4 Systematic uncertainties for the SgTzl analysis

Systematic uncertainties are evaluated by slightly adjusting the yield extraction
parameters. The variations used to perform this evaluation are described in
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detail in Sec. 7.4.1 and Sec. 7.4.2, for ¢ mesons and = baryons, respectively.

7.4.1 Systematic uncertainties for ¢ meson production as a func-
tion of S&=.

Several of the parameters in the ¢ extraction yield are correlated, to the extent
that it is impossible to evaluate the individual systematic uncertainty of each
parameter variation. The variations are therefore grouped, and the systematic
uncertainties are evaluated for variations in the entire group. The variations are
defined in Sec. 6.2.5. The systematic uncertainties are grouped as follows:

e Signal Extraction:
— Fitting Range: Variations of the fitting range for the combined peak
fit.

— Normalization Range: Variations of the normalization range for the
estimate of the combinatorial background

— Residual Background Function: The function used to evaluate the
residual background, after subtraction of combinatorial background.

¢ Combinatorial Background Estimation: The uncertainties associated with
the combinatorial background reduction.

o Tracking Uncertainty:

— Variations in PID technique
— Variation in track quality cuts
— Variations in the maximum allowed displacement of the vertex along

the z—plane.

o Material Budget: The uncertainty associated with the material budget of
the ALICE detector.

e Hadronic Interaction: The uncertainties attributed to account for ¢ pro-
duction between hadronic interactions.

e Tracking Efficiency: Uncertainty associated with overall ALICE tracking
efficiency

The systematic uncertainty procedure starts by first assigning a ”default” yield
D, defined as the ¢ yield obtained when all the parameters are set to the nominal
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configuration (c.f., Sec. 6.2.5). The yield A is then defined as the ¢ yield obtained
when changing the value of a single parameter. For each parameter and pr
interval, the variation average of (D — A)/D is assumed to be a measure of the
deviation caused by varying this parameter.

However, not all variations described in Sec. 6.2.4 are considered for the final
systematic uncertainty. To ensure that assigned uncertainties are of system-
atic origin, which cannot be accounted for statistical fluctuations, it is required
that discrepancies between variations are significant in quadrature. As argued
in Ref. [110], it is not sufficient for deviations between D and A to be within
statistical uncertainties, since D and A use (for the vast majority) overlapping
datasets. If variations are consistent within quadratures of statistical uncertain-
ties, the variations are not considered as sources of systematic uncertainty. The
variations are tested within each topological event selection (high-multiplicity,
jetty, isotropic), where differences in quadrature are measured across the entire
pr-range, and aggregated into distributions of (D — A)/y/|0% — o[, where op
and o4 are statistical uncertainties for the default and alternate variation, re-
spectively. If the distribution of (D — A)/4/|0% — | for a given parameter
variation can be described by a Gaussian, with a mean of approximately 0, and
a standard deviation near 1, the variation is deemed to be consistent within stat-
istical uncertainties. A full set of (D — A)/4/|0% — 02| distributions, for each

variation and event type, is found in Appendix C. To summarize, the following
variations are excluded from the calculation of systematic uncertainties:

o High-Multiplicity Events
— Looser TPC variation for Kaon PID, [nogPC| < 2 + [nofOF| < 3.
o Isotropic Events

— Looser TPC variation for Kaon PID, |noftC| < 2 + [noftOF| < 3.
— Looser requirement for track quality cuts (c.f., Sec. 6.2.4)

— Upper and lower variations of vertex displacement in z—plane, v,.
o Jetty Events

— Upper variation of vertex displacement in z—plane, v,.

Moreover, while the parameters in each uncertainty group are correlated, they
are not so strongly correlated that they could also be averaged over. In each pr-
interval, the largest deviation for a single parameter (averaged across individual
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parameter variations), is therefore assigned as the systematic uncertainty for the
entire group. This gives a conservative estimate of the total systematic uncer-
tainty, with numerical values that are similar to previous ALICE publications.
The systematic uncertainties are evaluated independently for SgTzl—integrated,
high-multiplicity events, as well as for SgTzl selections in [0-10%] and [90-100%],
for jetty and isotropic events, respectively. An example of the mean-variation
in the PID technique, and the total systematic uncertainty for the ”tracking
uncertainty” group, are presented in Fig. 7.15.

| Systematic Uncertainty of PID (TPC + TOF) | | Systematic Uncertainty of PID Variation
0.2 0.08
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Figure 7.15: (left-panel) The mean-difference in yields from variations in the PID selection scheme for high-multiplicity
events. (right-panel) The maximum uncertainties in each pp-bin, among variations in PID technique, track
quality cuts, and variations in the vertex along the z-plane.

The fractional uncertainties are presented in Fig. 7.16, high-multiplicity events,
as well as the topological jetty and isotropic SgTzl selections. Keep in mind
that Material Budget, Hadronic Interaction, and Tracking Efficiency are fully
correlated across the different event selections, and therefore are canceled in the
ratios (lower panels of spectra, and ¢-to-m plots in Sec. 7.5.1).

7.4.2 Systematic uncertainties for = baryon production as a
function of SgTzl

In this section, we will describe how the systematic uncertainties were obtained
for the = yield extraction. One should keep in mind that I was not the primary
analyzer for the = studies. Therefore, there are differences in how the systematic
uncertainties are evaluated between the ¢ and = analysis.
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Figure 7.16: Fractional Systematic Uncertainties for ¢ extraction, in High-Multiplicity (top-left panel), jetty (top-right
panel), and isotropic (lower panel) events.

Since the yield extraction for the = analysis contains less background® compared
to the ¢ analysis, the procedure of estimating systematic uncertainties is differ-
ent. First, the focus will be on determining the systematic uncertainties for the

0-10% high-multiplicity selection, both for VOM and Ntlﬂcilgt'f. Subsequently,
the uncertainties are evaluated for the jetty and isotropic ratios, to see what
systematic uncertainties are either correlated or uncorrelated w.r.t., the high-

multiplicity reference. With a larger amount of statistics, one can more precisely

9Due to characteristic cascade topologies, which are easily identifiable, thus reducing com-
binatorial background.
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disentangle systematic effects from statistical uncertainties. For this reason, a
0-10% multiplicity interval is used for the evaluation of systematic uncertain-
ties, with a 0-1% multiplicity interval utilized to validate that the uncertainties
are stable, and do not strongly depend on multiplicity. Likewise, 20% intervals
are used for high-precision studies of uncertainties in jetty and isotropic events,
with 5% intervals for stability checks.

For the = analysis, all variations are performed by looking at a double-ratio
between default (”def”) and alternate (”var”) variations, in both real data, and
Monte-Carlo generated events (which are supposed to correct for the same vari-
ation in data):

(Datavar>
Datage
()

Similar to the ¢ analysis, default and alternate variations will have overlapping
datasets in the central peak region. However, variations are not rejected if they
are consistent within statistical uncertainties in quadrature. Instead, the statist-
ical fluctuations are assumed to be binomially distributed (Ngef, p, Nyar). 1000
variations are generated, using both real data, and MC simulations, resulting in
1000 random estimates for Ny,, and then calculate 1000 estimates for R(pr),
where the statistical uncertainty is:

TRy = V (R(p1)?) — (R(p1))>- (7.5)

The systematic uncertainties are then evaluated by measuring the deviation
between R(pr) to unity. If R(pr) is consistent within statistical uncertainties,
estimated by og(,,), the variation is rejected, and not considered for the meas-
urement of systematic uncertainties. There are partial correlations between
the systematic uncertainties between the high-multiplicity events, to the SgTZl—
selected events. The correlation is larger than for the ¢ analysis. Due to the
cascade identification, there is very little combinatorial background, and there-
fore the correlation between event topology and the side-band background es-
timation is not as strong. R(pr) is evaluated for SgTzl—diﬁ'erential variations,
and the uncorrelated systematic uncertainty is then assigned as:

R(pT>SgT:1

RUnc.SgTZI(pT) = R( (7-6)

PT)HM
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Where "JHM” denotes the R(pt) measured from high-multiplicity events. This
allows one to test which systematic uncertainties cancel in the ratio between
SgTzl—differential, and SgTZl-independent high-multiplicity selection. Similar
t0 OR(pr)s OR_ o=t () is then measured as:

2 2
\/UR(pT)SpT—l o UR(pT)HM

= ° (7.7)
B e spr=1 (1) R(pr)um ’

g

The fractional uncertainties for the = analysis in Fig. 7.17, for high-multiplicity
events, as well as the topological jetty and isotropic SgTzl selections.

7.5 Results

7.5.1 Results of SgTzl—diﬁ'erential pr spectra at N,E'lefk?éis 0-1%

Figure 7.18 presents pp-differential particle spectra of ¢ and Z yields in SgTzl
intervals of 10% percentiles. The SgTzl modification of the spectral shape, both
for = and ¢ hadrons, are similar, demonstrating a significant hardening of the pr
in the lower, jetty SgTzl selection, and a softening of the pr for larger, isotropic
SgTZl selections. These trends are also well reflected in the model predictions.
The PYTHIA 8 default Monash tune can describe the high-pt trends seen for
¢, but cannot accurately describe = production, while the PYTHIA 8 rope tune
is able to give qualitatively accurate predictions of both = and ¢ production
as functions of SgTZl. EPOS-LHC overestimates the pr dependence, while
Herwig 7 can give an accurate prediction of the = production, but severely
underestimates the overall production of ¢ mesons.

The SgTzl—differential average pr ({pr)) and yield (dN/dy) are reported in
Fig 7.19 as a function of the extracted particle masses, = and ¢, alongside addi-
tional light-flavor particles; 7, K, p (contributed from O. Vazquez Rueda [19]),
K*0 (contributed from R. Rath [111]), K and A (A) (contributed from upcom-
ing thesis of O. Matonoha). (dN.,/dn) and (pr) are obtained from the measured
kinematic range, and the results are then extrapolated to the unmeasured pr
regions using Levy-Tsallis fits to the spectra [112]. To account for the additional
systematic uncertainties arising from this procedure, the fit ranges are varied,
and alternative parameterizations of the spectral shape are utilized, such as
Boltzmann distributions, mr-exponential, pp-exponential, Fermi-Dirac (only for
fermions) and Bose-Einstein statistics (only for bosons), and Boltzmann-Gibbs
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Figure 7.17: Fractional Systematic Uncertainties for = extraction, in High-Multiplicity (top panel), jetty (middle panel),
and isotropic (lower panel) events.

blast-wave functions. The differences in integrated yield from the extrapolated
functions are added in quadrature to the total systematic uncertainties. More
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details about this procedure can be found in Ref [15].

The (pr) values extracted from the full range of light-flavor particles quantify
the observations seen for the prp-differential = and ¢ spectra; a significant pr
hardening in jetty events, consistent across all measured light-flavor particle
species. Moreover, the (pr) of the high-multiplicity reference is consistent with
the (pr) of the isotropic sample, for all particle species. This observation in-
dicates that average properties of extreme, high-multiplicity events (top-1%),
are well-described by isotropic event shapes, dominated by similar underlying
physics processes. This suggests that the SgTzl—integrated event class cannot
be described as an average between jetty and isotropic subsamples. Instead, the
high-multiplicity reference seems to consist of a much more homogenous group
of isotropic topologies, where jetty events are rare outliers. This observation
is of particular interest, as it implies that events dominated by hard, jet-like
physics are outliers, where QGP-like effects, such as radial flow and strangeness
enhancement, are suppressed.

The lower panels of Fig. 7.19 demonstrate that the variance in particle dens-
ity dN/dy is constrained between different SgTzl selections, for all measured

particle species, when utilizing a 0-1% Nt‘?almilgt'g multiplicity estimation. This is

in agreement with what was previously observed for the pion yields in Fig.7.13.
Hence, it is unlikely that any observed deviations between isotropic and jetty
events are driven by a trivial multiplicity bias.

The presented models give reasonable descriptions of the integrated quantit-
ies relative to the dynamics to pions, but overestimate the overall (pr) for all
particle species (except for K*°). One can note that PYTHIA, in particular for
the Ropes, overestimates the production of protons and pions, but qualitatively
describes the production of most strange hadrons. Moreover, Rope hadroniza-
tion seems to primarily affect the baryons, as the resonance particles show only
a small difference in the integrated yield between Ropes and Monash, in partic-
ular for the K*°. In contrast, EPOS-LHC describes the production rates of most
particles within the uncertainties of the data but is unable to capture the trend
observed for charged kaons. Herwig 7 can qualitatively capture the behavior of
7 mesons but severely underestimates the integrated ¢ properties.

Finally, the = particle spectra are presented for the most extreme Ntlglcilgt's 0-1%,
SgTzl 0-1% event selection in Fig. 7.20. Notably, the = production in the most
extreme topologies supports the hypothesis that average high-multiplicity events
are well-described by isotropic topologies, whereas jetty events demonstrate very
different particle dynamics compared to the integrated SgTzl reference.

156



<p,> (GeV/c)

dN/dy

Rl L B B R L L I B 4 |...|...|..H.”| e e e
F o hios _ i . - C . ) Nproes (), pp, §=13TeV ]
N ﬁ‘ﬁfi‘# o p-pkﬁizlsjze}é This Thesis ] 35 [ This Thesis PR 2K aK+K? ]
25F AK%K® vpp  ®o - E YPID %@ #AHAA 3
[ AR x=+2 ] 3 £ xZ4T A E
2f 8 o : # 2% §
r o & 8 1 F a2sf i S % =
: PE S S B - el S
151 & 4 2 2F ® 3
C A ] o E ]
C 3 Spheracity Event Class ] % 1.5 :— ‘ S‘pl;?g'c'ge:::etdmass—:
1 r A ° SZ"’-Integrated n 14 E ® |sotropic (10%) E
£ 2 oo 13 seomo 3
05 L A © PYTHIA8 Monash ] n © PYTHIAB Monash ]
ST KPYTHIAS Rope o5k ¥PYTHIASRope ]
N o EPOS 1 ~r o EPOS B
R B T Tl bk & B P Eo AT ]
02 04 06 08 1 12 14 0.4 0.6 0.8 1 1.2 1.4
mass (GeV/c?) mass (GeV/c?)
SR B e e e e SRS B Fr T
C N, (), pp, =13 Tev 0.18 F Ny () By 18 = 13 Tev
= .rr+rL5 aK'+K a2k o BK+K #2K2 aKO+K
AK+K? vpip %0 C Yp+P %O #A+A
10 AR xZ4T - 0.16F P . .
E E E This Thesis
o * ] 0.14 |-
B o b 1 C
r 'ﬁ b 1‘; 0.12 -
1F % - 3
E_ . . m E o 0.1F
E This Thesis o ] o F
[ Spherocity Event Class on ] = [ Spherocity Event Class
[ o Sp':]»lntegrated 8 o ] I 0.08 [ e Sp'q-lntegraled
. e Isootropic (10%) * i o 0.06F ® Isuotropic (10%) &
107 E e Jetty (10%) = [ e Jetty (10%)
F 0 PYTHIAS Monash ' @ 0.04 |- © PYTHIA8 Monash ﬁ 1
[ % PYTHIA8 Rope ] E ¢ PYTHIA8 Rope
| o EPOS ] 0.02 F oEpos oy
A Herwig F A Herwig a0
[T ) i A EPN [ I AR B £ |...|...|...g..|.
0.2 04 06 08 1 12 14 0.4 0.6 0.8 1 1.2 1.4
mass (GeV/c?) mass (GeV/c?)

Figure 7.19: The (pr) and dN/dy as a function of particle masses obtained for SgTzl classes selected for high-multiplicity

7.5.2

events, determined by the events in the 0 — 1% of NJ;’C‘H;U'S. The upper (lower) panel shows the (pT)

(dN/dy). The left panels contain the absolute quantities for each particle, while the right panels show the
ratios relative to pions. Systematic errors are depicted by the shaded bands, statistical errors are smaller than
the presented marker sizes.

Particle ratios for N|" 5% 0-1%

The impact of QGP-like effects, such as strangeness enhancement, varies between
different particle species. In previous measurements by the ALICE Collabor-
ation [45], the enhancement of strange hadrons has been found to scale with
the number of strange quarks. The 7 meson constitutes a good reference to
study this scaling, as it is produced abundantly, and has no strange valance
quarks. Therefore, by studying the pr-differential particle-to-pion ratios, we
can potentially identify QGP-like features in the data. ”Double-ratios” (DR)
are utilized to study the quantitative modifications of the particle dynamics in
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different SgTzl topologies, of = and ¢ w.r.t. m mesons, as defined in Eq. 7.8:
( d*N/dndpy ) d*N/dndpz ) s

d2N7r/d77de SgT:1 d2N7r/d77de HM .
where HM represents the SgTzl—integrated, high-multiplicity reference. From
an experimental standpoint, there is a significant advantage of studying particle
production through the DR. A large fraction of systematic uncertainty will can-
cel in the ratio between the SgTzl—differential and SgTzl—integrated spectra, for
the same species. Consequently, the DR has the best systematic precision out of
all measurements presented in this thesis. There are also significant advantages
with the DR for MC model predictions; The DR means that focus can be shifted
away from the large discrepancies between data and model in terms of absolute

particle production, to instead test if the relative particle dynamics between
event topologies are the same as in measured data.

Figure 7.21 presents the Z-to-m and ¢-to-7 ratios in intervals of SgTzl, as func-

tions of pr for 0-1% NJ?A;I&S multiplicities, with corresponding DR, presented

in the lower panels. Remarkably, the DR for both Z and ¢ decrease significantly
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for jetty events. While the effect is not as clear as for ¢, due to large uncertain-
ties, = production is suppressed for events with jet-like topologies. Furthermore,
= production in isotropic events is enhanced w.r.t. the high-multiplicity refer-
ence, suggesting that strangeness enhancement in high-multiplicity pp collisions
originate from events softer events, with an isotropic distribution of particles.
Both single-ratios (upper panels) converge down to zero, as pt — 0, suggesting
that pion production will always be dominant at low-pr.

In contrast to MC model predictions, neither of the PYTHIA 8 tunes can de-
scribe the trends seen in the absolute ¢ (Z)-to-m ratios. However, both PY-
THIA tunes are able to qualitatively predict the interplay between the SgTzl—
integrated high-multiplicity reference, and the SgTzl—differential event classes.
Remarkably, there is no difference between the PYTHIA8 Monash to the PY-
THIAS8 Rope curves. Even though the production rates of light-flavor hadrons
are different, both variations can capture the trends presented for the SgTzl—
selected events. This can also be seen for EPOS-LHC and Herwig 7; while
the generators give very different predictions of the single ratio, they both give
qualitatively good descriptions of the DR.

The prp-differential =-to-7 ratio for the most extreme event selection is presented
in Fig. 7.22, for 0-1% multiplicity and 0-1% SgTzl percentiles. The effects
observed in =Z-to-m ratios for the broader S’(’)Tzl—intervals are now enhanced;
there is a clear effect of an enhancement/suppression of = production, relative
to pions, in isotropic and jetty events, respectively. This is demonstrated both
through the single particle-to-m ratio, and in the DR. In particular, one can note
a large suppression of strange hadrons across the entire measured pt range for
events with jetty topologies. This novel feature suggests that the abundance of
strange hadrons in high-multiplicity events is driven by events associated with
soft physics, in terms of the azimuthal topology. This observation also implies
that there is a significant amount of high-multiplicity events that reflect the
same rates of reduced strangeness production found in low-multiplicity events.
ALICE has previously published studies of the A/K{ in the UE and the UE-
subtracted jet, where it was found that the ratio in the jet was far below that
of the ratio in the UE [113]. This is qualitatively similar to what we observe
for the most extreme jetty events in this study. One could therefore understand
the results obtained here as a generalization to jet-dominated events.

Similar to Fig. 7.21, the two PYTHIA tunes are qualitatively able to predict
the interplay between the high-multiplicity reference, and the SgTzl selected
events. However, both tunes dramatically underestimate the total amount of =
production. This is remarkable since Rope hadronization has previously been
able to predict observations of strangeness enhancement [114].
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Figure 7.21: Transverse momentum distribution of ¢ and

events at high-multiplicity, determined by events in the top-1% distribution of N/l <08 siatistical and
total systematic uncertainties are shown by error bars and boxes, respectively. The upper and lower panels
contain the same data points but are compared to different predictions of the same measurement, from

Z production, relative to 7 production for SST:

tracklets

PYTHIA (upper panels) and Herwig 7.2 + EPOS-LHC (lower panels), represented by different curves.
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Figure 7.22: Transverse momentum distribution of ¢ and = production, relative to 7 production for the most extreme

=1 . . . .
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right panels contain the same data points but are compared to different predictions of the same measurement,
from PYTHIA (left panel) and Herwig 7.2 + EPOS-LHC (right panel), represented by different curves.

The ¢-to-= pr-differential ratio is presented in Fig. 7.23. Even though ¢ has a
net strangeness of zero, there are clear similarities in the production dynamics
between = and ¢, suggesting that it is effectively double strange. The rope
hadronization framework in PYTHIA predicts both the single and double ratio
reasonably well. It is remarkable that even though Monash fails to predict the
single ratio, Monash and the Rope predictions show no significant deviations for
the double ratios.

7.5.3 Integrated yields as a function of SgTzl

The integrated double ratios of =, A, and protons, relative to m mesons, are
presented as functions of SgTzl in Fig. 7.24 and Fig. 7.25. The two plots contain
the same data points, but use different ordinate ranges in the ratio to accom-
modate the MC-generator predictions. The ¢ meson could not be included in
this measurement due to insufficient statistics'®

10The current statistical limitations of the ¢ analysis would only allow for the three most
central bins (0-10%) to be covered.
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The results demonstrate that the strange-hadron yield increases as a function of
SgTzl, with indications of a significant mass ordering. We find that the strange-
ness production is suppressed in events with jet-like topologies, and slightly en-

hanced in softer, isotropic event topologies. One should keep in mind that the

N|77| <08

iracklots 1S practically fixed between the

charged particle density for the 0-1%
different SgTzl—selections, as one can see in Fig. 7.13. This is remarkable, as
earlier ALICE publications of measurements in pp collisions at /s = 13 have

strongly suggested that the charged particle density, dN.,/dn, is the driving
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factor for strangeness enhancement [1].

While the multiplicity is constrained, the charged particle densities are not
identical between the different SgTZl event selections. As can be seen in Fig. 7.13,
there is approximately a 10% difference in pion densities between the most jetty
and isotropic SgTzl event classes. However, the results presented in Fig. 7.24
demonstrate that the relative = production decreases in the order of 20%, for
the most jetty events. Based on estimates from Ref. [1], to obtain a 20% effect
in relative = production solely based on multiplicity, one would require a multi-
plicity difference of an order of approximately 60-70%. This indicates that the
strangeness suppression presented in this analysis is less likely to be driven by
a trivial difference in multiplicity, and more so driven by the physics processes
associated with the event topology.

This novel feature can give further insight into the underlying mechanism(s)
that drives both strangeness enhancement, and overall charged particle pro-
duction. Remarkably, these findings suggest that charged particle production is
not driven by a single source, given that one can obtain high-multiplicity events,
with relative strangeness production rates observed in average low-multiplicity
events. This indicates that particle production is driven by parallel sources, with
varying strangeness-to-m production rates. One can characterize jetty events as
exhibiting less QGP-like effects, with a large amount of strangeness suppres-
sion, whereas isotropic events are characterized as the complete opposite, with
enhanced strangeness production and more QGP-like effects. This suggests that
one can control the degree of QGP-like effects in small systems, by categoriz-
ing events based on their event topology. Furthermore, it demonstrates that
average high-multiplicity collisions are well-described by azimuthal topologies
dominated by soft processes, where harder, jet-like processes are clear outliers.

The PYTHIA8 Rope hadronization framework and EPOS-LHC, models incor-
porating two-component phenomenologies, can predict the qualitative trend of
enhancement /suppression of strange particle production as a function of SgTzl,
albeit with a different mass-ordering for A and =. In contrast, both the PY-
THIA8 Monash and Herwig 7 predictions are unable to describe the reported
experimental observation. Surprisingly, Herwig 7 predicts the opposite trend;
enhancement of all three baryons in jetty events, and suppression of all three
baryons in isotropic events. If this is a generic feature of the new strangeness-
enhancement process introduced in Herwig 7.2 [115], then the results presented
in this thesis seem to rule out this mechanism.
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7.5.4 SgTzl results with a broadened multiplicity range

In Sec. 7.5.1, it was shown that the 0-1% topology selection produced the largest
effects w.r.t. strange particle production. However, the ¢ meson had to be ex-
cluded from those measurements due to statistical limitations related to signal
extraction. Therefore, in this Section, we report on SgTzl measurements with
the broader multiplicity selection described in Sec. 7.5.1; first by expanding to
0-10% Nt‘ﬂcilgéj’ and then by estimating the multiplicities at forward rapidit-

ies with the VOM. The pr-differential = and ¢ particle spectra are shown for

both 0-10% N, <28 and 0-1% VOM percentiles in Fig. 7.26, and Fig. 7.27,

respectively, for events in different SgTzl intervals.

¢ meson production exhibits similar features to = production when narrow-
ing the SgTZl interval, highlighting a large suppression of the pr-differential
yield of strange hadrons relative to pions in events with extreme jet-like to-
pologies, presented in Fig. 7.28 for a 0-10% NJIQ;I&S multiplicity estimation.
The large modification of the jetty pp-spectra, relative to the high-multiplicity
reference, further indicates the jet-like topologies are not well-described by the
average high-multiplicity events. The results suggest that ¢ meson production

is favored in softer events containing QGP-like features. While the origin of the
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suppression of ¢ production is not fully understood, the behavior is consistent
with other strange particles as functions of SgTzl.

In contrast, spectra and particle ratios utilizing a forward-rapidity estimation
of multiplicity showcase very different behavior, presented in Fig. 7.27 and

Fig. 7.29. The pr-differential particle spectra, for both ¢ and =, report a weak

N\n\ < 0.8

modification of the SgTzl selection, compared to either percentile of N, 1.

multiplicities/ SgTzl intervals presented in this thesis. The particle spectra ex-
hibit a flat difference in the ratio to the high-multiplicity reference, suggesting
that SgTzl event selection is not sensitive w.r.t. the forward multiplicity, and
the difference in yield is largely driven by a multiplicity bias. This interpretation
is strengthened by the observations seen in the ¢ (Z)-to-7 ratios, highlighting a
very small modification (and is consistent with unity for ¢).

The pr-integrated, SgTzl—differential yields are presented in Fig. 7.30, for the
two expanded multiplicity estimations. Remarkably, the SgTzl—dependent en-
hancement of strange hadrons seems to vanish once the multiplicity estimation
is measured at forward rapidities. Similarly to Fig. 7.24 and Fig. 7.25, the ef-
fect of strangeness enhancement is consistent between different ranges of the
mid-rapidity multiplicity estimation, and the effect is suggested to be slightly
stronger in the more extreme multiplicity case.

165



H
2
T
T
2
o

This Thesis

/@@
35

This Thesis
NP8 (iily, pp: s = 13 TeV, N, >10

Nirackiets

Iﬂl<0 8
Niackiets

T

(1), pp: Vs = 13 TeV, N,>10

T

o
s

9
(1N) °N/(dydp_) (GeV/c)*

(UN) N/(dydp.) (GeVic)*

10° f—4— sb™ 99-100% E 10° E
PYTHIA 8.2 Monash PYTHIA 8.2 Monash
— —— PYTHIA 8.2 Ropes — — — PYTHIA 8.2 Ropes
l l l l

- * * * * == * ' -

s = 1 Push ]
g Ll g

S15F = B =

e e To g

» 3 )

2 1 -]

2 2

& 05 € o5k ]

’ 1 2 3 4 5 6 7 1 2 3 4 5 6 7
P, (GeVic) P, (GeVic)

“"a GBLENLELE BNLEL L L L LI L L L L LB (LN LN :‘G UL L L L L L L LN L L
S10F E S10'F E
> . . > . .

15) “~ This Thesis é \\ This Thesis

~ ni<0.8 ~ hi<0.8 .

g b *:\E\\ N gaciess (111), pp: Vs = 13 TeV, N,>10 o B \\ Nifreriess (111, pp: Vs = 13 TeV, N;>10
2 [/ i \\ 4 =\

g |/ AN s

z &\ z
& | N\ &

2 -2 - \\ +/” o 2 - =t
ol =N 9-KK { = +Z -
4 2

RS \\
10° N> E 10° k. Pl 0 E
\\ ~ S, :99-100%
HerW|g 7.2 N ——— Herwig 7.2
——— EPOS-LHC \\\ — — _ EPOS-LHC
L
g 2 7 g1sF p
g g
S15 B =
Lo Te 1
R °
2 2
2 4
€ s € osk ]
’ 7 1 2 3 4 5 6 7
P, (GeVic) P, (GeVic)

. - =1 . - .
Figure 7.26: Transverse momentum spectra of ¢ and E, for SgT selected events at high-multiplicity, determined for

events with a 0-10% Nt‘rzclkljtso & multiplicity estimation, in 0-1% S’gTzl percentiles. The upper and lower
panels contain the same data points but are compared to different predictions of the same measurement,
from PYTHIA (top panels) and Herwig 7.2 + EPOS-LHC (bottom panels), represented by different curves.

Statistical and total systematic uncertainties are shown by error bars and boxes, respectively.
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The curves represent different model predictions of the same measurement.

Both EPOS-LHC and the PYTHIAS rope hadronization framework can qual-
itatively describe the enhancement of A and Z with increasing SgTzl, while
simultaneously predicting the insensitivity of strange particle production as a
function of SgTzl when estimating multiplicity at forward-rapidity.

Finally, one should keep in mind that the fractional (AN, /dy) difference between
VOM 0-10%, and N, Il <08 4 19 are similar. This observation suggests that the

effects of the relati\/téag;ll‘}slt;ncement (suppression) of light-flavor hadron produc-
tion to 7 mesons, in isotropic (jet-like) topologies, are smaller while estimating
multiplicity with VOM. This implies that one can study different physical prop-
erties relative to the rapidity ranges in which the multiplicity is estimated. The
underlying reason for the non-sensitivity to SgTzl when estimating multiplicity

in forward rapidities is not yet understood.

170



7.6 Summary And conclusions

In this chapter, I have presented the production of = and ¢'! at || < 0.8 in
high-multiplicity pp collisions at /s = 13 TeV, as a function of the unweighted
transverse spherocity SSTZI. A large bulk of my Ph.D. work has been dedicated
to understanding the biases between weakly decaying, resonances, and charged
primary hadrons w.r.t., the traditional transverse spherocity Sg. To reduce
the bias, I have elaborated on how the observable was updated to the current
definition of SgTzl.

During this project, I have experimented with estimating multiplicities in two
kinematic regions; at mid-rapidity (|n] < 0.8) by measuring the activity in the
SPD (Ntlficilgt'f), and at forward-rapidity (2.8 <n < 5.1 and —3.7 <n < —1.7)
by measuring the activity in the VO forward detector. I have found that, in
conjunction with SgTzl, it is possible to extract different physics depending on
the kinematic region in which the multiplicity is estimated. By estimating the
multiplicity with the VO detector, one obtains a large variance in midrapidity
charged-particle density for different SgTzl event selections. In contrast, SgTzl
selected events have similar d N, /dn when estimating multiplicity at midrapid-
ity. Moreover, by estimating multiplicity at midrapidity, one obtains a large
difference in (pt) between the different SgTzl classes, whereas the equivalent
measurement obtained from the VO activity is roughly equal in terms of (pr).
From observations presented in this thesis, estimating multiplicity at midrapid-
ity allows one to isolate and study the dynamics of particle productions that are
driven by either soft or hard QCD physics.

The main features of this analysis are reported in the particle-to-pion ratios,
highlighting an enhancement of both ¢ and = production in events with an
isotropic topology, and a strong suppression in events with a jet-like topology.
Furthermore, events with isotropic topologies give good descriptions of the av-
erage, SgTzl—unbiased high-multiplicity event selection, while high-multiplicity
events heavily influenced by jet-like physics are clear outliers. The ¢-to-= ratio
also indicates that, in the context of SgTzl, ¢ exhibits dynamics similar to a
double-strange particle.

Most presented model predictions can describe the qualitative trends in the ¢
and = particle pp-spectra, especially the PYTHIA 8 rope hadronization. The
model comparisons are not able to describe the quantitative observations found
in the data for the single particle ratios. However, the presented models are
mostly able to describe the overall interplay between SgTzl selected events, to

HTncluding guest appearances of m, K, p, A, K& and K*°
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the high-multiplicity reference. Remarkably, even though the production mech-
anisms for the PYTHIA8 Monash and PYTHIAS Ropes tunes (ropes formed by
layers of overlapping strings) are qualitatively different, they both predict the
interplay with only minor differences between them.

Finally, the relative integrated strange particle yield to pions, as functions of
SgTzl, are presented. The results indicate that it is possible to obtain similar
strangeness enhancement found in multiplicity differential analysis, by instead
fixing the variance in local charge particle density, and instead varying the azi-
muthal topology through SgTzl. This observation suggests that multiplicity
production at high multiplicities is driven by more than a single source, with
different strangeness-to-pion production rates. Remarkably, this goes contrary
to expectations based on prior ALICE publications seen in Ref. [1]. While the
origin of this effect is currently not well understood, both PYTHIA 8 Ropes
and EPOS-LHC can qualitatively capture the (in)sensitivity of SgTZl W.I.t es-
timating multiplicity in (forward)mid-rapidity. Furthermore, PYTHIA 8 Ropes
and EPOS-LHC can capture the large suppression of strangeness production in
jet-like events, although with a different mass ordering that is incompatible with
the measured data.

In conclusion, this Chapter has demonstrated that SgTzl can be utilized to
categorize events in classes based on characteristic azimuthal topologies, from
jet-like events associated with hard QCD physics, to isotropic events associated
with soft-QCD physics. One of the strongest findings from this analysis is that
average high-multiplicity events, even in the most extreme cases, appear to be
dominated by soft processes, whereas rare hard processes play little or no role
in bulk observables.
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Chapter 8

¢ and = yields as Functions of
Relative Transverse Activity

Rt

The 2nd analysis presented in this thesis will focus on particle production re-
lative to the magnitude of the Underlying Event (UE). The size of the UE is
estimated through the Relative Transverse Activity, Rp. I will report prelimin-
ary results obtained from ALICE, presenting pr-differential particle ratios for
both = and ¢ as functions of Rt. Individual particle spectra are not presented,
due to a large experimental bias, which is discussed in the following.

8.1 Definition of Relative Transverse Activity Rr.

The Relative Transverse Activity Rt was first proposed as an event classifier
by the theoretical community, in a paper by T.Martin et al. [116], where Ry
could be measured to estimate the size of the underlying event (UE). In gen-
eral terms, hadronic particle collisions consist of an initial hard parton-parton
scattering(s) (which can be estimated perturbatively through QCD), followed
by processes with softer pr. The details of the soft processes are model-specific,
and implementation varies from model to model. Produced particles not asso-
ciated with the initial hard scattering, nor associated with any of the parton
showers originating from the hard scattering, are referred to as the UE. These
components cannot be described perturbatively, and phenomenological imple-
mentations are required to accurately model the UE. Assuming that Rt can be
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60°<|Agp|<120°

Figure 8.1: A sketch of the azimuthal regions defined relative to the leading particle track, used for the Rt analysis. Rt
is estimated by measuring the number of charged particle tracks in the transverse region. Figure is obtained
from Ref. [116].

used to estimate the size of the UE, measurements of Rp can therefore validate
or reject phenomenological descriptions of the UE, giving Rt measurements a
strong discriminatory power, which can further improve the development of MC
generators.

For the work presented here, Rt will be used as an event classifier to measure the
production of ¢ and E hadrons, relative to the size of the UE. The event classifier
is defined by rotating the azimuthal frame with respect to the leading particle
track. The event is then divided into three different regions, as illustrated in
Fig. 8.1. Assumptions are made regarding the properties of particle production
in each azimuthal region:

e The Toward Region will contribute to the overall particle production from
different sources, both from the hard scattering, and the UE.

e The Transverse Region will mainly consist of particles produced in the
UE. By construction, this region is the least affected by the hard scatter-
ing [116], since it is perpendicular to the leading particle track. Therefore,
due to momentum conservation, the transverse region is also expected to
be separated far in azimuthal angle w.r.t. the recoil jet.
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e The Away Region will, similar to the Toward region, also contain contri-
butions to particle production from the hard scattering and the UE. This
region is not directly biased by the event selection, as neither the leading
particle track nor the Rt is measured in this region.

One can test the above assumptions by comparing the charged particle produc-
tion, as a function of the transverse momentum of the leading particle track,
pI}eadmg, separately in each region. This is presented in Fig. 8.2, for pp collisions
at /s = 13 TeV [117]. One can note that the number of produced particles in
the Toward region grows as a function of p%eading. This is to be expected if the
products of the initial hard scattering are captured in the Toward region, given
that the total jet particle production® increases with pI}eadmg i

In contrast, the particle production plateaus in the Transverse region, suggesting

that at prlfeadmg > 5GeV /e, particle production in the UE becomes practically

independent of increases in pl}eading, and can be decoupled from the hard scatter-

ing processes. This suggests that the collision geometry of events with a plfeadmg

above this threshold are “equally biased”, ensuring a homogenous event sample
of collisions. Therefore, the work presented in this thesis will require a leading
particle track with at least pllieadmg > 5.0 GeV/c, also referred to as the Ry
“trigger”, to constrain the average hard scattering and isolate it in the Toward
region, while being able to vary the UE by measuring the Transverse region.

If a leading particle has a momentum of p%eadmg > 5GeV /¢, within |n| < 0.8, Ry
is defined by measuring the number of charged particle tracks in the Transverse
region, Nt (also referred to as "transverse multiplicity”), on an event-by-event
basis, normalized to the average amount of charged particles produced in the
same region:

_ Nr
Rr = (8.1)

By construction, an event with Rt =~ 1 has an average-sized UE. Values of
Rt — 0 describe events with small, or no UE, where collisions are almost
entirely dominated by the hard scatterings process. Low-Rt events produce
pronounced di-jet topologies in the azimuthal plane and are expected to have
particle-production dynamics similar to ete~2 collisions. In contrast, Rt — 00

!The size of partonic showers, in most models, expands with the momentum transfer from
the initial hard process.
2This is in reference to the particle dynamics produced through hard scatterings in an

Tem — qq event.

e
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Figure 8.2: Number density of charged particles as a function of p%cadi“g, in the corresponding Toward, Transverse, and

Away azimuthal regions. The data is measured by ALICE for pp collisions at /s = 13 TeV. [117]

describes events that are almost completely dominated by the UE, where we ex-
pect that particle-production dynamics are more similar to heavy-ion collisions.
By varying R, one can expect, within reason, to control the QGP-like effects
associated with particle production.

For the work presented in this thesis, measurements of particle ratios, between
¢ and = relative to the number of 7 mesons, are compared to predictions from
both PYTHIA 8 and EPOS-LHC as functions of Rr. For QCD-inspired event
generators, such as PYTHIA 8, the size of the UE is related to the number
of Multiple-Parton Interactions (MPIs)3. A collision between two protons will
often contain multiple MPIs, resulting in a more or less isotropic UE.%.

3Refer to Sec. 4.1.1 for details

“The UE will also contain contributions from initial-state and final-state radiation (ISR
and FSR, respectively). Particles produced via ISR and FSR are still associated with the
magnitude of the momentum transfer in the initial hard scattering.

176



5- [ I T T T I T T T I T T T I T T T I T T T
£ 14_— e T
< N — .
~ 1o —_ 1
N - " i
N e — | ]
10_— —_— -
8 =
K - 3
61— ]
A== _:
- pp Vs=5.02 TeV, Pythia 8.244 ]
ol— . Monash —]
= " without ISR and FSR -
" n without CR ‘
0 I 1 L L I L L L I L L 1 I L L L I L L L
0 2 4 6 8 10

Ay

Figure 8.3: ALICE simulation using different PYTHIA 8 variations, where the number of average MPIs are measured with
respect to the Relative Transverse Activity RT. ISR, FSR, and CR refer to initial-state radiation, Final-state
radiation, and color reconnection, respectively. Results are obtained from Ref. [118].

Fig. 8.3 presents the correlation between the average number of MPIs in PY-
THIA 8 and Ry, with and without ISR and FSR enabled (as well as PYTHIA
color reconnection, details discussed in Sec. 4.1.1). One can note that, for
all three PYTHIA configurations, Rt is strongly correlated to the number of
(Nmpi), up to approximately Rt ~5. This simulation supports the hypothesis
that Rt can give an estimate of the size of the UE. However, the correlation
flattens at large Rt for more realistic configurations, where ISR and FSR (”Mon-
ash”) are enabled. This implies that at large values of Ry, the Transverse region
is contaminated by wide-angle FSR, originating from the hard scattering. Con-
sequently, the sensitivity to the soft, MPI-driven UE, is lost at large R, which
is expected to be most relevant for QGP-like effects. Therefore, results in this
thesis are presented in Rt intervals up to Rt = 5, to mainly retain and probe
the MPI dependence.

In contrast to PYTHIA 8, EPOS-LHC models the size of the UE by adjusting
the relative fraction of core and corona produced in each event®. Both processes
from the core and the corona will contribute to the UE, although the relative
fraction of particles produced from the core grows with the charged particle

5Refer to Sec. 4.3.1 for details.
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density. Given that the corona describes the hard, eTe™-like component, the
Rt trigger is likely to be produced in the corona, while events with large values
of Rt are likely to have a large contribution from the core. Furthermore, in
EPOS-LHC, strangeness enhancement is also driven by a larger relative size of
the core. One would therefore expect larger UE to also contain a larger fraction
of strange particles produced. This interpretation is contrary to what one would
expect from a traditional Lund string model, where the size of the UE is not
directly tied to the relative fraction of produced strange particles.

8.2 Track Selection and Bias Estimation

Track Selection for Leading Particle Track

The work presented in this thesis use two different sets of track selection criteria;
one for leading particle tracks, and one for tracks that contribute to the estima-
tion of Np. The leading particle track functions as Rt event triggers, in addition
to defining the geometry of the Transverse region. Therefore, good precision is
required for the leading particle, both in terms of spatial and momentum res-
olution. For this reason, the reconstructed leading particle track is required to
satisfy the ”global track” criteria, defined in Sec. 6.2.1, with pl%oadmg > 5GeV/ec.

Furthermore, the reconstructed track is also required to satisfy a ”Geometrical
Cut”, due to gaps in the azimuthal acceptance between the different sectors of
the TPC. This is illustrated in Fig. 8.4. For low-momentum particles, this is
not an issue, since the curved particle trajectory will cross the required number
of TPC pad rows, and cross the sector gaps at large angles.

However, for particles at intermediate and high pr, there is a possibility, due
to the smaller curvature, that large parts of the particle trajectory align with
the sector gap (demonstrated in Fig. 8.4). These tracks can satisfy the total
required amount of crossed pad rows but have poor momentum resolution due
to large gaps in tracking. This can potentially misidentify Rr triggers, where a
particle with pr < 5.0GeV /¢ is reconstructed as if it had pr > 5.0GeV /c.

Preliminary studies on simulated PYTHIA 8 events found that 3.7% of the
total amount of Rt triggers were incorrectly reconstructed with a large broad
momentum resolution. After implementing the geometric cut, simulation studies
indicated that the selection is robust, with a good momentum resolution for all
considered R triggers. The full details of the development and implementation
of this cut are discussed in Appendix B.
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Figure 8.4: lllustration of charged particle tracks aligning with the sectors gaps in the ALICE TPC. At the right pr, a
track can line up such that it aligns perfectly with the sector gap. Figure is taken from Ref. [119]

8.2.1 Track Selection for Nt Estimate

The Rt analysis uses a set of loose selection criteria for tracks used to estimate
the Np. Similar to the discussion in Sec. 7.1.2, this is due to the dead regions in
the SPD, creating gaps in the azimuthal angle with low reconstruction efficiency;,
demonstrated in Fig. 7.2. This could create large fluctuations in the estimate
of N, if the Transverse region is pointing toward the dead regions of the SPD,
illustrated in Fig. 8.5, which would consequently result in each Rt interval
containing an inhomogeneous event distribution.

Therefore, the reconstruction criteria for Nt only utilizes information from TPC,
except for a refit down to the primary vertex. The momentum resolution is not
critical to this measurement, as Nt only considers the amount of tracks in the
Transverse region. For this reason, the reconstruction criteria are optimized for
high efficiency to get a measurement of Nt with high precision. The track se-
lection is identical to the criteria also used for tracks to measure S’gTzl, detailed
in Sec. 7.1.2.
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Figure 8.5: lllustration of how holes in the ITS can induce large fluctuations in the measured value for N1. These would
render the definition of Rt to not be well-defined.

8.3 Investigation of Experimental Bias

The underlying principle illustrated in Fig. 8.5 remains an issue, even for a
flat azimuthal acceptance. Due to tracking performance, ALICE is not able
to consistently reconstruct ALL particles produced in each collision, and will
sometimes wrongly identify a secondary track as a primary track. The ALICE
tracking efficiency is approximately 80-90%, depending on particle mass. A
study of particle efficiencies for primary 7, K, p is presented in Fig. 8.6. The
efficiencies are estimated according to the procedure described in Sec. 6.2.4.
Figure 8.7 shows the Ry distribution from measured R, and the "real”® Rr,
generated from PYTHIA 8 events. One can observe that the reconstructed
R distribution is smeared w.r.t. the generated distribution, attributed to the
folding effect described in Sec. 7.1.37.

However, one should note that Fig. 8.7 suggests that the shapes between the
two distributions are similar, even after smearing. This implies that the prob-
ability of an event being shifted in/out from a single Ry interval is similar. If the
particle-production dynamics are relatively homogenous in each Rt interval, bi-

5In the case of simulation studies, this is the “generated” Rt before it is reconstructed by
the detector.

"This refers to the experimental folding, not the neutral-to-charged bias discussed in the
same section.
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ases due to folding should have a relatively minor impact. This can be evaluated
by performing closure tests, in the same manner as described in Chapter 7.1.3,
where the closure C(PID, pt)RT is defined as:

e \ dndp
C(PID,pT)RT — T/ Ry,Rec (8.2)

<d2NGen ) PID
dndpr Rr,Gen

The quantities in Eq. 8.2 are defined like the equivalent C(PID,pT)SpOT71 de-
scribed in Sec. 7.1.3, substituting SgTzl for Rr. Furthermore, C(PID, p)RT is
an intricate quantity, and one should clarify two important points. First, the
reconstructed particle yields are extracted using global tracks, while the recon-
structed R is estimated utilizing the looser track cuts described in Sec. 7.1.2,
which only rely on information from the TPC. Any potential non-closure does
therefore not reflect a change in particle yield extraction, as the standard pro-
cedure is applied. Secondly, Rt rec and Rt gen are different quantities, demon-
strated in Fig. 8.4, where the former is estimated through reconstructed tracks,
the latter estimated by counting generated tracks.

l (dZNRec ) PID

The spectra and C(PID, p)RT of simulated 7~ 4+ 7T as a function of pt are
presented in Fig. 8.8, in different Rt intervals, for each azimuthal region. Pions
are utilized due to their abundance. A systemic, Rp-dependent folding bias is
present in all three azimuthal regions. Consequently, measured particle spectra
as functions of Rt cannot be directly compared with MC event generator pre-
dictions. Therefore, spectra of the ¢ and = yields as functions of Rt were not
made public in the preliminary stage of this analysis, and will not be presented
in this thesis, since they could not be fully corrected. A solution to correct
the experimental bias, and "unfold” the spectra, has since been found and is
currently being implemented for future iterations of this analysis.

However, it was found that the experimental bias is heavily reduced when tak-
ing pp-differential ratios between different particle species. Closure tests for
C(PID, pt)RT are reported for ¢-to-m and Z-to-r ratios as a function pr, in
different Rt intervals for different azimuthal regions, in Fig. 8.9 and Fig. 8.10,
respectively. One can note that the systematic biases seen in Fig. 8.8 are no
longer present. The fluctuations that remain are mostly driven by insufficient
statistics. These findings suggest that the folding distorts different particle
species similarly. Therefore, the relative particle-production dynamics stay con-
sistent with respect to Rr, meaning that measured "particle”-to-m ratios are
directly comparable to predictions from MC generators. The fluctuations are
quantified and applied as a 4% systematic uncertainty to all h-to-7 ratios.
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Figure 8.8: (Left panels): Monte-Carlo (MC) simulations of 7~ + w1 spectra as a function of p, in different azimuthal
regions, within different R intervals. Solid lines are reconstructed pions, while dashed lines are generated
pions. Errors are purely statistical. (Right panels): Ratio between corrected Reconstructed/Generated ratio,
C(RT), to evaluate biases that arise due to detector folding effects.

8.4 Systematic Uncertainties

The systematic uncertainties are evaluated according to the procedure described
in Chapter 7, Sec. 7.4, both for the ¢ meson and = baryon analysis. In addition
to the analysis-specific uncertainties, a flat 4%-uncertainty is added for both
analyses, in each Rt interval, to account for the experimental biases discussed
in Sec. 8.3.
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Figure 8.9: (Left panels): Monte-Carlo (MC) simulations of ¢—to—m ratios as a function of pr, in different azimuthal
regions, within different Rt intervals. Solid lines are reconstructed pions, while dashed lines are generated
pions. Errors are purely statistical. (Right panels): Ratio between corrected Reconstructed/Generated particle
ratios, C(RT), to evaluate biases that arise due to detector folding effects The black, dashed lines represent
the systematic error assigned due to the estimated bias.

8.4.1 Systematic Uncertainties & Caveats for ¢ analysis

The limited amount of statistics available (= 1% of available events, due to

requiring a p%eading > 5GeV /c leading particle), imposes a difficulty when eval-
uating the systematic uncertainties. For individual Rt intervals, the statistics
were not sufficient to distinguish systematic effects from statistical fluctuations.
In an attempt to disentangle the systematical and statistical uncertainties, it
was assumed that the shape of the combinatorial background would remain
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Figure 8.10: (Left panels): Monte-Carlo (MC) simulations of E—to— ratios as a function of p, in different azimuthal
regions, within different Rt intervals. Solid lines are reconstructed pions, while dashed lines are generated
pions. Errors are purely statistical. (Right panels): Ratio between corrected Reconstructed/Generated particle
ratios, C(RT), to evaluate biases that arise due to detector folding effects The black, dashed lines represent
the systematic error assigned due to the estimated bias.

relatively consistent within the different azimuthal regions. The uncertainties
are evaluated using the Rt integrated yield, within the Toward, Transverse,
and Away regions, thereby making it easier to evaluate the ”true” systematic
uncertainty of the ¢ meson signal extraction.

For the Rt analysis, the signal extraction was performed without any reduction
of the combinatorial background. The combined Voigitan peak fit (defined in
Sec. 6.2.4) is applied directly to the raw My, spectra. This choice was made for
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two reasons; First, neither the like-sign nor the event-mixed backgrounds were
able to accurately describe the combinatorial background. Secondly, the selected
events have large S/B ratios, due to the requirement of plfeadmg > 5GeV/c.
Therefore, a 2nd-degree polynomial function can give an adequate description of
the combinatorial background in the raw Mj,, spectra. Consequently, the error
groups associated with the background reduction have been removed entirely.
Refer to Sec. 7.4.1 for the definitions of the error groups. Furthermore, since
the dynamics in the Toward and Away region are similar, the same systematic
uncertainty is assigned for both regions.

The systematic uncertainties in the ¢ signal extraction, for the Toward/Away
and Transverse regions, are presented in Fig. 8.11. The uncertainties are qualit-
atively similar to the uncertainties estimated for the SgTzl analysis. The largest
contribution comes from the track uncertainty, which includes the PID selection
scheme, as the shape of the combinatorial background is sensitive to the selected
PID scheme. Since background reduction is not implemented, the uncertainty
of how well the combinatorial background is described is directly attributed to
the combined peak fit. Small changes in PID precision will therefore result in
large variances in yield estimation.
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Figure 8.11: Fractional Uncertainties of the ¢ yield in the Toward (left panel) and Transverse (right panel) region, requiring

p%cading of > 5.0 GeV. The uncertainties for the Toward region are also utilized to estimate the uncertainty
for the results in the Away region.
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8.4.2 Systematic Uncertainties for the = analysis

Similar to the ¢ analysis, the statistical uncertainties make it difficult to properly
assign systematic uncertainties, as it is difficult to disentangle the two. Initial
studies revealed that trends for different parameter variations in the Rt analysis
were similar to trends observed for the SgTzl analysis. It was therefore decided
that the Rt analysis would inherit the systematic uncertainties from the SgTzl
analysis. Conservative estimates of the SgTzl uncertainties are applied directly
to the Rt analysis. This was considered an ad-hoc solution at the time, and the
systematic uncertainties will be updated for future iterations (with increased
statistics) of this analysis.

8.5 Results & Discussion

The results presented in this section are obtained only utilizing the data sets
measured in 2016 and 2018. The fraction of events with pl%eadmg > 5.0GeV/c
corresponds to approximately 1.01% of the amount of total accepted (passing
the event criteria listed in Sec. 6.1) minimum bias events. The number of
events within each Rt interval are detailed in Tab.8.1

Table 8.1: The number of accepted events in each R interval. The events are required to satisfy the default reconstruction
requirements, in addition to containing a p;mdmg > 5.0GeV/c.

Event Category # of Events
Minimum-Bias 823820000
0.0 < Rt <5.0 8345403
0.0< Rt <0.5 1855945
0.5 <Rt <15 4619694
1.5 < Rr <25 1634454
2.5 < Rt <5.0 235310

The measured, uncorrected Nt and Rt probability distributions are presented
in Fig. 8.12. The raw measurement of (Nt) was found to equal approximately
7,29 tracks. One should note that there are gaps in the binning for the Rt
distribution. While Nt is measured in integers of 1, Rt is measured in units of
1/7,29. This can create irrational numbers, which are rounded up to the closest
bin edge, creating gaps in the binning.
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Figure 8.12: Measured, uncorrected probability distributions for N1 (left panel) and Rt (right panel), in pp collisions at
/s =13GeV /c, for data measured in 2016 and 2018.

8.5.1 Results on ¢ and =-to-7 ratios as a function of Rt

The Z-to-7 ratios are presented as a function of pr in Fig. 8.13, in Rt intervals of
[0-0.5), [0.5-1.5), [1.5-2.5) and [2.5-5.0], for each azimuthal region. The relative
= yields in the Towards region show a significant dependence on Rt. The pr-
dependent =Z-production rate increases by approximately a factor of 4, going
from low-to-high Rr. The Toward region contains contributions from the hard-
scattering/jet fragmentation but also from the UE, which scales with Rp. The
results suggest that the = production rate is fundamentally different in events
where hadronization is primarily driven by jet fragmentation (0 < Rp < 0.5),
to events where hadronization is driven by the UE (2.5 < Ry < 5.0). The
intermediate Rt intervals demonstrate an evolution of this effect, where (0.5 <
Rt < 1.5) represents the "average” event®, where (Rt) ~ 1.

In contrast, the =-to-7 ratio measured in the Transverse region suggests that
there is no significant Rt dependence for =. Naively, one could find these results
incongruent with the observations seen in the Toward region, where there is

Not average minimum bias events, but events which satisfy p7**€ > 5.0GeV /c.
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a clear Rt dependence. The comparison between these two measurements is
crucial to understand the interplay between the UE and the hard scattering;
one has to keep in mind that hadrons in the Toward region are produced from
either a hard scattering or the UE, whereas the Transverse region consists of
hadrons almost entirely produced by UE. The Transverse region isolates the UE,
selecting essentially a single = production mechanism. In the context of MPIs,
one would expect the production rate to scale linearly with the size of the UE,
so that the ratios between different particles are constant. This is exactly what
is observed in the Transverse region, reinforcing this interpretation.

Furthermore, the Transverse and Toward regions converge, quantitatively, to
the same =-to-m values at large Rr. This implies that the relative contribution
from the hard-scattering to overall = production is relatively small, compared to
the contribution from the UE. For events with approximately half the average
UE volume (the lowest Ry interval is weighted toward the upper limit, c.f.,
Fig. 8.12), the hard process dominates, with a notably low Z-to-m production
rate. However, for UE that are approximately 2.5 times the nominal size, the
contributions from the UE appear to be completely dominant, seeing as the high
Rt values saturate toward the same limit for both the Toward and Transverse
regions, diluting the contribution from the hard processes. These findings are
in agreement with ALICE results that measure A production inside and outside
jets. It was found that the density of A baryons is larger outside-of-jets (the
UE), compared to production within the jet-cone, and the inclusive case [109].

Neither EPOS-LHC nor PYTHIA 8 can qualitatively describe the trends seen in
all regions. PYTHIA 8 is able to predict the low- RT measurement in the Toward
region. This is to be expected, given that PYTHIA should be able to accurately
describe the eTe~-like hard scattering. EPOS-LHC performs well in the Toward
region, qualitatively describing the interplay between the hard scattering and the
UE. However, EPOS-LHC predicts an Rp-dependence in the Transverse region
and overestimates the production rate for high- Rt events. This trend is funda-
mentally connected to the core-corona modeling for EPOS-LHC, where the core
drives both the UE and strangeness enhancement simultaneously. Therefore, a
larger UE will contain a larger fraction of core, and therefore a larger amount of
= production. While PYTHIA 8 is not quantitatively able to predict the ratios
in the Transverse region, it can qualitatively predict the observed independence
of RT.

The ¢-to-7 ratios are presented as a function of pr in Fig. 8.14, in Rt inter-
vals of [0-0.5), [0.5-1.5), [1.5-2.5) and [2.5-5.0], for the Toward region. Due to
statistical limitations, the particle extraction could not be performed in the
lowest (largest) Rt interval for the Toward (Away) region. The ¢-to-m ratios
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show similar behavior to the =-to-m ratios, with a strong Rp-dependence in
the Toward region, and no significant Rp-dependence in the Transverse region.
Notably, EPOS-LHC predicts the trends in the Transverse and Away regions,
but not the enhancement observed in the Toward region. Similar to the case
of =, ¢ production is dominated by contributions attributed to the UE, where
the Toward and Transverse regions approach the same limit at high-Rt. In the
context of R, the results suggest that ¢ has similar dynamics to multi-strange
particles. This is in contrast to the behavior which is observed for the SgTzl
analysis. The discrepancy between the two measurements is discussed more in
detail in Chapter 9.

The =Z-to-m region shows a significant suppression of relative = production, at
low-pr for high-Rt. Notably, this trend is also reinforced by both model pre-
dictions. Enhancement of ¢ production is also observed in the Away region for
low-pr, at lower Rp. A possible interpretation of this effect could be due to the
broadening of the Away jet, leading to particle tracks entering the Transverse
region. This is also supported by the reduced statistics for ¢ signal extraction
in the Away side for large Rr.
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Figure 8.13: The corrected ratio of =Z-to-m as a function of pr for different Rt selections, measured in the Towards

(top row), Transverse (center row), and Away (bottom row) regions. (Left column): The E-to-7 ratios
are presented over the fully measured R range, in four different intervals. (Right column): The Z-to-7
are presented in the two most extreme Rt intervals and are compared to predictions from PYTHIA 8 and
EPOS-LHC. Systematic uncertainties are represented by boxes and statistical uncertainties by vertical lines.
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Figure 8.14: The corrected ratio of ¢-to-m as a function of pp for different Rt selections, measured in the Towards
(top row), Transverse (center row), and Away (bottom row) regions. (Left column): The ¢-to-7 ratios are
presented over the fully measured Rt range, in four different intervals. Due to statistical constraints, yield
extraction could not be performed for the lowest (highest) Rt interval in the Transverse (Away) region.
(Right column): The ¢-to-m are presented in the two most extreme Rt intervals and are compared to
predictions from PYTHIA 8 and EPOS-LHC. Systematic uncertainties are represented by boxes and statistical
uncertainties by vertical lines.
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Figure 8.15: PYTHIA 8 simulation of K-to-7 ratios for the two most extreme R intervals.

8.6 Interpretation of Ratios, and Outlook

The results for both ¢ and = presented in Fig. 8.13 could potentially be mislead-
ing, if one extrapolates the trends for the integrated = baryon yield. The spectra
are currently not fully corrected. Therefore, accurate, integrated particle yields
for each Rt interval cannot yet be measured. It is important to keep in mind
that the pp-differential Z-to-m ratios are not ratios of yields, but rather ratios of
pr-spectra. Naively, one would expect that a constant enhancement of Z-to-,
across the entire pr range, naturally implies an enhancement of the total yield.
However, this is not necessarily the case, as most of the yield for each particle is
extracted from the pr-spectra at (pr). The (pr) is different for different particle
species, where the Rp-dependence of (pr) might also vary across particle species.

This can be exemplified using generated PYTHIA 8 events. The Kaon(K)-to-m
ratio at 0.0 < Rt < 0.5, presented in Fig. 8.15, is consistently enhanced, relative
to the equivalent ratio at 2.5 < Rt < 5.0, across the entire pt range. However,
the pr-integrated yield is in fact larger for high-Rt events: by integrating the
yield of Kaons and Pions, for both Rt intervals presented in Fig. 8.15, the
integrated ) K/ >  m for the low Ry interval equals 0.106057, while the integral
integrated yield for the higher Rt interval equals 0.116937.
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Therefore, one should take caution when extrapolating the pp-differential in-
terpretation to the pp-integrated yield. This also implies that fully corrected
spectra are required to fully exploit and understand the particle-production
dynamics relative to Rt. The next steps for this analysis will incorporate a
Bayesian unfolding, based on the technique described in Ref. [120]. This has
already been proven to work for Rt studies on the production of primary =, K, p,
reported in Ref. [19]. At the time of writing this thesis, the hope is that a similar
technique could be utilized to correct the Rp-differential pr spectra for both ¢
mesons and = baryons. The interplay between strange hadron production and
Rt might be re-evaluated once the corrected, integrated quantities are obtained.
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Chapter 9

Conclusions

This thesis presented ¢ and = production as functions of two new differential
observables, measured in pp collisions at /s =13 TeV, recorded by ALICE.
The main aim has been to provide new insights into the mechanisms of the
production and enhancement of strange hadrons. It has been demonstrated
that the Unweighted Transverse Spherocity SgTzl and the Relative Transverse
Activity Rt can be utilized as tools to vary the dominant mode of particle
production, via the even topology and the size of the UE, respectively.

This allows one to contrast events that are primarily dominated by hard, pQCD-
like processes, with events that are driven by softer (QGP-like), non-perturbative
QCD processes. Understanding the interplay between ¢ and Z production re-
lative to the aforementioned observables can shed light on the underlying pro-
duction mechanism of ¢ mesons: whether the ¢ mimics other strange particles,
or behaves like a non-strange particle. This can be used to discriminate between
thermal models (where the probability to produce ¢ is related to its total mass)
and QCD-inspired, string-like models (where the probability to produce ¢ is
related to the mass of the valance quarks).

One of the most important aspects of my work has been to ensure that the
measured results for both SgTzl and Rt can be directly compared to model
predictions. I developed the SgTzl observable, where a large amount of time was
invested in understanding the origin of the biases for weakly decaying/resonances
when measured as a function of the traditional Sg. Naively, the change from
So — SgTzl can come across as a rather rough, ad-hoc solution. However,
thorough checks were made to guarantee that SgTzl would remain qualitatively
sensitive to the physics probed by So, and the solution turned out to be a robust
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alternative. This can be observed both in the closure tests in Fig. 7.9 - 7.11, but
also through the data-driven charged-to-neutral kaon ratio, reported in Fig. 7.14.

Furthermore, the SgTZl analysis revealed that the observable has a varying
degree of sensitivity w.r.t the pseudorapidity region where the multiplicity is
evaluated. The dNg,/dn range between different SgTzl classes is broad when
estimating multiplicity at forward rapidities while maintaining a relatively ho-
mogenous (pr). In this sense, a SgTzl selection at forward multiplicities is
primarily driven by a trivial multiplicity bias. Moreover, it was found that a
midrapidity estimate of the multiplicity gave a much more narrow separation in
d Ny /dn between SgTzl classes, as well as large separations of (pr). A midrapid-
ity estimate of the multiplicity, in tandem with a SgTzl selection, is optimal for
separating events based on their hardness. This conclusion is supported by the
dynamics demonstrated in Fig. 7.13, as well as in the double-ratios presented in
Sec. 7.5.4.

A more traditional view of a pp collision could suggest that high-multiplicity
events are dominated by multi-jet final states, where particle production is
primarily driven by hard processes. Moreover, QGP-like effects were origin-
ally assumed to be very rare features of high-multiplicity events, and the idea
was to isolate and study these effects in events with an extreme isotropic dis-
tribution of particles. However, the results presented in this thesis seem to
indicate that these underlying assumptions are not correct. Isotropic events
seem to give an almost perfect description of average, high-multiplicity events,
suggesting that high-multiplicity events are quite homogenous and QGP-like ef-
fects are the norm, whereas the jetty event class can isolate the seemingly rare,
non-QGP-like effects. Furthermore, the presented results suggest that = and
¢ are primarily produced in events characterized by soft physics, and heavily
suppressed in events driven by hard, pQCD physics. This claim is strongly sup-
ported by the double-ratios, both in Sec. 7.5.2 and Sec. 7.5.4, but also by the
integrated = yield as a function of SgTzl, presented in Fig. 7.24. While the ¢
meson does not show a significant modification in the isotropic event class, there
is a clear, pp-differential suppression of ¢ mesons in the jetty events, w.r.t to a
midrapidity multiplicity estimation, highlighted in both Fig. 7.21 and Fig. 7.28.

The results from the R analysis suggest the particle-production dynamics of
strange particles are very different, based on the underlying physics processes.
The preliminary study indicates that strangeness production is a property of the
underlying event, and the relative contributions from hard, pQCD physics seem
to be small. This can be seen by comparing the Rt-dependence in the Toward
region, highlighted in both Fig. 8.13 and Fig. 8.14, for E and ¢ production,
respectively. Furthermore, the production of strange hadrons does not scale
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exponentially with the UE, demonstrated by the non-sensitivity of Rt in the
Transverse region.

SgTzl Rt

-:-_to_n_ Enhancement in Isotropic  Significant R
b Suppression in Jetty dependence in
Towards
t No Significant Significant Ry
q)' O-TT Suppression/ dependence in
Enhancement Towards

. - . . pr=1 .
Figure 9.1: Summary of the ¢ and = results between the unweighted transverse spherocity SST and the relative
transverse activity Rr.

The role of the ¢ meson is puzzling. when comparing the Rt and SgTzl analyses
w.r.t to the = meson. One should note that the two observables develop in
tandem, even though they are defined by different means!. A larger Rt will
produce a larger UE, which on average will make the azimuthal topology more
isotropic. Likewise, an event with zero Nt will have all particles produced in the
Toward/Away regions, which will have a di-jet topology in the azimuth. The
production of = baryons between the two observables is self-consistent; One
can see a suppression of = production for both low-Rt events in the Toward
region, and for jetty events, while also enhancing the production in high- Rt and
isotropic events (demonstrated in Fig. 8.13 and Fig. 7.24). The same does not
apply for ¢, summarized in Fig. 9.1: One can observe a Rp-dependence similar to
that of = (c.f., Fig. 8.14), but there is no apparent modification of ¢ production
in isotropic events (c.f., Fig. 7.21), with a slight pp-differential suppression in the
0-1% most jetty events (highlighted in Fig. 7.28). This discrepancy is currently
not well understood and requires further studies. This analysis would greatly
benefit from increased statistics, allowing the integrated yield of ¢ mesons to be
measured in a 0-1% high-multiplicity and SgTzl event selection.

! Although caveats still apply. While correlated (events with pi®™® > 5.0GeV/c are
weighted towards higher multiplicities), the underlying reference samples are different, and
therefore one is not able to perform a direct, quantitative comparison.
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Overall, the results presented in this thesis indicate that soft, non-perturbative
QCD physics is not a rare phenomenon in high-multiplicity pp collisions, but
rather the norm. Both Rt and SgTzl indicate that strangeness production is
favored in events dominated by soft processes. The EPOS-LHC model seems
to qualitatively describe the relative production of ¢ in most Rt measurements
but overpredicts the strangeness enhancement in the core. The PYTHIA Rope
model can qualitatively predict the particle dynamics for the SgTzl measure-
ments, while the "cluster hadronization” model in Herwig 7.2 seems to be in-
compatible with the measurements presented in this thesis.
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Chapter 10

Appendix A: Invariant Mass
DisErl'ibutions and Fits for the
SZ(?)T_ Analysis.

This chapter contains all the invariant mass distributions of peak fits for the
SgTzl analysis, presented in Ch. 7. The distributions are presented for VOM:0-
1%, in SgTzl percentiles of 10%. This selection gives a good representation of
the different peak shapes. All configurations and variations that are presented
in the Thesis are not included, to ensure a reasonable size of this Appendix.
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10.2 Invariant Mass Peak Fits
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10.2.2 Jetty Events, VOM: 0-10% + S&'~' 0-1%
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10.2.3 Isotropic Events, VOM:
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Chapter 11

Appendix B: Geometrical Cut
for the RT Analysis

The R utilizes a "Geometrical Cut”, for identifying the leading particle. This
selection is required to reject reconstructed tracks, with a sufficient amount of
crossed-rows, but large gaps in tracking, due to the sector gaps. The reconstruc-
ted tracks that align with the sector gaps will have bad momentum resolution,
and can potentially create a "fake” R trigger, where a low-pr leading particle
is reconstructed as if it had pI}eadmg > 5GeV/c. The underlying motivation
for this cut is discussed in detail in Sec. 8.2, and the technical details of the
implementation of this cut are discussed in the following.

During simulation studies, it was found that there was a significant, pp-dependent
discrepancy, between the reconstructed pr and generated pr for a large amount

of reconstructed p%ﬁeading. Figure 11.1 highlights the difference in pt between
reconstructed and generated tracks, as a function of plfeadmg. Here, one can

note that there is a large portion of reconstructed Rr triggers with p%eadi“g

> 5GeV /¢, with no associated generated particles > 5GeV /c.
The particle tracks at the very edge of the sector gaps are removed by imposing
a pr-differential cut, where we use the azimuthal angle ¢ of each track to require:
o If the magnetic field B< 0, or the charge Q< 0, rotate the azimuthal frame
such that ¢ = 27— ¢.

o Align the azimuthal angle with the sector gap, such that ¢ = ¢ + 7/18.
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Figure 11.1: Demonstration of the large number of leading particle triggers that are reconstructed with an incorrect mo-
mentum. The leading particle tracks are generated in PYTHIA and reconstructed after propagation through

a GEANT3 simulation of ALICE. The y—axis shows the difference between the "real” (generated) and recon-

structed momentum, plotted against the true p,Ifeadi"g value on the = —axis.

e Then, tracks are rejected inside the boundary of:
(0.10/pr + /18 — 0.025) <¢ < (0.12/pp + 7/18 4+ 0.035)
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An implementation of the geometrical cut is presented in Fig. 11.2, presenting
the azimuthal ¢ angle, rotated to align with the sector gap, before and after the
geometrical cut is applied.

This Thesis
PYTHIA 8 Simulation, pp @ Vs = 13 TeV

r =
el e]
© ©
= =
03 03
[o0] o0}
— —
E E
+ +
S S
0.2 0.2

0.1] 0.1]

0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
P, [GeVic] P, [GeVic]

Figure 11.2: The ¢ distribution, rotated to align with the sector gap, before (left panel) and after (right panel) the
geometrical cut is applied.

The lower panel of Fig. 11.3 presents the reconstructed momentum resolution
of the leading track as a function of azimuthal angle ¢. The figure clearly il-
lustrates that there is a significant loss of momentum resolution near the TPC
sector gaps. These badly reconstructed tracks constitute approximately 3.5% of
all accepted p%eadmg > 5GeV /c. After applying the geometrical cut, the number
of incorrectly reconstructed triggers is drastically reduced. This is demonstrated
in the upper panel of Fig.11.3, which presents the same difference in reconstruc-
ted and generated momentum resolution as a function of azimuthal angle ¢ after
a geometrical cut is applied. The tracks with poor momentum resolution previ-
ously present along the sector gaps are now removed, and there is no systemic
pattern in loss of resolution. The contamination from the poorly reconstructed
prfeadmg > 5GeV/c is thereby reduced from 3.5% to 1.2%, after implementing
the geometrical cut.
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Figure 11.3: The difference in momentum between generated and reconstructed leading charged particle tracks, presented
as a function of the azimuthal angle, before (lower panel) and after (upper panel) a geometrical cut is
implemented
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Chapter 12

Appendix C: Systematic
Uncertainties and
Roger-Barlow Checks for ¢

Meson Analysis

This chapter contains all the checks that ensure that each source of systematic
uncertainty for the estimation of ¢ meson yield is significant (referred to here
as “Roger-Barlow Tests”). Furthermore, this chapter also reports the system-
atic uncertainty for the subgroups, described in Sec. 7.4.1. One should note
that, unless it is a clear fluctuation, the absolute number is taken as systematic
uncertainty in each pr bin.
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Uncertainty Due to Residual for PID variations
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Uncertainty Due to Vertex Variation
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12.2 Jetty Events (VOM:0-10%, S5~ 0-10%)
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Uncertainty Due to Residual for PID variations
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Uncertainty Due to Vertex Variation
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12.3 Isotropic Events (VOM:0-10%, S5~ 90-100%)
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Uncertainty Due to Residual Background Function
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Uncertainty Due to Residual for PID variations
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Uncertainty Due to Vertex Variation
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