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Zusammenfassung

Die am Large Hadron Collider (LHC) durchgefiihrten ultrarelativistischen Schwerio-
nenkollisionen koénnen so hohe Temperaturen erreichen, dass ein neuer Materiezustand
beobachtet werden kann - das Quark-Gluon Plasma (QGP). Dieser stark wechselwirk-
ende Zustand herrschte im frithen Universums fiir einige (wenige) Mikrosekunden nach
dem Urknall vor. In diesem Zusammenhang spielt das Verstandnis der Eigenschaften
des QGPs eine Schliisselrolle in der Vertiefung unseres Wissens iiber dessen spétere
Entwicklung. Um die Eigenschaften des QGP oder heiler Kernmaterie generell zu er-
forschen, sind jedoch Referenzmessungen in kleinen Kollisionssystemen erforderlich, um
die Teilchenproduktion und deren Eigenschaften im Vakuum oder in Gegenwart kalter
Kernmaterie zu bestimmen. Am LHC werden hierzu tiblicherweise Proton-Proton- (pp)
oder Proton-Blei- (p—Pb) Kollisionen herangezogen. In den letzten Jahren wurden je-
doch bestimmte Merkmale in diesen Kollisionen beobachtet, die urspringlich dem QGP
zugeschrieben wurden und unser Verstiandnis von Schwerionenkollisionen zum Teil in
Frage stellen. Vertiefende Studien sind daher erforderlich, um die Datenlage zu klaren.

Dielektronen (e*e™), d.h. korrelierte Elektron-Positron-Paare, stellen in dieser Hin-
sicht ein ausgezeichnetes Werkzeug dar, da sie keine Farbladung besitzen und nicht
mit dem QGP wechselwirken. Weil Dielektronen den Kollisionsbereich deshalb im
Wesentlichen unverandert verlassen, stellt die Messung ihrer Produktionsrate eine Meth-
ode dar, um die Eigenschaften des gesamten Systems unmittelbar zu untersuchen. Dariiber
hinaus enthélt das invariante Massenspektrum der Dielektronen viele verschiedene Quellen
von ete -Paaren, die zu unterschiedlichen Zeiten im Kollisionsprozess erzeugt werden.
Eine Messung dieser diversen Quellen erlaubt daher die Messung des zeitlichen Verlaufs
des Kollisionssystems.

Diese Arbeit prasentiert die erste Analyse von Dielektronen bei niedriger invarianter
Masse in p-Pb Kollisionen bei einer Schwerpunktsenergie /sy = 5.02 TeV gemessen mit
dem ALICE Detektor. Elektronen und Positronen werden in Pseudorapiditat |n| < 0.8
und Transversalimpuls 0.2 < pr < 10 GeV/c selektiert und die Ergebnisse werden fiir

die invariante Masse 0 < me. < 3.5 GeV/ ¢ und den Paartransversalimpuls 0 < DTee <
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8 GeV/c gezeigt. Das gemessene ete -Spektrum wird mit einem sogenannten Cock-
tail aller bekannten hadronischen ete™-Quellen verglichen. Dieser Cocktail wird aus
gemessenen Wirkungsquerschnitten der Teilchen in anderen Zerfallskanéilen konstruiert,
wobei die Beitrdge semileptonischer Zerfélle von Hadronen mit schweren Quarks (Charm
und Beauty) anhand der Ereignisgeneratoren POWHEG und PYTHIA 6.4 berechnet
werden. Die simulierte Produktionsrate dieser semileptonischen Zerfalle wird auf den
im Dielektronenkanal gemessenen Wirkungsquerschnitt in pp Kollisionen bei gleicher
Schwerpunktenergie sowie auf die Atommassenzahl (A) des Bleikerns (A = 208) skaliert.
Die Daten stimmen mit dem hadronischen Cocktail innerhalb der Unsicherheiten dieses
Modells iiberein. Die Daten werden ebenfalls mit zwei zusatzlichen Modellen verglichen.
Ersteres enthélt thermisch erzeugte Dielektronen, die das Vorhandensein eines heiflen
Mediums anzeigen. In zweiterem wird die Charm-Produktionsrate aufgrund der Gegen-
wart des Bleikerns unterdriickt (einer der Effekte von kalter Kernmaterie). Keines der
beiden Modelle kann angesichts der aktuell zu groflen Ungenauigkeiten ausgeschlossen
werden. Da eTe -Messungen bei derselben Schwerpunktsenergie verfiigbar sind, wird
der nukleare Modifikationsfaktor (Rp,pp) als Funktion von me. und pre. analysiert. Im
gesamten untersuchten Bereich stimmen die Daten innerhalb der Modellunsicherheiten

mit dem hadronischen Cocktail sowie mit den beiden zusitzlichen Modellen tiberein.

ii


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
10
edge

b

now!

i
r

Abstract

Ultrarelativistic heavy-ion collisions performed at the Large Hadron Collider (LHC) are
thought to reach such high temperatures that a new state of matter known as a quark—
gluon plasma (QGP) is created. This state of strongly interacting matter is predicted
to have dominated the early Universe a few microseconds after the Big Bang and under-
standing its properties is crucial for understanding its subsequent evolution. However,
in order to understand heavy-ion collisions reference measurements in so-called small
systems, at the LHC typically proton-proton (pp) and proton-lead (p—PDb) collisions, are
required. Measurements in pp collisions represent the so-called baseline or vacuum mea-
surements where the particle production rates in a vacuum can be determined. Whereas
measurements in p—Pb collisions act as an intermediary which are used to determine
any modifications to the particle production rates that arise from cold nuclear matter
(CNM) effects, in contrast to hot matter effects originating from the QGP. In recent
years, signatures that were originally attributed to the QGP have been observed in
small system collisions, further complicating the current picture of heavy-ion collisions.
Deeper studies into these small systems are now required to clear up the situation.

An excellent probe for this task are pairs of particles produced in these collisions called
dielectrons (eTe™) which constitute a correlated electron/positron pair. As electrons and
positrons are leptons, they lack any colour charge and therefore do not interact with the
QGP. As they are able to leave the collision area essentially unaffected, measuring their
production rates can provide a direct method to measure the properties of the system
itself. Furthermore, as the dielectron invariant mass spectrum contains many differing
sources of ete™ pairs which are produced at differing times of the collision process,
measuring the different sources provides us with an overview of the evolution of the
system from the initial collision to the final stage where the produced particles freely fly
away from the collision point.

This thesis presents the first analysis of low-mass dielectrons in p—Pb collisions at
a centre-of-mass energy /sxy = 5.02 TeV measured with the ALICE detector. The
analysis is performed over the ranges 0 < me < 3.5GeV/c? and 0 < Pree < 8GeV/c

1ii


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
lio
nowledge

b

i
r

with the fiducial selection criteria || < 0.8 and 0.2 < pr < 10 GeV/c. The measured

ete” spectrum is compared to a hadronic cocktail of known e*e™ sources. The cocktail
is constructed from measured cross sections of the constituent decays in other channels
with the contributions from open-heavy flavour semi-leptonic decays calculated with two
event generators: POWHEG and PYTHIA 6.4. The simulated heavy-flavour templates
are scaled to the cross sections measured in the dielectron channel in pp collisions at
the same centre-of-mass energy and scaled by the atomic mass number (A) of the Pb
ion (A = 208). The data are in good agreement with the hadronic cocktail within
uncertainties. The data are also compared to two additional models which incorporate
thermally produced dielectrons which would indicate the presence of a hot medium, or
a potential suppression of the charm production rate due to the presence of the Pb ion
(a potential CNM effect). Neither model can be ruled out given the current precision.
As ete” measurements were available at the same centre-of-mass energy, the nuclear
modification factor (Rppp) was also analysed as a function of me. and pre.. Over the
entire investigated range the data are in agreement with the hadronic cocktail within

the uncertainties, as well as with the two additional models.

v
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1 Introduction

The cosmological model known as the Big Bang describes the evolution of our Uni-
verse [1]. The model predicts that at around 13.8 billion years ago our Universe was
contained in a single point which then began to rapidly expand. After a few microsec-
onds, the temperature remained too high for the quarks and gluons, the elementary
particles that make up all visible matter, to form hadrons as we see them confined in to-
day, rather they existed in an unbound state known as the quark—gluon plasma (QGP).
To accurately model the evolution of our Universe, this phase of matter must be un-
derstood. Additionally, while the recently experimentally confirmed Higg’s field is often
touted as being responsible for the mass of the Universe, it only generates around 2%
of the mass of the visible Universe, with the rest being dynamically generated by the
strong force [2]. However, due to a phenomenon known as confinement, which stipulates
that quarks and gluons are confined to hadrons at everyday temperatures and pressures,
studying the strong force at large distances is very challenging. Examples like these,
along with many more from cosmology, astrophysics and nuclear physics, motivate the
research field of high energy collider physics, in particular the use of heavy-ion collisions.

Currently, the highest energy particle collisions are performed at the large hadron
collider (LHC) at CERN (Conseil européen pour la recherche nucléaire) near Geneva,
Switzerland. Of the four large detectors in operation at the LHC, the ALICE (A Large
Ion Collider Experiment) detector [3,4] was specifically designed to measure heavy-ion
collisions. The energies and densities reached in these collisions are high enough that
confinement is no longer observed by the strong force and a QGP is created which can
be studied in a laboratory setting. An incredibly promising probe of these collisions
are dielectrons (ete™) which consist of a correlated electron-positron pair created during
the collision. Since electrons' do not interact strongly, they are able to leave any QGP
created during the collisions with minor interactions. And, as eTe™ pairs are produced

throughout the entirety of the collision, measuring their production rates over the course

IThe term electron is used interchangeably with positron throughout this thesis unless otherwise
specified.
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1 Introduction

of the collision can help us map aspects (e.g., temperature) of the evolution of the system
itself.

This thesis presents the first eTe™ analysis of p-Pb collisions at /syy = 5.02 TeV
which were recorded in 2016 with the ALICE detector. Dielectron production is analysed
as a function of invariant mass (me.) and pair-transverse momentum (pre.) at midra-
pidity (|n| < 0.8) with a minimum transverse momentum restriction of pr > 0.2 GeV/¢
over the range me, < 3.5 GeV/c? and pre. < 8 GeV/c.

The thesis is organised as follows. This chapter contains an overview of the Standard
Model (SM), Quantum Chromodynamics (QCD) and the basics of heavy-ion collisions
(HICs). Chapter 2 covers the different sources of dielectrons. In Chapter 3 the ALICE
detector is outlined. The analysis of eTe™ production is presented in Chapter 4, with
Section 4.6 detailing the method to generate the so-called hadronic cocktail (a simulation
of all expected hadronic sources). In Chapter 5 the results of this analysis are presented.

Lastly, the summary and outlook is given in Chapter 6.

1.1 The Standard Model

The SM of particle physics is a quantum field theory with a local SU(3) x SU(2) x U(1)
gauge symmetry which describes how three of the four known fundamental forces interact
with the known elementary particles [5]. The elementary particles described by the SM
can be sorted into two groups. The matter particles, of which a subset make up the visible
universe, come in three generations of quarks and leptons, coloured purple and green in
Fig. 1.1, respectively, and are collectively labelled fermions which have half-integer spin
values and therefore obey the Pauli exclusion principle [6]. The forces described by the
SM are mediated by the force-carriers labelled bosons, coloured red in Fig. 1.1, and have
integer spin values and are therefore not constrained by the Pauli-exclusion principle.
The bosons and corresponding forces are as follows: the photon (7) is the mediator of
the electromagnetic (EM) force which governs interactions between electrically charged
particles, the gluon (g) mediates the strong force which is responsible for binding quarks
into hadrons and hadrons into into atomic nuclei, and finally the Z and W= bosons are
responsible for the weak force which facilitates S-decay as well as interactions involving
neutrinos. The strong force has a range of ~ 10> m and at this range is ~137 times
stronger than electromagnetism, and 10° times stronger than the weak interaction. The
SM also includes the Higgs boson (H), which in contrast to the other gauge bosons is a
scalar particle, and contributes to the SM by partially facilitating the generation of the
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masses of the elementary particles [7-9].

Standard Model of Elementary Particles

three generations of matter interactions / force carriers

(fermions) (bosons)
| Il ]
mass = =2.2 MeV/c? =1.28 GeV/c? =173.1 GeV/c? 0 =124.97 GeV/c?
charge | % 27 %4 0 0
spin | %2 U g 171 C 171 t w 0 H
up W charm J top J % gluon higgs
=47 MeV/c? =96 MeV/c? =4.18 GeV/c? D
-4 -4 -1 0 3
down | strange | bottom J l photon
=0.511 MeV/c? =105.66 MeV/c? =1.7768 GeV/c? =91.19 GeV/c? m
-1 e <Al il "[ 0 -
¥ ¥ ¥ 1\ E P~
| z | 5
electron muon tau H Z boson g 2
% — - w (@)
2] 07
Z <1.0 eV/c? <0.17 MeV/c? <18.2 MeV/c? =80.39 GeV/c? | LM O
O |o 0 0 +1 o
= Ve v, VH v Vt 1 @ %
o -
TT] electron muon tau <O
! [_ neutrino J{ neutrino J{ neutrino W boson (O] §

Figure 1.1: Overview of the standard model of particles physics, consisting of
12 fermions and five bosons [10]. The loops indicate which bosons (red) interact
with which quarks (purple) and/or leptons (green).

1.2 Quantum Chromodynamics

The underlying dynamics of the strong interaction can be described by a quantum field
theory known as Quantum Chromodynamics (QCD). QCD is a non-abelian gauge theory,
due to gluon self-interactions, and is the SU(3) component of the SU(3) x SU(2) x U(1)
symmetry group governing the SM. QCD describes the interactions between coloured
quarks and gluons, where colour is the QCD analog to electric charge in Quantum
Electrodynamics (QED), with the possible charges labelled green, red and blue. The
gauge invariant QCD Lagrangian (Lqcp), expressed using Einstein notation, is written
as [5]
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1 Introduction

-, 1 ,
Laco = Y Yga (17" 0udas — 957 1AL — mban) s — 1 G G (1.1)
q

The 1, , represents the quark-field spinors for a given quark of flavour ¢ and mass
mg, where the colour-index goes from a = 1 to IV, = 3, and the «* represents the Dirac
~v-matrices. The Aff corresponds to the gluon fields where C ranges from 1 to N2—1 = 8.
The eight generators of the SU(3) group are represented by t$,, and the QCD coupling
is represented by gs. Lastly, the gauge invariant gluon field tensor represented by G4,

which is the QCD analogue of the QED field strength tensor F),,, is defined as

G, = A, — GVAZ + gszBcAfAf, (1.2)

where fapc are the structure constants of SU(3). The last term in the equation
indicates the self interacting nature of gluons and thus the non-abelian nature of QCD.

Unlike fermions and the electroweak gauge bosons, quarks and gluons are not observed
as free particles. Rather, quarks are found in colour-singlet (colourless) bound states
known as hadrons, typically as baryons (three quarks) or mesons (quark-antiquark).
This experimentally observed phenomenon, known as colour confinement [11], can be
thought of as if the gluon field between quarks form a thin flux tube which due to the
non-abelian nature of QCD causes the strong force to remain constant per unit distance
between the quarks regardless of their total separation (in contrast to QED). This means
if two quarks are separated far enough from each other, it will at some point become
energetically favourable to produce a new quark-antiquark pair than to further increase
the distance between the original quarks.

Another defining feature of QCD is the so-called asymptotic freedom [12] which is
another property that contrasts QED and QCD. In QED at low energies the electro-
magnetic coupling (agy) is finite (agym &= 1/137), however as the energy increases apy
becomes strongly coupled and eventually runs off to infinity at the Landau pole. In
QCD, however, asymptotic freedom results in the interactions between particles becom-
ing weaker the higher the energy scale, or the closer the distance between the particles.
As a result, the QCD coupling (as(Q?)) can be written as

(@%) ~ 1 13
4 BoIn(5£—)’ (1.3)

QCD

2
O‘S(QQ) —

where () is the momentum transfer of the interaction, 3y a constant, and Aqcp the

QCD scale parameter [5]. This effect can be thought of as an anti-screening of the colour
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1.2 Quantum Chromodynamics

charge by the surrounding gluons, which at higher energies or closer distances means
the colour charge will decrease. In Fig. 1.2, a collection of measurements of the ay(Q?)
are plotted as a function of ) along with the corresponding order of the perturbation
calculation used. As @ — 0 the a,(Q?) rapidly approaches 1 and enters a regime where
perturbative expansions are no longer valid. In this non-pertubative regime, different
methods are required. A popular and promising approach to this problem is known as
lattice QCD (LQCD) [13,14]. LQCD is a discrete gauge theory devised on a lattice of
space points which represent the quark fields with spacing a away from each other and
the connections between the points representing the gluon fields. Calculations are done
at finite lattice spacing and then extrapolated to a = 0 where the QCD continuum is

recovered.

April 2016

T decays (N3LO)
DIS jets (NLO)
Heavy Quarkonia (NLO)

e'e jets & shapes (res. NNLO)
e.w. precision fits (NNNLO)
pp —> jets (NLO)

pp —> tt (NNLO)

oy(Q*)

0.3}

4 9 © O 0D «

011

QCD 0(M,) = 0.1181 + 0.0011
' 100 1000

" Q[Gev]

Figure 1.2: Summary of as(Q?) measurements as a function of the energy
scale Q [5]. The order of QCD perturbation theory used to extract the ag(Q?)
is indicated in brackets.

QCD Phase Diagram

As a result of asymptotic freedom, at high enough temperatures or densities a system
of quarks and gluons is predicted to exist as a quark—gluon plasma (QGP) where the
quarks and gluons are no longer confined by the strong force and become the relevant
degrees of freedom for the system [15,16]. When entering this phase the partons? are

said to undergo deconfinement. Analogously to the phase diagram for H,O, a phase

2A parton is any of the constituent particles in a hadron, such as a quark or a gluon
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1 Introduction

diagram for strongly interacting matter can also be constructed. In Fig. 1.3, a qualitative
representation of the QCD phase diagram is presented as a function of net baryon

density® (up) and temperature (T).

Temperature T [MeV]

Nuclei Net Baryon Density

Figure 1.3: Schematic of the QCD phase diagram represented as a function of
temperature and net baryon density normalised to nuclear matter density [17].

The lower left quadrant shown in white represents the region where confinement still
applies and hadronic (bound) matter exists. Along the x-axis the label "Nuclei” corre-
sponds to T'~ 0 K and up ~ 940 MeV which represents normal nuclear densities.

Outside of the hadronic region, deconfinement of the quarks and gluons can occur
by increasing the temperature and/or the net baryon density. At low temperatures
and high baryon density, the matter will begin to form a degenerate neutron gas, as
is predicted in neutron stars. As the net baryon density further increases it begins
to overcome the repulsive force between the degenerate neutrons, with the distance
between the neutrons becoming so small that a degenerate gas of free quarks is formed.
At even higher densities a colour superconducting phase is predicted [18]. Conversely,
at up ~ 0 and high temperatures, as predicted in the early moments of the universe,
the quarks and gluons become so energetic that they no longer interact (as predicted

by asymptotic freedom). As this occurs, the quarks and gluons become the relevant

3Net baryon density (up) quantifies the number of protons and neutrons minus the number antiprotons
and antineutrons. Commonly in thermodynamics the pp will be represented by the baryochemical
potential, which increases with up.
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1.2 Quantum Chromodynamics

degrees of freedom for the system and a QGP is created. According to LQCD, the
pseudocritical temperature for deconfinement (7¢) given up = 0 is predicted to be T
~ 151 MeV with the crossover between the phases a smooth transition [19]. As the
net baryon density increases, the transition between the phases is expected to become a
first-order transition, which implies the existence of a critical point. Both the order of
the phase transition, as well as the existence of a critical point are still experimentally
unknown. As a result, one of the primary goals of high energy nuclear physics is the

investigation of the QCD phase diagram and its structure.

Chiral Symmetry

The fermion fields described in QCD can undergo two global transformations known as

vector (Ay) and azial vector (A,) transformations which are defined as

Ay 11p — e 5% and Ay o) — e 539, (1.4)

where 1) is now expressed in isospin notation (¢ = (u, d)), T is a vector of Pauli isospin-
matrices, © corresponds to the angle of rotation, and 75 is the fifth Dirac matrix [20].
As the 75 matrix rotates the chirality® of the particle, the axial-vector transformation
is often known as a chiral transformation. Under the condition that the quark masses
are zero, the Lagrangian would be invariant under either transformation, and both the
vector current and axial vector current would be conserved quantities with the system
being said to be chirally symmetric. However, as the quarks have non-zero masses,
the axial-vector term is no longer invariant and the chiral symmetry of the system is
explicitly broken. In the light fermion sector (u, d and s quarks) this symmetry is said
to be approximately conserved due to the quarks very light masses relative to the QCD
energy scale (Aqep =~ 300 MeV), whereas for the heavy quarks (¢, b and t) their masses
are too large to be able to assume the dynamics can be treated as small perturbations
from the symmetric case [21].

The vector mesons have associated chiral partners which are defined by the axial-

vector transformation. For example, the p° and a; vector mesons

/0_;; = ?LFWM a?u = %Z_’FW%% (15)

4Chirality defines objects which are the mirror image of each other and cannot be superimposed onto
one another. Closely related is helicity which is defined as the projection of the spin onto the
momentum vector. In the case of massless particles, the helicity and chirality are the same.
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1 Introduction

are chiral partners which can be rotated into each other via the axial-vector transfor-

mation

Aapr, = pr+ © X aiy. (1.6)

Naively, one expects such a connection to imply that the chiral partners have the
same eigenvalues, that is the same mass. However, when the masses of chiral partners
are measured, for example m o = 770 MeV /c? and m,, = 1260 MeV/c? [5], the difference
in masses is far larger than expected from the small non-zero quark masses and cannot be
explained with explicit chiral symmetry breaking alone [21]. The observed difference can
be explained via a so-called spontaneous breaking of the chiral symmetry. Spontaneous
symmetry breaking occurs when the ground or vacuum state is not invariant under
a symmetry group of transformations, but the Lagrangian is. The chiral condensate
(|(2))]) acts like an order parameter for the spontaneous breaking of chiral symmetry
and has a non-zero vacuum expectation value. At high enough temperatures and/or
net baryon densities the |(¢1))] is expected to melt away (|(¢1))| — 0) and the system’s
chiral symmetry is no longer spontaneously broken. This can be imagined analogously
to the magnetisation of a ferromagnet where below the Curie temperature the material
is spontaneously magnetised in a random direction due to an ordering of the magnetic
moments, however once the Curie temperature is reached the material undergoes a phase
transition where the atoms are no longer ordered and the magnetisation disappears. The
|()1))|, calculated within the SU(3) Nambu and Jona-Lasinio model [22], is shown in
Fig. 1.4 as a function of temperature and nuclear density along with the different regions
that are probed by some common experiments [23]. In the chirally restored phase, chiral
partners like the p® and a; mesons would become degenerate [24]. This is explicitly shown
in Fig. 1.5 where the vector and axial-vector spectral functions, with contributions from
the ground states (p° and a; peaks), the first excited states (p’ and a) and a chirally
invariant (i.e., identical) continuum, are presented at a range of temperatures [25]. In
the vacuum the peaks of the spectral functions (i.e., the masses of the ground state
chiral partners) are not aligned due to the broken chiral symmetry. As the temperature
is increased, the vector spectral function peak begins to broaden at the same time as
the peak slightly drops. The axial-vector spectral function peak drops significantly as
the temperature increases until the chiral restoration temperature Tepia &~ 159 MeV [26]
is reached, at which point both peaks are aligned indicating a degeneracy in the chiral

partner’s masses due to the restoration of chiral symmetry.
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1.2 Quantum Chromodynamics

Figure 1.4: The expected value of the quark condensate (|{(y))|) plotted as a
function of temperature and nuclear density [23] calculated using the Nambu
and Jona-Lasinio model [22], along with the different regions that are probed by
a selection of experiments.

0.08 Vacuum T=100 MeV T=140 MeV
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Figure 1.5: Finite-temperature vector (black) and azial-vector (red) spectral
functions presented for a range of increasing temperatures [25]. The spectral
functions contain contributions from the ground states (p° and ay peaks), the
first excited states (p' and a') and a chirally invariant (i.e., identical) contin-
wum. The z-azis (s(GeV?)) represents the mass.
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1 Introduction

1.3 Heavy-lon Collisions

Heavy-ion collisions at ultra-relativistic energies® allow us to study the effect of extreme
temperatures and densities on nuclear matter in a laboratory setting. The current
understanding of the stages of a HIC is represented in Fig. 1.6 where the left and right
sides of the plot depict a HIC with and without the creation of a QGP. The evolution

of a HIC which reaches T, will now be outlined.

Hydrodynamic
Evolution Pre-Equilibrium
Phase (< 1)
a) without QGF//N b) with QGP z
A B

Figure 1.6: Space-time diagram depicting a relativistic heavy-ion collision with
(right) and without (left) the creation of a QGP.

To begin, the ions (typically Pb—Pb at the LHC) are accelerated to velocities nearing
the speed of light and, due to the Lorentz contraction, are compressed along the direction
of travel appearing as pancake-like objects. During the initial collision the partons
undergo hard scattering processes while the ions cross paths. Immediately after the
collision a pre-equilibrium phase is predicted where the produced particles interact with
each other and the system begins to thermalise until a local equilibrium is potentially

reached, and if T, was reached a QGP is formed. The hot and dense system then rapidly

5The energy of a particle is calculated with E? = m2c? +p2c?. A particle is said to be ultrarelativistic

when pc > mc? at which point the energy can be reasonably approximated with E = pe.
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1.3 Heavy-Ion Collisions

expands into the vacuum due to the significant pressure gradient, which at this point
can be described with relativistic hydrodynamics, and as a result begins to cool down.
Once the system has cooled down to T., hadronisation occurs where the quarks and
gluons become confined into hadrons and mesons. The system continues to expand until
the chemical freeze-out temperature (Ty,) is reached where inelastic collisions between
the hadrons stop, and the relative abundances of the particle species no longer change
outside of the expected hadronic decays. Following this, the gas of interacting hadrons
continues to expand until the kinematic freeze-out temperature (73,) is reached where
the mean free path length between the hadrons is larger than the size of the system. At
this point the hadrons are free to leave the system without further alterations to their

kinematics.

Participants

before collision after collision

Figure 1.7: Representation of two colliding nuclei in a relativistic heavy-ion
collision [27]. The incoming nuclei are offset by the impact parameter (b) which
defines the level of overlap. The partons in the overlap zone take part in the
collision are labelled participants (Npa) and those that are outside this region
are labelled spectators.

A central property of a HIC is the geometry of the system and how to characterise
it. A pictorial representation of a HIC is shown in Fig. 1.7. The impact parameter (b)
defines the overlap region between the two incoming nuclei. As the overlap between the
two increases, the number of participating nucleons (Npat) and the number of inelastic
nucleon-nucleon collisions, often called binary collisions (N ), increases. However, as
these quantities are not directly observable, it is necessary to characterise the result-
ing events via their centrality (measured in percentiles) which can be inferred from the
collisions charged particle multiplicity (Ng,) under the assumption that the multiplicity

increases monotonically with b. Techniques that try to model this are referred to as

11
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"Glauber Models” with MC Glauber modelling [28] now the most common approach.
To relate the Glauber model to experimental data, measured distributions, for example
the number of events as a function of charged-particle multiplicity (dNey/dNey), are
mapped to the corresponding calculated distributions which start from Glauber calcu-
lations to determine N, and N and then the particle production from each collision
is determined by sampling from a negative binomial distribution which is determined
via a fit to data [29,30]. Average values within each centrality class for the data and
simulated distributions are then compared and the Glauber model can be related to a
physical observable. This is shown in Fig. 1.8 where the measured cross section as a
function of Ny, (do/dNg,) is decomposed into centrality classes which are then mapped
to the initial overlap of the colliding nuclei. For example, collisions with a large b (small
overlap) are labelled peripheral events, whereas collisions with a low b (large overlap),

and thus high multiplicity, are labelled central events.
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Figure 1.8: Pictorial representing the correlation of the final state observable
(Nen ) with the Glauber calculated quantities: impact parameter (b) and the num-
ber of participating nucleons (Npar) [28].
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1.3 Heavy-lon Collisions

As the presence of a QGP in HICs alters the overall evolution of the system, many
of the observables are expected to be modified with respect to their measurements per-
formed in a vacuum (e.g., pp collisions). This provides us with a potential mechanism for
determining the presence and properties of the QGP. Many experimental measurements
of potential QGP signatures in HICs have been reported [31] and have led to a general
consensus that a QGP is created in HICs. A brief overview of some of the key QGP

signatures are now presented.

e Strangeness enhancement: One of the earliest predictions of a QGP signature
was the enhanced production of strange quarks. Strange quarks are not present
in the colliding nuclei, so they must be created during the collision process. As
the mass of a strange quark pair is just above T., a sharp increase in strangeness
production as function of collision energy was predicted to indicate the presence
of a QGP as it could thermally produce additional strange quark pairs. This has
been observed at many different experiments which have studied enhanced strange

baryon production [32-34].

e In-medium Parton Energy Loss: A key signature for the creation of a hot
and dense medium is the observation of parton energy loss. This occurs as the
parton traverses the medium and interacts with it. The process depends on the
type of parton as well as the volume and density of the medium, and can therefore
be used to infer the properties of the system, for example, the size, temperature
colour density, etc, of the QGP. The most common way to investigate this effect is
to compare the nuclear modification factor (see Eq. 1.9) between differing systems.
A particularly interesting aspect of parton energy loss is the measurement of highly
energetic back-to-back collimated beams of particles (so-called jets) which are the
product of initial hard parton scattering. The total energy of the measured jets
can vary due to their differing path lengths through the medium which enables the
properties of the medium to be inferred. Parton energy loss is now well-established

and has been observed by many different high energy experiments [35-38].

e Collective flow: The observation of so-called collective flow between particles
and the resulting success describing this phenomenon with hydrodynamics is con-
sidered a key QGP signature. These flow effects can be quantitatively studied

by measuring the azimuthal distributions between particles with respect to the
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collision symmetry planes (¥,,) and can be written as

((ii];[ = 217r(1+22uncos(n(ga—\lfn))), (1.7)
where ¢ is the azimuthal angle and v,, represent the harmonics of the distribution
(n) with each harmonic associated with a specific type of collective motion [39,
40]. For example, the first flow coefficient vy is associated with the purely radial
component of the expansion. This increases the pr of the particles produced in
collisions, but due to the different particle masses the effect is not uniform and
a mass dependent hardening of the low pt portion of the spectrum in heavy-ion
collisions is observed. The second flow coefficient, known as elliptic flow (1),
mainly quantifies the elliptical deformation of the initial fireball which stems from
the overlap region between the colliding nuclei. By measuring this coefficient, the

viscosity of the medium can be inferred.

Quarkonium production: Due to the heavy quarks’ large masses, the pro-
duction of quarkonia, a flavourless meson containing a heavy quark and its own
antiquark, is the result of hard scattering processes during the initial stages of the
collision. In the presence of a QGP a suppression of the quarkonium production
rate was predicted to occur. This suppression is due to the free colour charges
in the medium which effectively screen the potential between heavy quarks, al-
lowing them in essence to melt in the medium. This effect was initially observed
by many different experiments [41-43]. However, at higher energies a competing
effect was observed where the suppression factor was decreasing as the collision en-
ergy increased and was coined regeneration. Somewhat analogously to strangeness
enhancement, although no heavy quarks are thermally generated, as the collision
energy increases, the chance that a heavy quark is produced in the initial scatter-
ing processes also increases thereby increasing the probability that two separately
produced heavy quarks can later hadronise and form a bound state [44,45]. This
can be schematically seen in Fig. 1.9 where heavy-flavour meson production is

shown for low energies (top row) and high energies (bottom row).
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To ensure the observations in HICs were in fact due to the presence of a QGP, studies
in smaller systems (typically pp and pA) were to be used as control groups, so that any
non-QGP effects could be disentangled from the measurements performed with heavy-

ions. To this end, pp collisions were used as the baseline measurement to characterise
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1.3 Heavy-lon Collisions

Development of
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Figure 1.9: Schematic overview of the open heavy-flavour and quarkonium
production compared between low (top) and high (bottom) energies. At higher
energies (LHC) the larger abundance of heavy quarks increases the chance of
two separately created heavy quarks recombining in the QGP phase or at the
phase boundary, resulting in the regeneration effect seen at high energies.

medium-free (vacuum) collisions, while pA collisions were used to disentangle the cold
nuclear matter (CNM) effects from the final state collective effects due to the QGP.

A straight-forward approach to measure the differences between the collision systems
is to calculate the so-called nuclear modification factor which is the ratio of the same
quantity measured in two different systems. For example, comparing measurements
in pp and p-Pb collisions the corresponding nuclear modification factor (Rpp1,) can be

expressed as

1 d®NPP"/dmeedpr ee
<Ncoll> d2Npp/dmeede,ee ’

Rpr (mee7 pT,ee) = (18>

where d2NPP/ dmeedpr ee and d2NPPP/ dmeedpr e are the differential yields measured
in pp and p—Pb collisions, respectively, and (N ) is the average number of inelastic
nucleon-nucleon collisions (introduced in Section 1.3). An equal representation can be

written for cross section measurements with the same scaling assumption as

l dQUpr/dmeede,ee
A dZUpp/dmeede,ee ’

Rpr<meea pT,ee) = (19)

where d?0PP /dme.dpr e and d?0PPP/dmedpr e are the measured differential cross

sections in pp and p—Pb collisions, respectively, and A the atomic mass number of the
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ion (A = 208 for a Pb ion). In both cases the scaling assumes that the measurements in
p—Pb are simple superpositions of the same quantity measured in pp collisions scaled by
the number of nucleon-nucleon collisions, often labelled N, scaling or A-scaling. This
is a commonly used scaling assumption when investigating processes which depend on
the initial hard scattering process, for example, heavy-flavour quark production which
will be covered in Section 2.2, and would be correct if the resulting Rypy, is equal to
unity. If, however, the R,py is smaller than one, the production rate is said to be
suppressed with respect to pp collisions, and, conversely, if the R,py, is above unity the
production rate would be enhanced. The same logic can be used to construct the nuclear
modification factor for Pb—Pb collisions (Rpppp). For example, in Fig. 1.10 the nuclear
modification factor for charged particle measurements by ALICE in p—Pb collisions at
VSN = 5.02 TeV and Pb-Pb collisions at \/sxy = 2.76 TeV are compared [46]. Here
the Rypp is consistent with unity for pr > 2 GeV /¢, which in this case indicates that
the strong suppression observed in both central and peripheral Pb—Pb collisions is not
simply due to the presence of cold nuclear matter but rather the result of jet quenching,
which describes the energy loss of high energy particles and jets in AA collisions with

respect to reference measurements.

Hrl\l\l!l\?ll\\ll\\\‘II\‘IEI‘I\I}I\IiII]
1.8F  ALICE, charged particles

s eb® p-Pb |5, =5.02TeV, NSD, |1_ | <0.3
'6: = Pb-Pb s, =2.76 TeV, 0-5% central, | 1| < 0.8

m§12: B @
% i b
« g HHHH ]

[

llll\EllllilllJL[llllljllt{lll[lllll

7il|l1mnu].lll§@ -

o e b b b P b b by g By

0 2 4 6 8 10 12 14 16 18 20
pT(GeV/c)

Figure 1.10: The nuclear modification factor (Rpp, and Rpypy) of charged
particles as a function of pr measured by ALICE in p-Pb collisions at /sy =
5.02 TeV as well as in central and peripheral Pb—Pb collisions at /sxny =
2.76 TeV [46].
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1.3 Heavy-lon Collisions

However, a spate of measurements performed over the last decades in small systems
have themselves exhibited collective behaviour that was previously attributed to the
presence of a QGP and has prompted a revision of the idea that such a simple separation
of the physics between the collision systems is possible [47,48]. One of the prime examples
is the discovery of near-side and away-side long-range particle correlations in pp [49] and
p—Pb [50-52] events which resemble those seen in Pb-Pb [53]. However, the picture is
further muddied by the lack of jet quenching observed in the small system measurements
(as discussed in Fig. 1.10), which is a key QGP signature. Another example of a QGP
signature now in doubt is the previously discussed strangeness enhancement, which has
now been observed in high multiplicity pp [54] and p—Pb [55] collisions. Contradictory
results like these indicate that a much deeper understanding of the physics occurring in
small systems is required.

One clear indication of hot and dense medium is the emission of thermally produced
photons. Radiated photons can undergo pair production into a lepton pair (¢~¢*) and
as leptons do not interact strongly, they can freely leave the hot medium and reach
the detector. For this reason, dileptons are an excellent probe when investigatng high
energy particle collisions. The following section will focus solely on electron-positron

pairs, so-called dielectrons (e*e™), which are analysed in this thesis.
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2 Dielectron Production

2 Dielectron Production

Dielectrons are produced throughout the whole course of a HIC [56], and, due to their
lack of colour charge, are able to leave the collision area with minimal interactions, mak-
ing them very interesting probes. This section outlines those different sources beginning
with decays of light-flavour hadrons in Section 2.1, semi-leptonic open heavy-flavour de-
cays in Section 2.2, J /1 production in Section 2.3, Drell-Yan production in Section 2.4,

and lastly thermal dielectron production in Section 2.5.

E E T T T T | T T T T | T T T T T T T T ! T T T T ;
© 3
> —
S
o L .
(R 3 3
Z F 3
T F 1
v

3 Drell-Yan 3

F Low- Intermediate- High-Mass Region _

F > 10fm >1fm i < 0.1fm E

E L AT (PRI PR R =

0 1 2 3 4 5

mass [GeV/c?]

Figure 2.1: Schematic drawing of the dielectron invariant mass spectrum [57].
The vertical dashed lines roughly define the main regions with which the spec-
trum can decomposed into.
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2.1 Light-flavour Hadron Decays

2.1 Light-flavour Hadron Decays

Below me. < 1.1 GeV/¢?, light-flavour meson Dalitz (h — Xete™) and resonance (h —
ete™) decays are the main contributors to the vacuum dielectron spectrum. These
mesons consist of three pseudoscalar mesons (J¥ = 07) 7% 7 and 7/, as well as three
vector mesons (J¥ = 17) p¥, w and ¢. While both resonant and Dalitz decays for all the
previously listed mesons are allowed, the branching ratios for many of the decay channels
are incredibly small, in particular the resonant ee~ decays for the pseudoscalar mesons.
For example, the branching ratio for the Dalitz decay 7° — ~vete™ is 0.0117, whereas
the resonant decay 7° — ete™ is 6.46 x 107%. As the pseudoscalar mesons appear to
only contribute to dielectron production via Dalitz decays, the spectrum in the very low-
mass region (me. < 0.4 GeV/c?) is a smooth continuum of sources dominated by these
decays. The vector mesons, however, all contribute with resonance decays, providing
resonance structures for 0.5 < me. < 1.1 GeV/c?, with the w and ¢ also contributing to
the continuum via Dalitz decays.

Dielectron production from the vector mesons in the hadron gas stage is due to
the enhancement of the 77 cross section. Since the quantum numbers of these vec-
tor mesons and the photon are the same, their coupling to dileptons can be described
by the Vector Dominance Model where the photon is said to be a superposition of
the exclusively electromagnetic photon and a vector meson [58]. A Feynman diagram
in Fig. 2.2 illustrates the process using the p meson as the mediator coupling to the

photon: 7t7= — p¥ — * — (0.

Figure 2.2: Feynman diagram of vector dominance model for dilepton produc-
tion [59].

In this stage of the collision, the peak structure of the vector mesons are of particular
interest, as near the phase boundary from the partonic to hadronic stage the spectral
shapes are predicted to be modified by the hot medium [60-63]. An example of the

broadening of the p® meson spectral function was presented in Fig. 1.5. The broadening
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2 Dielectron Production

is attributed due to many-body interactions in the presence of hot hadronic matter as well
as a partial restoration of chiral symmetry, and would be accompanied by the masses of
the chiral partners p° and a; becoming degenerate. While these in-medium modifications
are possible for all three vector mesons, the p” meson’s short lifetime (7,0 ~ 1.3 fm/c)

means it is of particular interest as it is ensured to decay in the medium.

2.2 Open Heavy-flavour Decays

Another important contribution to the dielectron spectrum are semi-leptonic open heavy-
flavour decays. Open heavy-favour hadrons contain one ¢ or b quark (or antiquark) with
the other antiquark (or quark) coming from the light sector (i, d or 5). For exam-
ple, the lightest D and B mesons are DT = ¢d and Bt = ub. At LHC energies, the
contributions from open heavy-flavour meson decays to dielectron production are very
significant over nearly the entire investigated mass range, and become essentially the sole
source of measured eTe™ pairs in the intermediate mass range (1.1 < mee < 2.7 GeV/¢?).
These correlated eTe™ pairs are the result of initial inelastic hard-scattering processes
between the incoming nucleons which produce a pair of heavy quarks (QQ = c¢ or
bb). At leading order the heavy quark pairs can be produced via quark-quark inter-
actions (g7 — ¢* — QQ) and, since QCD is non-abelian, also via gluon-gluon fusion

(99 — g* — QQ), as shown in Fig. 2.3.

g Q
q Q
q q
Q
g Q

Figure 2.3: Feynman diagrams of heavy quark production at leading order [57].
The resulting QQ pair undergoes fragmentation forming a meson-antimeson pair by

binding to a light quark. These mesons can decay semi-leptonically which results in a

correlated ete™ pair. An example of such a semi-leptonic decay from a ¢¢ pair is shown
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2.2 Open Heavy-flavour Decays

in Fig. 2.4. The total branching ratio for D" decaying into an electron is approximately
10% [5].

K—‘—

Ko /—-@c—)"—//" J
_ \ 'S
\ Do N 6 Vi

V\#

Figure 2.4: Diagram illustrating the semi-leptonic decay channel by which open
heavy- flavour mesons contribute to the dielectron spectrum by producing corre-
lated dielectron pairs.

Since these heavy-flavour quark pairs are created in the initial collision, they are
particularly interesting for probing the presence of matter as they experience the entire
evolution of the system [64]. In particular, heavy-flavour decays measured in small
systems can provide crucial information about any initial or final state interactions due
to the presence of cold nuclear matter. As interactions with the nucleus can effect heavy-
flavour production rates, consequently the measured dielectron production rate will also
be modified.

To measure and quantify this phenomenon parton distribution functions (PDFs) are
introduced. The PDF is a probability density function for finding a parton within a
free proton with a given momentum fraction (x) at a given resolution or energy scale
(Q). PDFs are defined within the framework of collinear factorisation [65]. This states
that when Q% >> Aqcp, the cross section and the PDF can be factorised with the
non-perturbative physics contained in the PDF. Thanks to the universal nature of the
PDFs (they are process independent and follow the DGLAP equations [66]), they can
be constrained by looking at a wide range of experimental results, with the primary
two being Deep Inelastic Scattering (DIS) and Drell-Yan (DY) processes (outlined in
Section 2.4), however more recent iterations now include neutrino experiments as well
as W, Z and dijet measurements from LHC experiments [67]. The nuclear parton
distribution function (nPDF) is analogous to the PDF but for bound nuclear states
(e.g., Pb). For two hadrons A and B that produce a final state k£ (and additional

O.AB—>k+X)

products), the cross section ( can be factorised in terms of a sum over all

involved partons 7, j as
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2 Dielectron Production

do' PN = 37 [ @, Q1) @ deVTIN(QY © (2,00 + 0(1/Q%), (21)

Z'7j7'X/

up to power corrections (O(1/Q?)). Due to asymptotic freedom (discussed in Sec-
tion 1.2), the cross section dg*~*+X" is perturbatively calculable, and the nPDF terms
(f# and f]B ) now encode the long-range non-perturbative physics. From this another
nuclear modification factor can be defined for each parton ¢ as
A 2
R}z, Q%) = m (2.2)
where f# is the nPDF and fI the PDF. A schematic drawing of a global fit for
R# is shown in Fig. 2.5 with the fit parameters (z,,c, Y, %.) plotted along the axes
which enclose the commonly defined x-regions: shadowing, antishadowing, the EMC
effect! and Fermi motion. By using R#* one can apply expected nuclear modifications to
simulated collisions for comparison with data, or, conversely, by measuring the nuclear
modification factors introduced in Eq. 1.9, for example heavy-flavour production rates,

one can use these results to further constrain the underlying nPDFs themselves.

15 = antishadowing Fermi-
B motion
Bl e ————— :
10 .__, ........................ ............
< .o . :
e H
0.6 +Ye
Yo i shadowing
02 - X, Xe
i | | IIIEIIl | 1 IIIIIII | l IIIIII
10° 10 10" 1
€T

Figure 2.5: An ezample of the fit function for R (x) along with the fit param-
eters which define the regions labelled on the plot [69].

'The EMC effect describes the high-x shadowing region which was first discovered by the European
Muon Collaboration [68].
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2.3 J/i

2.3 J/7

The J/¢ meson is the lowest energy bound state of charmonium which is a flavour-
neutral meson consisting of a charm and anticharm quark (c¢). As with the open heavy-
flavour mesons just outlined, charmonium bound states are produced when heavy quarks
produced in the initial hard scattering processes hadronise. Charmonium states can
decay directly into a eTe™ pair mediated by a photon (see Fig. 2.6) with a branching
ratio for J/¢ —ete™ of 5.96 + 0.06% [5].

Figure 2.6: Charmonium decaying into ete™ pair via a photon.

2.4 Drell-Yan Production

A Drell-Yan process involves a quark and antiquark annihilation which produces a
lepton-antilepton pair and is facilitated by a v* or Z boson [70]. The interaction is
presented Fig. 2.7 via the exchange of a virtual photon (v*). While these interactions
occur at the very beginning of the collision process and can provide useful information
about the PDFs, the relative fraction of ete™ pairs produced at LHC energies in the
range this analysis is performed (me. < 3.5 GeV/c?) is negligible, and therefore these

contributions are not considered during the analysis.

2.5 Thermal Dielectron Production

While the presence of a hot dense medium can modify the vector spectral functions in
part due to a partial restoration of chiral symmetry, a hot medium can also emit thermal
photons which can decay into a ete™ pair. The electromagnetic spectral function to
calculate the dielectron thermal emission rate per unit phase space in heavy-ion collisions

can be written as
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2 Dielectron Production

Figure 2.7: A Feynman diagram of a Drell-Yan process [71]. A quark and
antiquark from different hadrons annihilate and produce a lepton pair via the
exchange of, in this case, a v*. The same process can be facilitated by a Z
boson.

dNete-  apmL(m)
ddzdip m3m?2

FB(E; T)ImI gar(m, p; pg, T), (2:3)

where agy; is the electromagnetic coupling, L(m) is a lepton phase-space factor (which
goes to 1 for vanishing lepton masses), f? denotes the thermal Bose distribution,
E = /m2 + p? is the energy of the lepton pair (or virtual photon) calculated with
its invariant mass and 3-momentum, and Imllg,,; the partonic or hadronic in-medium
spectral function [63]. To calculate the final contribution to the eTe™ spectrum, both
the partonic and hadronic in-medium spectral functions must be accounted for by inte-

grating their contributions over a realistic space-time evolution of the collision using

ANro- / i Maedp AN

. 24
dmcc Po d4l’d4p ( )

The in-medium spectral function from the partonic phase is based on QGP calculations
from LQCD, whereas the hadronic phase spectral function is calculated using a hadronic
many-body approach. A thermal fireball model is used to provide a system temperature
which dictates the cross over from the partonic to the hadronic phase, along with an
equation of state for both phases. In Fig. 2.8 the thermal contributions to dielectron
production in Pb-Pb collisions at the LHC are shown [72]. For this calculation an
ideal gas equation of state (EoS) for the partonic phase and resonance gas EoS for the
hadronic phase was used. The vacuum spectral shape for the p°, w and ¢ mesons (free
HG) is plotted alongside the hadronic in-medium modified spectral function (in-med

HG), as well the spectral function from the partonic phase (QGP). In the low mass
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2.6 Previous Results

region (me. < 1.1 GeV/c?) the thermal dielectrons from the hadronic gas phase are the
dominant source, while in the intermediate mass range (1.1 < me, < 2.7GeV/c?) the
QGP contribution becomes dominant. The plot also indicates the expected dielectron
yield from c€ decays (DD) which are the dominant source in Pb-Pb collisions for me. 2
0.4 GeV/c* and highlights why thermal dielectron measurements at LHC energies are
very complex and need precise modelling of the heavy-flavour contributions so that
they can be accurately subtracted. Thermal calculations for p—Pb collisions at /sy =
5.02 TeV are discussed and presented in Section 4.6.5, and are compared to the data in

Chapter 5.

Central Pb+Rb \/%—5 5 ATeV e Central 'P'b+F"b‘\/‘s='5.5 ATeV

——teeHG  dN_/dy=1400 | N S I
— [ —— in-med HG ly |<0 35 1 dNCh/dy=1400 QGP ]
ki Al QGP e — = Drell-Yan
% 10 E —— DD pt >0.2GeV —_ sSum E
O, } — corr. charm ]
= ly,|<0.35
=
S
8
=z
-o \\\\\

08 . 0 30
M [GeV] M, [GeV]

Figure 2.8: Predicted thermal dielectron yield in Pb—Pb collisions at the LHC
compared to the expected in-vacuum yield (green) [72]. Dielectron thermal con-
tributions from both interactions in a hadron gas (red) and from the QGP (dot-
ted yellow) are plotted separately. The expected dielectron yield from open heavy-
flavour cc decays (blue) and Drell-Yan processes (purple) are also plotted.

2.6 Previous Results

This section presents a selection of previous results with a focus on those that are
particularly relevant to this thesis and is in no way comprehensive. With respect to the
previously discussed QCD phase diagram (Fig. 1.3), the results shown here are extracted
from collisions at small net baryon density with increasing temperatures, represented as
a red line in Fig. 1.3.

Some of the first dielectron production measurements in both p—A and nucleus-nucleus
collisions were performed in 1992 at the Super Proton Synchrotron at CERN by the
CERES collaboration [73] in low energy collisions at Ej,;, = 450 GeV and Ej,;, = 200
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2 Dielectron Production

AGeV, respectively. Invariant mass spectra were extracted from p—Au, p—Be and S-Au
collisions and compared to the hadronic cocktail which contains the expected contribu-
tions from all known hadronic decays. The cocktail for the studies performed in this
thesis are covered in detail in Section 4.6. As visible on the left in Fig. 2.9, no excess was
observed in p—Au collisions with the data and expectation found to be in good agreement,
as was also the case in p—Be collisions. On the right, however, a clear excess was observed
in S—Au collisions, in particular in the lower mass region 0.2 < me, < 0.6 GeV/c?. Due to
the onset of the excess at me. &~ 2m, and the dominant excess occurring in the p° mass
region, it was explained as being the result of two-pion annihilation (77 — p® — ete™).
Two models were included to explain the observation; a dropping [74] or a broaden-
ing [60] of the p” mass, however the precision of the results prevented any definitive

conclusions at the time.
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Figure 2.9: Inclusive ete™ mass spectra in p—Be collisions (left) and S—Au col-
lisions (right) recorded by the CERES collaboration at the CERN SPS, showing
the data (full circles) and the various contributions from hadron decays (solid
lines) [73]. The shaded region indicates the systematic error on the summed
contributions. No pair acceptance corrections are applied.

Nearly a decade later, the CERES [75] and NAGO [76] collaborations were both able
to measure the p° spectral shape in nucleon-nucleon collisions at Ei,, = 158 AGeV with
much higher precision. The ete™ yield, after the subtraction of the expected hadronic
contributions, measured by the upgraded CERES experiment in Pb—Au collisions is

shown on the left in Fig. 2.10, and on the right the remaining dimuon mass spectrum
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2.6 Previous Results

after hadronic subtraction measured in In—In collisions by the NAG60 collaboration is
shown alongside the vacuum p" expectation (solid black). In both measurements the
broadening of the p" spectral function was found to be consistent with the theoretical
predictions, accompanied by an excess due to thermal production of p° mesons, and the
mass dropping scenario was essentially ruled out. This was followed up by another NA60
measurement which investigated the intermediate mass range (me > 1.1 GeV/c?) and

was able to show evidence for partonic thermal radiation [77].
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Figure 2.10: Measured dilepton spectra after the subtraction of the known
hadronic sources (excluding the p° meson) by CERES (left) in Pb-Au colli-
sions [75] and by the NAGO collaboration (right) in In—In collisions [76] both
at Elab = 158 AGeV.

More recently, the PHENIX and STAR collaborations, which operate at the rel-
ativistic heavy-ion collider (RHIC) located at the Brookhaven National Laboratory,
both performed dielectron measurements in pp, d-Au and Au-Au collisions at |/syy =
200 GeV [78,78-82]. The eTe™ spectrum measured in pp collisions was consistent with
calculations only including known hadronic sources. By measuring d—Au at the same
energy, it was also possible to calculate the nuclear modification factor for c¢¢ and bb
production, as shown in Fig. 2.11, where no observable deviation from unity was found
within the large uncertainties. In Fig. 2.12 the measured me., spectrum in Au-Au colli-
sions are shown for PHENIX (left) and STAR (right). Both collaborations reported an
excess in the low mass region around the peak of the p° meson that could not be ex-

plained with a pure vacuum p°. On the right in Fig. 2.12, two additional thermal models
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2 Dielectron Production

were compared to the data. In red is the thermal model outlined in Section 2.5, and in
dotted blue is a model not covered in this thesis but it is known as Parton-Hadron-String
Dynamics (PHSD) which uses a microscopic off-shell transport approach to describe the
full evolution of a HIC. Both collaborations also reported hints of a possible thermal
excess in the intermediate mass region (1.1 < me, < 2.7 GeV/c?), however large contri-
butions from correlated heavy-flavour decays coupled with the significant uncertainties

of the expected yield calculations meant no concrete conclusions could be drawn.
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Figure 2.11: Nuclear modification factors measured in d+Au collisions at

VSnn = 200 GeV by PHENIX [80] as a function of mee (left) and pree (right).

Moving to the high energy regime, e*e™ measurements have recently been performed
at the LHC by ALICE in both pp collisions at /s = 5.02, 7 and 13 TeV [83-85], as
well as in Pb-Pb collisions at \/sxny = 2.76 TeV [86]. The dielectron spectra measured
in pp collisions at y/s = 7 and 13 TeV are shown in Fig. 2.13 and were found to be
in agreement with the vacuum expectation of dielectrons from hadron decays. While
the Pb—Pb measurement, shown in Fig. 2.14, has a hint of an excess in the low mass
region where the data is compatible with both model calculations (the same two models
previously discussed alongside the STAR Pb—Pb results), the measurement was limited
by the small data set.

Measurements of open-charm hadron production [87,88] including their decay elec-
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Figure 2.12: Dielectron yields measured by PHENIX (left) and STAR (right)
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Figure 2.13: Dielectron yield measured by ALICE in pp collisions at \/s =7

and 13 TeV [84,85].
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Figure 2.14: Dielectron yields measured by ALICE in Pb—Pb collisions at
VSNn = 2.76 TeV compared to two models which include thermal contribu-
tions [86].

trons [89,90], along with measurements of the azimuthal correlations of D mesons and
charged particles [91], are all compatible with measurements performed in pp collisions
scaled by A (A = 208). The R,pp from the single-leg electron measurements is shown
on the left hand side of Fig. 2.15 and is compatible with unity within the large sys-
tematic uncertainties, as well as the additional models that were drawn (including one
using EPS09 which is presented in detail in Section 4.6.5). However, measurements of
prompt J /1 production and J/v production from B hadron decays in p—Pb collisions
at /sy = 5.02 TeV indicate a suppression at very low pr [92], as shown on the right in
Fig. 2.15, and agree with A scaling for larger pr. Such measurements point towards any
potential CNM effects affecting heavy-flavour production at midrapidity being quite
small.. This is contrast to similar measurements at forward and backward rapidities

which seem to confirm the presence of shadowing [93-95].

Measured e"e™ production in pp collisions at /s = 5.02 TeV

Most relevant to this thesis are the recently published dielectron production measure-
ments in pp collisions at midrapidity at /s = 5.02 TeV [83]. This is the first time at
LHC energies that dielectron measurements in both pp and p—Pb collisions at the same

energy are available, enabling a direct comparison between the systems without having
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Figure 2.15: Left: Nuclear modification factor (Rypy) of electrons from heavy-
flavour hadron decays as a function of pr measured in p—Pb collisions at \/sny =
5.02 TeV [89]. Right: prompt J/v Rypy, as a function of pr measured by ALICE
in collisions at \/syny = 5.02 TeV [92].

to resort to scaling which naturally introduces uncertainties (for example, previous di-
electron comparisons by ALICE have used Fixed Order + Next-to-Leading Logarithms
(FONLL) [96,97] calculations to obtain the scaling factor).

For the pp analysis, two event generators were used to simulate the shape of the heavy-
flavour contributions, POWHEG and PYTHIA 6.4, and were fit to the data via a double
differential fit in Mmee and pr e in the intermediate mass region (1.1 < mee < 2.7 GeV /).
In Fig. 2.16 the fits using both generators are presented along side the data. While both
generators are able to fit the data very well, the goodness of fit, evaluated with the
x%/n.d.f, showed slightly better agreement when using POWHEG (y? = 110.9/123)
than for PYTHIA 6.4 (x® = 113.4/123). The cross sections for ¢¢ and bb at midrapidity
(doee/dy|y=0 and do,;/dy|,—0) were also extracted and are presented in Table 2.1. The
statistical and systematic uncertainties are from the data itself, with the additional un-
certainty arising from the semi-leptonic decay branching ratios of the open heavy-flavour
hadrons and fragmentation functions. This amounts to an uncertainty of 22% and 6% for
the charm and beauty cross sections, respectively. While the differences in the fits to the
dielectron spectrum between the generators were somewhat small, the measured cross

sections show non-negligible differences between the two. This highlights the potential

2In both cases the hadronisation was performed with PYTHIA 6.4. See Section 4.6.2 for a description
of these generators.
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2 Dielectron Production

sensitivity of dielectron analyses to the heavy-flavour production mechanisms and is an

exciting prospect for the future.
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Figure 2.16: Measured dielectron production at midrapidity in pp collisions
at /s = 5.02 TeV as a function of mee (left) and pre. (right) [83]. The
heavy-flavour contributions were generated using PYTHIA 6.4 (dashed lines)
and POWHEG (solid lines) and are shown after a double-differential fit in mee
and pr e performed in the intermediate mass region (1.1 < me, < 2.7 GeV/c?).

PYTHIA POWHEG
doez/dyl,—0 524461 £26 £115 (BR) ub 756 +80 + 38 =+ 166 (BR) b
doy;/dyl,—0 3444 +2 £2(BR) b 28+5 +1 +2(BR) ub

Table 2.1: Heavy-flavour cross sections extracted via double differential fits in
Mee and Pree to the measured dielectron production in pp collisions at \/s =
5.02 TeV at midrapidity using PYTHIA 6.4 and POWHEG [83]. The statistical
and systematic uncertainties of the data are quoted along with the 22% (charm)
and 6% (beauty) uncertainty of the branching ratio (BR) of the decays.

These recent cross section measurements at /s = 5.02 TeV are put into context in
Fig. 2.17 where they are compared to other heavy-flavour cross sections measured in di-
electron analyses at /s = 7 and 13 TeV. Also plotted are the FONLL predictions, as well
as cross sections from a measurement of prompt D° mesons for ¢¢ and a measurement
of single heavy-flavour hadron measurements for bb. FONLL calculations reproduce the

slope of the dielectron measurements quite well, and are in agreement due to the large
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2.6 Previous Results

uncertainties from FONLL. The dielectron cC cross section measurements are system-
atically above the FONLL central value for both generators and at /s = 7 TeV the
DY measurement is in agreement with both generators. Similar differences between the
generators are present for the bb cross section measurements, however in this case the
PYTHIA 6.4 results are slightly above the central FONLL calculation and POWHEG
slightly below.

g  Dielectron measurements: ALICE 3:: ~ Dielectron measurements: ALICE
=, 3000~ o (m, p, ) fitwith PYTHIA 6 pp collisions =160 o (m,, p, ) fit with PYTHIA 6 op collisions
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Y - V5 =502 TeV: ALIGE this result 3 140 15=502TeV: ALICE this result
g 2500 Vs =7 TeV: ALICE, JHEP 1809 (2018) 064 \LB +  V{s=7TeV: ALICE, JHEP 1809 (2018) 064
s} I Vs=13TeV: ALICE Phys. Lett. B788 (2019) 505 [S) [ Vs=13TeV: ALICE Phys. Lett. B788 (2019) 505
© [ 22%syst. cC - e'e not shown ° 120 6% syst. bb — e*e not shown
[ Measurement based on prompt D° mesons: - Single heavy-flavor hadron measurements:
2000~ © ALICE, Eur. Phys. J. C77 (2017) 550 [ o ALICE, PLB 763 (2016) 507
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o FONLL uncertaintes | o FONLL uncertainties
1500 e aol-
I 60
1000— L
: t/'/// o A=
500 N N
C 2077 ............
071\{\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\l\\ Oj\l\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\l\\
5 6 7 8 9 10 11 12 13 5
(s (Tev) Vs (TeV)

Figure 2.17: Mid-rapidity cross sections for cc (left) and bb (right) measured
in pp collisions at /s = 5.02 TeV [83]. The red and blue markers indicate fits
to dielectron measurements using POWHEG and PYTHIA 6.4 for the simula-
tions, respectively. The black line represents FONLL calculations, along with
the associated uncertainties shown as black dashed lines. The open markers
represent single heavy-flavour hadron measurements.

Also found in [83] are the final dielectron production measurements as a function
of Mmee, as well as a function of pre in two mass ranges (0.5 < me < 1.1GeV/ c?
and 1.1 < me < 2.7GeV/c?). The measurements were compared to the expected
dielectron production using the better fitting POWHEG to generate the heavy-flavour
contributions with all the light-flavour contributions grouped together under "Light-
flavor” (see Table 4.7 for a complete list). The uncertainty of the calculations, shown
in grey, is zero by construction for 1.1 < me, < 2.7GeV/c? as this is the range where
the calculations were fit to the data. The dielectron production measurement as a
function of mee is shown in Fig. 2.18 and as a function of pre in Fig. 2.19. A good
agreement between the data and calculations is evident in all cases. These dielectron

measurements are used in the final chapter of this thesis, Section 5.3, to produce the
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2 Dielectron Production

nuclear modification factors discussed earlier.

In summary, dielectron measurements have significantly contributed to the under-
standing of HICs and QCD in general. With many facets of HICs still not understood,
in particular with respect to the physics occurring in small systems, dielectrons are
again an ideal probe to try answer these questions. Two currently open questions are
the magnitude of the CNM effects in small systems, in particular at higher (LHC) ener-
gies, which have until now suffered from large uncertainties in the measurements; as well
as determining the presence of any thermal radiation in small systems. These are the
primary investigations undertaken in this thesis which measures dielectron production
in p-Pb collisions at /syny = 5.02 TeV measured with the ALICE detector.
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Figure 2.18: The dielectron cross section measured in pp collisions at \/sSxn =
5.02 TeV as function of mee integrated over the range 0 < pr .. < 8 GeV/c [83].
The data are compared to a hadronic cocktail with the heavy-flavour contribu-
tions produced with POWHEG and fit to the data in the intermediate mass range
(1.1 < meo < 2.7GeV/c?). The grey band represents the systematic uncertainty
of the hadronic cocktail. The lower panel shows the ratio of the data over the
hadronic cocktail.
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Figure 2.19: The dielectron cross section measured in pp collisions at \/sN\N =

5.02 TeV as function of pre in two mass intervals [83].

The data are

compared to a hadronic cocktail with the heavy-flavour contributions produced
with POWHEG and fit to the data in the intermediate mass range (1.1 <
Mee < 2.7GeV/c?). The grey band represents the systematic uncertainty of

the hadronic cocktail.
hadronic cocktail.
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Figure 3.1: A schematic overview of the ALICE detector during the LHC Run
2 data taking period [3]. The plot in the upper right corner is a closer view
of the Inner Tracking System and the surrounding forward detectors (see plot
legend).

3.1 Overview

The ALICE (A Large Ion Collider Experiment) collaboration [4] operates one of the big
four detectors operating at the LHC (Large Hadron Collider), which is located at CERN
on the outskirts of Geneva, Switzerland. The ALICE detector was primarily designed
to study strongly interacting matter produced in heavy-ion collisions, typically Pb—Pb,
where the high energy and densities reached in the collisions are thought to create a
QGP. However, the detector also records data from pp and p—Pb collisions, which are

in fact necessary to establish a baseline reference for the Pb—Pb results. The general
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3 ALICE Detector

performance of the ALICE detector is covered in detail in [98]. The ALICE detector is
comprised of 19 primary components and can be seen in Fig. 3.1 where a schematic of the
ALICE detector as operated during LHC Run 2 (2015-2018) is shown. These detector
components can be grouped into two separate sections. The first is the central barrel
of the detector that houses the commonly referred to central barrel detectors, which are
used in this thesis and will be covered in the following text in more detail. The second
detector section is the forward muon arm, whose acceptance covers the pseudorapidity
range 2.5 < 1 < 4, and is mainly used to study heavy quarkonia spectra via their dimuon

decay channels.

The central barrel detectors, covering the pseudorapidity range |n| < 0.9, are sur-
rounded by a large solenoid, which generates a uniform magnetic field up to 0.5 Tesla
along the beam axis direction. These detectors provide vertex reconstruction, tracking
and Particle IDentification (PID) capabilities, in addition to event timing and multiplic-
ity estimations. The core detectors for this analysis are the Inner Tracking System (ITS),
covered in Section 3.2, the Time Projection Chamber (TPC), covered in Section 3.3, the
Time-Of-Flight (TOF) detector, covered in Section 3.4, and the VO detectors, covered

in Section 3.5.

To reconstruct the tracks of the charged particles passing through the detector, the I'TS
and TPC track points are used by a Kalman-filter based algorithm [99,100]. Following
the initial fit, these tracks can be paired to other central barrel detectors, for example, the
Transition Radiation Detector (TRD), in order to further improve the tracking quality.

The track’s transverse momentum (pr) can be calculated with

GeV
pr = (0.3Tm> -qrB, (3.1)

where B is the magnetic field strength, r the radius of the track, and ¢ the charge of the
track. Additional detectors are located close to the beam pipe and are used to measure
the collision time, event multiplicity, as well as being used for triggering. To determine
the event collision time in low multiplicity events, the T0O detector [101], located up
and downstream from the nominal interaction point, is used. For higher multiplicity
events, the TOF detector, or a combination of the TOF and TO inputs, are used [102].
The TO detectors are comprised of 12 Cherenkov counters in an array, and can obtain
a precision of < 25 ps. The VO detector [103], outlined in Section 3.5, is used both for
the minimum-bias (MB) trigger, defined by coincident signal in both V0 detectors, and

for rejection of potential background events, which are discussed in Section 4.1.
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3.2 Inner Tracking System

3.2 Inner Tracking System

The primary goals of the I'TS are precise primary vertex reconstruction, with a resolution
down to 100 pm, the ability to reconstruct secondary vertices from long lived particles,
e.g., D and B mesons, as well the ability to track and identify low-pr (pr < 0.2 GeV/¢)
particles [4,104]. The ITS encases the central beam pipe with the first and last layers
at a radius of 4 cm and 43.6 cm, respectively. In total, the I'TS has six layers which are

comprised of three different types of silicon detectors.

87.2 cm

Figure 3.2: A diagram of the ALICE Inner Tracking System showing the three
different silicon detector types used [105]. The inner two layers are silicon pizel
detectors (SPD), the third and fourth layers are silicon drift detectors (SDD),
and the outer two layers are silicon strip detectors (SSD).

As shown in Fig. 3.2, the inner two layers are Silicon Pixel Detectors (SPD), the
third and fourth layers are Silicon Drift Detectors (SDD), and the outer two layers are
Silicon Strip Detectors (SSD). The outer four layers operate with an analogue readout
enabling their use not only for tracking but also for low-pr PID via the specific energy
loss (dE/dz) of the traversing track (see Section 3.3 for an overview). However, due
to the high interaction rates during the 2016 p—Pb data taking period and the slow
readout time of the SDD (~6.4 us), approximately half of the events were recorded
without information from the SDD layers. Since at least three out of the four analogue
ITS layers must record a valid signal in order for a reliable dE/dx calculation, half the
data set does not contain a reliable d£/dx measurement from the ITS, as well as having
two less track points used during track fitting. The ramifications of this on the analysis

are discussed in more detail in Section 4.2.1.

39


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
lio
nowledge

b

i
r

3 ALICE Detector

For low-pr tracks, the tracking resolution is dominated by multiple scattering interac-
tions of the track with the detector material, which stipulated that the material budget
of the ITS was kept to a minimum. Conversely, to keep the signal-to-noise ratio to a
minimum, the silicon detectors in the SSD and SDD layers were required to have a min-
imum thickness of 300 pm. In total, the detectors effective thickness only amounts to
8% of the radiation length (Xj), which is particularly important for dielectron analyses
as this reduces the probability that real photons would interact with the detector and
convert into an ete” pair. Due to the imperfect tracking resolution, ete™ pairs from
photon conversions can appear to have a non-zero me, (Mee < 0.14 GeV/c?). These
conversion pairs can be relatively easily removed from the final signal, however they can
dramatically increase the combinatorics of the pairing procedure which greatly reduces
the significance of the final measurement. The significance of the measurement and the
methods employed to suppress tracks originating from photon conversions are covered

in Section 4.3.

3.3 Time Projection Chamber

The TPC is the core detector of ALICE, which provides not only charged-particle track-
ing, but also excellent PID and vertex reconstruction [4,106]. The TPC, with a length
of 510 cm, surrounds the ITS and extends out to a radius of 250 cm. A diagram of
the TPC can be seen in Fig. 3.3. A uniform electrostatic field is produced by the field
cage, which contains a central high-voltage electrode and two opposite axial potential
dividers. Contained within the field cage is a gaseous mixture, which in 2016, when the
data used in this thesis was taken, was a 88/12 mixture of Ar/COs. A high electric
field of 400 V/cm is maintained, causing a drift velocity of ~2.7 cm/us, which results
in a maximum drift time of ~92 ps. The end caps contain a radially-segmented mul-
tiwire proportional readout system which provides up to 159 space-time points for the

traversing tracks.

To identify a particle species in the TPC, both the pt and the dE/dx of the track are
measured. In the region 0.1 < 8y < 1000', the Bethe-Bloch formula can describe the
mean dE/dzx of a relativistic charged particle to within a few percent [5], and can be

written as:

!The Lorentz factor is defined as vy = —= and 8 = % where v is the relative velocity.

V1-p2’
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3.4 Time of Flight Detector
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Figure 3.3: A diagram of the ALICE Time Projection Chamber [107].

dFE 7 1 2me 232~2
5 = K () - 6:2)

where K is a constant, Z the atomic number, A the mass number, I the mean excita-
tion energy, and z the electric charge of the traversing particle. In Fig. 3.4, the dF/dx
for a T in Cu is shown for 0.1 MeV /¢ < pr < 100 TeV /¢, with the valid range for the
Bethe-Bloch formula depicted between the second and third vertical grey bands. The
PID capabilities of the TPC are crucial for dielectron analyses, and are covered in detail

in Section 4.2.2.

3.4 Time of Flight Detector

The TOF detector is a Multi-gap Resistive-Plate Chamber detector designed as a cylin-
drical shell with an inner radius of 370 cm and outer radius of 399 cm [4,109]. The
frame of the detector and a single module are shown in Fig. 3.5. The total thickness
of the detector ultimately corresponds to 30% of a radiation length. It is built in a
modular fashion ,with 18 sectors in the ¢ direction, and five segments in the z direction,
resulting in a polar acceptance of |§ — 90| < 45° and pseudo-rapidity range of |n| < 0.9.
A highly uniform electric field is maintained over each module so that a traversing track
will ionise the gas and immediately start an avalanche process, which is recorded at the
electrodes. In contrast to other gaseous detectors, the high electric field and small width

of the chambers ensures that there is no drift time associated to each track, rather the
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Figure 3.4: The specific energy loss (dE/dx) for a positive muon (u*) in
copper (Cu) as a function of the particles momentum. Between the second and
third grey vertical bars is the region where the Bethe-Bloch parametrisation of

dE/dx is applicable [108].

time jitter of the detector is a result of the growth of the initial avalanche. During the
Run 2 period in 2016, when the data for this thesis was taken, the TOF reached a timing
resolution of 56 ps [110].

Analogously to the dE/dx measurements in the ITS and TPC, the TOF detector can
provide PID information by measuring the time-of-flight of the track, and has strong
separating power between electrons and identified hadrons in the intermediate-pt range,
which complements the capabilities of the I'TS and TPC. This is covered in more detail
in Section 4.2.2.

3.5 VO Scintillators

The VO detector consists of two arrays of scintillators, with the VOA detector situated
340 cm from the interaction point, and the VOC detector located on the front face of
the hadronic absorber at only 90 c¢cm from the interaction point. The detectors cover
the ranges 2.8 < n < 5.1 for the VOA, and —3.7 < < —1.7 for the VOC. One of the
primary purposes of the VO detector is to provide a minimum-bias trigger for the central
barrel detectors, where the particles providing the trigger can be generated in the initial

collision, as well as from secondary interactions. Additionally, since the relationship
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3.5 VO Scintillators

Custom crates<’ S

Figure 3.5: A schematic drawing of the Time-Of-Flight detectors frame used
by ALICE as well one of the supermodels [4].

between the number of primary particles and the number of tracks registered in the VO
is monotone, the VO signals can be used to estimate the multiplicity of event, which in
Pb—Pb collisions can be used to estimate the centrality. The standard MB trigger, used
in this analysis, requires a coincident signal between both VO modules. Finally, the VO

detector is also used to calculate the beam luminosity.

Figure 3.6: The VOA (left) and VOC (right) detectors shown from the front [4).
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4 Analysis

4 Analysis

This section details the treatment and analysis of the data and corresponding Monte
Carlo (MC) simulations. It begins with the event selection, covered in Section 4.1, fol-
lowed by the track selection and electron identification criteria, covered in Section 4.2.2.
The signal extraction method, from the electron-positron pairing procedure to the pho-
ton conversion rejection techniques, is detailed in Section 4.3. The reconstruction effi-
ciency correction is presented in Section 4.4, followed by the systematic uncertainties of
the final results in Section 4.5. In Section 4.6, the procedure to simulate the expected

dielectron production in p—Pb collisions at /syn = 5.02 TeV is detailed.

4.1 Data Set and Event Selection

The data set used in this thesis was recorded by the ALICE collaboration in p—Pb
collisions at |/sxy = 5.02 TeV performed during Run 2 in 2016. As a result of the
asymmetric beam energies in p—Pb collisions in the centre-of-mass system, with 4 TeV for
the proton beam and 1.59 TeV per nucleon for the Pb beam, the rapidity (y) distribution
is slightly shifted by Ay = 0.465 with respect to the laboratory frame in the direction
of the proton beam. The MB trigger (defined in Section 3.1) was used to select events,
in combination with the LHC’s central beam crossing clock. The number of triggered
events (Nygp) along with the integrated luminosity (L) is listed in Table 4.1, with L,

calculated as

Lint = Nup/owms, (4.1)

where oyp is the MB cross section (2.09 b £+ 3.7%) measured with a van der Meer
scan [111]. To be considered for the analysis, the triggered events must also satisfy the

following conditions:

e The triggered event must contain at least one primary track (defined in Sec-

tion 4.2.1) which can be used to reconstruct the collision vertex.
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4.1 Data Set and Event Selection

e The tracks used for the vertex reconstruction must have at least one hit in the
SPD layers of the I'TS.

e The reconstructed collision vertex must be within +10 cm of the nominal interac-
tion point along the beam axis, so as to avoid any edge effects of the central barrel

detectors.

Further conditions are placed on the event selection to ensure that no events containing
the products from more than one collision are included in the analysis. These pileup
events come in two primary categories. The same-bunch-crossing pileup covers when
two or more collisions take place within one bunch! crossing. This type of pileup is
observed by all detectors. The second type is out-of-bunch pileup and includes pileup
originating from collisions between bunches that were not responsible for triggering the
event, as well collisions between the beam and residual gas in the beam pipe. This type
of pileup primarily affects detectors with longer than average read out times, and differs
from the first type of pileup as the reconstructed points in the drift detectors, e.g., SDD
and TPC, will be spatially shifted in the drift direction of the detector. There are two
separate approaches to deal with event pileup. The first covers both types of pileup,
and is applied at the event selection level by rejecting any events that are reconstructed
with a certain number of vertices by the SPD, with the number of allowable vertices
depending on the multiplicity of the event. Approximately 0.3% of the accepted events
were rejected with this criterion. The second approach deals only with the second type
of pileup and is applied at the track level by requiring the track properties to be of a
high quality, for example, requiring matching tracks from the I'TS and TPC, restrictions
on the distance of closest approach of the track to the reconstructed vertex etc. The
specific tracking requirements used in this analysis are covered in Section 4.2.1. The final
number of events (V) used in this thesis, after event selection and pileup rejection, is
listed in Table 4.1.

NMB £int Nev
626 x 106 299411 pb~! 535 x 106

Table 4.1: The number of MB triggered events (Nyg ), the integrated luminosity
(Lint), and the number of events (Ne,) accepted for the analysis after event
selection, including pileup rejection.

LA bunch is defined as a collection of particles circulating together in the LHC. Typically many, up to
2556 during pp collisions, bunches will be circulating simultaneously in each direction.
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4 Analysis

The recorded data set is composed of 31 subsets of the data, which correspond to so-
called runs, where the state of the detector and beams were kept relatively constant for a
period of time. Each of these runs is subject to quality assurance (QA) tests performed
centrally by the ALICE Data Preparation Group, where fundamental quantities of the
detector performance, track matching and calibration are examined. The individual runs
are listed in the central Run Condition Table and given a flag based on their perceived
quality, along with additional flags corresponding to each detector’s performance. All
31 runs were assessed as 'good’ and had positive flags for the crucial detectors for this
analysis. To ensure that these runs are uniform and can be treated identically, the
accepted runs are then further analysed locally focusing on event, track and pair level
properties that are important to this analysis. A full list of the track properties used in
this analysis can be found in Table 4.2. The local QA calculates the mean and standard
deviation of each track property over all runs, and any runs falling outside £30 of the
mean would be rejected. An example of this QA check is shown in Fig. 4.1 which
plots the average pr ({pr)) of the electron and positron candidates as a function of run
number, with all runs being within +30 of the mean. Ultimately, no additional runs

were rejected due to these checks.
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Figure 4.1: The mean pro ((pr.e)) of the electron (blue) and positron (green)
candidates as a function of run number. The dotted horizontal lines represent
the mean of the individual runs, and the 3-sigma upper and lower bounds which
are used to determine uniformity between the runs. The vertical red lines indi-
cate a new fill of beams from the LHC.
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4.2 Track Selection and Electron Identification

4.2 Track Selection and Electron ldentification

4.2.1 Track Selection

The next step after event selection is to ensure that only primary tracks of good quality
are accepted. Primary tracks are those originating from the primary collision vertex,
whereas secondary tracks can originate from either interactions with the detector mate-
rial, for example, dielectrons from photon conversions, or from secondary physics pro-
cesses such as weak decays, which are not relevant for this analysis. The track quality
requirements listed in Table 4.2 are applied to achieve this, and only tracks that satisfy

each individual requirement are accepted for the analysis.

Feature Requirement
pr 0.2 <pr<10GeV/c
7] <038
TPC refit true
Merossedrows > 100
n?zigableclusters > 80
”cTri)sCsedmws/ ”%ngabzeclusters > 0.8
ITS refit true
SPDfirst true
Mifusters >2

N haredelsuters 0

X2 Miiaters <55
Reject kink daughters true
DCA, 3 cm
DCA,y 1 cm

Table 4.2: Single track selection criteria applied for this analysis

The kinematic requirements 0.2 < pr < 10 GeV/c and |n| < 0.8 are dictated by the
detector geometry, the strength of the magnetic field and the momentum resolution. The
requirement |n| < 0.8 defines a region of acceptance covered by both the ITS and TPC
that will not result in any edge-type effects, that is, the restriction is slightly smaller
than the typically quoted acceptance. The lower bound on the track’s pr removes tracks

that would suffer from poor reconstruction in the TPC due to the significant bending
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4 Analysis

of the track by the strong magnetic field. The upper pr restriction is in place as at
higher momenta the track resolution begins to degrade and the PID capabilities become
significantly reduced as it becomes no longer possible to separate each particle species
from each other. Both the I'TS and TPC must have successful refits meaning that during
the final refit of the track, the I'TS and TPC standalone tracks must be in agreement with
the final globally reconstructed track. Specific requirements on the TPC are implemented
such as a requiring a minimum number of crossed rows (maximum 159 rows per readout
sector), a minimum number of findable TPC clusters (number of crossed rows used for
track reconstruction accounting for dead zones), as well as a reasonable ratio between
the two. Similar requirements are imposed on the I'TS quantities. Each track is required
to have a hit in the first layer of the ITS (SPDfirst), which aims to suppress conversions
from photons and is covered in detail in Section 4.3.1. Tracks must also not share any
ITS clusters with any other tracks (shared ITS hits). As half of the events lacked the
information from the SDD (outlined in Section 3.2), and uniformity across the whole
data set is desirable, all events were ultimately reconstructed without using the SDD
regardless of its availability. For this reason, each track is only required to have minimum
number of two ITS hits used during the track fitting process (ITS clusters), as well as a
reasonable fit the final track (x? per ITS cluster).

Figure 4.2: A diagram of the distance-of-closest approach (DCA). Depicted
is a photon (blue) converting in the first layer of the detector into a ete™ pair
(red) [112]. The dotted black lines represent the back propagation of the track
finding algorithm and highlight how DC'A can be useful for separating prompt
and non-prompt sources.

Furthermore, a set of requirements that aim to suppress tracks originating from sec-
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4.2 Track Selection and Electron Identification

ondary decays are applied. Certain weak decays of charged particles, for example, the
weak decay K+ — pu* + v, can leave tracks with very sharp bends in their trajectories
with the non-ionizing neutral decay product not being tracked by the detector. Due to
the very sharp ’kink’ in the curvature, a kink-finder algorithm is used to reject these sec-
ondary tracks (Reject kink daughters). Finally, the distance-of-closest approach (DC'A)
to the primary reconstructed vertex, illustrated in Fig. 4.2, both in the transverse plane
(DCA,y) and the longitudinal direction (DCA,), is restricted. Typically, the DC'A re-
quirements for other analyses would be quite strict, however, due to the decay lengths
of the c¢ and bb semi-leptonic decays, ¢ ~ 150 um and e ~ 470 pm, respectively, the

restriction on the DC A is relaxed so as to not exclude these dielectron pairs.

4.2.2 Electron ldentification

The standard approach to PID within ALICE is to first produce the so-called PID
variables (n(oP°")). These values express the PID response of a given detector (Det) to
a track through the number of standard deviations (n) a track is away from the most

probable energy deposition for a chosen mass assumption (i) at the particle’s momentum

(p). Assuming the track is an electron or positron, the TPC PID variable (n(c1%°)) is

calculated with

(dE/dx)TPC  — (dE/dx)TF¢

measured e,expected
, (4.2)

TPC,raw) —
€ oTPC

n(o,

where (dE/dx)TPC . is the measured specific energy loss in the TPC, (dE/dx)IFC

measured e,expected

the expected specific energy loss of an electron based on centrally provided splines, which

parametrise the Bethe-Bloch curve and are data set specific, and o F¢ the detector
1s))

1

resolution, all provided for the given p of the track. The ITS PID variable (n(o
would be calculated in the same manner, however, due to the lack of SDD information
(covered in Section 4.2.1) the n(ol™) variables were not considered. The TOF PID
variable (n(of°F)) is calculated analogously using the timing information of the tracks

instead of the dE£//dzx.

The resulting n(oPe

) distributions should ideally, for all detectors, follow a unit Gaus-

Det

%) values require

sian. However, due to the sensitivity of electrons and positrons, the n(o
a further calibration step that is performed locally. This step is referred to as PID post
calibration and aims to ensure that the n(oP°) distributions for each detector are unit
Gaussians as a function of the particle’s p and 7. This is performed both on the data

and the simulations so that the simulations well reproduce the data. In order to find the

49


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfiigbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

Y 3ibliothek,
Your knowledge hu

4 Analysis

correct calibration values, a pure sample of electrons is needed from both the data and
MC simulations. For the data, a so-called VO-finder is employed, described here [113],
which only selects electrons originating from photon conversions. These tracks are se-
lected from the data with kinematical selection criteria and by their displaced vertex,
whereas for the simulations they can be simply chosen via the MC truth values (pdg
codes). The extracted electron sample is fitted with a Gaussian in each p and 1 bin.

The calculated mean () and standard deviation (o) from each fit is used to recalibrate

Det,raw
i

the existing n(o ) values in each bin with

n(UDet,raW) o

n(oP) = —- . g (4.3)

The obtained PID post calibration maps are shown in Fig. 4.3 and Fig. 4.4 for the
TPC and TOF, respectively. The MC n(o{F'C) distributions do not require this post PID
calibration step as this is performed centrally by ALICE. One can see that the largest
deviations from a unit Gaussian appear at low p and large n for both the TPC and the
TOF detectors. However, and more importantly, one can see that the calibration maps
between data and MC for the TOF differ significantly, with the mean of the fits in data
being offset by ~ 0.20 over the full range, whereas for the simulations the offset is ~ 0.30
in the opposite direction. In Fig. 4.5, the mean n(o1°F) (<n(cT°F) >) as a function of
run number is shown before and after the PID post calibration step. The application
of the correction maps ensures that the same PID selection criteria (discussed below)
applied to data and MC result in the same electron efficiency, which is crucial for the

calculation of final reconstruction efficiency (detailed in section Section 4.4).

1 1

10
p (GeVic)

10
p (GeVic)

(a) Data: mean (b) Data: width

Figure 4.3: PID post calibration maps for data n(cItC) distributions as a

function of p and n. The mean (left) and width (right) of the Gaussian fit in
each bin is plotted.
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4.2 Track Selection and Electron Identification

10
p (GeV/c)

(a) Data: mean

10
p (GeV/c)

(b) Data: width

Figure 4.4: PID post calibration maps for data and MC n(c

10
p (GeV/c)

(¢) MC: mean

10
p (GeV/c)

(d) MC: width

TOF

. ") distributions

as a function of p and n. The mean (left) and width (right) of the Gaussian fit
in each bin is plotted.
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Figure 4.5: The mean n(or°%) ((n(aX°%))) as function of run number before
(left) and after (right) the PID post calibration step performed on data.
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4 Analysis

The electron identification scheme is listed in Table 4.3. The procedure first applies
criterion A, which selects electrons over the whole pr range with the requirement that

the track satisfies —3 < n(cIFC) < 3, while also applying strong 7 rejection with

the requirement 3.5 < n(clF%). Next, the track must satisfy either condition B or C.
Criterion B rejects potential hadrons by requiring that the track falls outside the £3o

range of any of the u*, K* or p/p bands. Criterion C utilises the TOF detector and

TOF
e

requires that that track falls within —3 < n(o,“") < 3. A track is accepted as an
electron candidate when either A and B or A and C is satisfied. Using this complex
PID scheme a high level of hadron rejection is achieved while still maintaining a good
detection efficiency (see Section 4.4). The final electron candidates are shown in Fig. 4.6
71

as a function of n( and pr, where faint vertical band structures can be seen for

pr < 1 GeV/c and are the result of selection criterion B’s rejection of the hadron bands.

While not utilised for the final results in this thesis, considerable work was undertaken
investigating the feasibility of using machine learning (ML) to perform PID. While the
results were very promising, showing a significant increase in detection efficiency while
retaining a low contamination rate, the efficacy of the algorithm decreased without the
PID capabilities from the ITS. As approximately half the data set did not contain PID
information from the ITS (explained in Section 3.2), the final analysis is performed using
the more traditional approach to PID just outlined in this section, so as to utilise the

whole data set. For an overview of the ML PID results see the appendix Section 7.4.

Selection  PID requirement

—3 < n(cIfC) <3

A e
3.5 < n(cIfC)
B -3 <n(o;") <3
—3 < n(ogf) < 3
-3 <n(o,7%) <3
C n(olOF) <3

Table 4.3: Particle identification selection criteria used in this analysis to select
a pure sample of electrons and positrons. Fach track has to satisfy either A and
B or A and C in order to be accepted.
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4.3 Signal Extraction

10*

10°

10

10

-4 v by b b e b e by by b by by 1
1 2 3 4 5 6 7 8 9 10
P, (GeVic)
Figure 4.6: Accepted electron candidates as a function of n(cXt°) and pr after

track and PID selection as described in this section.

4.3 Signal Extraction

After the selection of good quality electron tracks from the data sample, the corre-
lated electron and positron pairs from each event must be paired together. However,
as it is not experimentally possible to determine which electron and positron originated
from the same decay process, a statistical approach must be taken to extract the di-
electron signal. Within each event, every electron is paired with every positron and
the invariant mass (me.) and pair transverse momentum (pre.) are calculated (out-
lined in Section 7.2) in order to determine the unlike-sign spectrum (Ni_ (e, Pree))-
Due to the combinatorial pairing procedure, the Ny _(Mee, Pree) distribution contains
not only the true signal pairs (S(mee, PTec)), but also unphysical combinatorial ete”
pairs, pairs from residual correlations from jets, and so-called cross pairs from two pho-
ton decays, for example, 7° — vy — ete"eTe™. In order to extract the signal, these
background ete™ pairs (B(Mee, Pree)) are approximated using the same event like-sign
distributions (N4 (Mee, PTee) and N__(Mee, Pree)). To calculate B(mee, Pree) & hybrid
method is employed, whereby the geometric mean is used when both Ny (Mee, Pree) an
N__(Mee,s PTee) contain at least one pair, and the arithmetic mean is used if one or both
are empty. This approach ensures that the background is not underestimated, which
can happen if the number of pairs are low and one only uses the geometric mean. In this
case, the background will often be estimated as zero and thus the resulting extracted

signal will be overestimated. The calculation of B(mee, pree) is written as
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4 Analysis

2\/N++(mee7 pT,ee) ' N——(meea pT,ee)7 if N:t:t >0
B(mee7 pT,ee) - (44)

(N++ (meeu pT,ee) + N——(mee7 pT,ee))/27 otherwise.

The approach to calculate the background using pairs from within the same event
is preferred over using pairs from mixed events (description below), as the same event
background also includes the correlated pairs that are contained in the Ny _(Mee, DT ce)-
Both the Ni_(Mee; Pree) and B(Mee, Pree) are shown on the left in Fig. 4.7 as a
function of me.. However, as a result of the detector not having full coverage, there is
an acceptance asymmetry between the unlike- and like-sign distributions, which must
be accounted for before the subtraction. To calculate the acceptance correction factor
(R(Mee, Dree)), electron and positron tracks from mixed events are paired such that
one track is from event i and the second track from event j, given j # 4, with these
pairs denoted as N7 (mg,, pre.) to differentiate them from the same event pairs. To
treat the mixed event pairs in the same manner as the same event pairs, only pairs from
similar events, meaning a similar reconstructed vertex position as well as multiplicity
as listed in Table 4.4, are paired. These mixed event ete™ pairs do not contain any
correlations and only reproduce the detector acceptance effects. The R(Mee, DTce) 1S

calculated as

N.Tixed (mee ) pT,ee)

2\/N-Tixed(meeu pT,ee) : Nini$ed(mee7 pT,ee)

R(mee7 pT,ee) = (4'5)

z vertex (cm) Multiplicity (%)
(210,-7.5,-5,-2.5,0,2.5,5,7.5,10} {0, 10,20, 30, 40, 60, 80, 100}

Mixing Bins

Table 4.4: Binning scheme used for creating mized-event pairs from similar
event types. The mized-event pairs are used to create the correction acceptance
factor (R(Mee, Pree)) shown in Eq. 4.5.

The R(mMee, Pree) as a function of mee is shown on the right in Fig. 4.7 where one

can see that only low-me. pairs (me < 0.3GeV/c?) are significantly affected by the

~Y

correction. For me. = 0.3GeV/c?, the correction factor deviates by < 0.05% from

~Y
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4.3 Signal Extraction

unity, and is therefore ignored so as to exclude the statistical fluctuations that arise for

higher-mee pairs (mee > 2 GeV/c?).

2_\ L e e o [T T T T T T
o ]_08 E This Thesis = 1.02 This Thesis —
> E p-Pb {5y, =5.02Tev 3 [ p-Pb\Syy=502TeV ]
8 P 02<p <10 GeVlc, || <0.8 -  02<p <10 GeVlc, |n | <0.8 o
o o 107E p_ <scevic E 1015 ., <8Gevic ]
Zw Ew E ' —4— Unlike-sign pairs E - ' q
Slo ° '..00’."...' —4— Like-sign combinatorial background r {
6 o —+4— Raw dielectron signal | L -
10 ? -.-’c. E 1| *eqeves-e—oe o ver_, —o—o—o—+—+—+’+—
Fe —_—— 3 F —
o b e ]
10 ;— .."4-"". . T _E 0.99 o 5
E - —t ] :
- e . ] g ]
10* g — . ¥ ]
: —— T 0.98F .
103 E — b ]
T T D D B - I I B T B I
0 0.5 1 15 2 25 3 35 0 0.5 1 15 2 25 3 3.5
M, (GeV/c?) Mee (GeV/c?)

Figure 4.7: The unlike-sign (blue), combinatorial background (red) and raw
yield (green) ete™ distributions as a function of mee are shown on the left, and
the acceptance correction factor (R(Mee, PTee)) as a function of mee is shown
on the right.

The raw dielectron signal is extracted with

S(mee> pT,ee) = N+— (mee> pT,ee) - R(m667 pT,ee) . B(mee7 pT,ee)> (46)

and can be seen as a function of me, on the left in Fig. 4.7.
The statistical significance of the measurement is quantified by the ratio between the
raw signal (written as .S in the upcoming equations for simplicity) and the corresponding

statistical uncertainty (AS)

S
S = E, (47)
where AS is defined as
AS = \/(AN,_)? + (AB)?2), (4.8)

which results in the statistical significance being calculated as

S
s = NSETT (4.9)
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4 Analysis

Both the signal-to-background ratio (S/B) and the statistical significance of the mea-
surement are shown as functions of me. in Fig. 4.8. The S/B has a minimum of nearly
1072 at mee ~ 500 MeV, and highlights the need for a good understanding of the back-
ground, otherwise small over- or underestimations of the background in this region can

have large effects on the raw signal determination.

m Frrrr I LN I LI I LI I LI I LI I TT T m T T | LI I T T I TrorrT I Trrr I Trrr I Trrr
B, 4[ ThisThesis 1 ‘:_' 10% = This Thesis -
10°E ppb {5, =502 Tev E n E p-Pb {Syy=5.02TeV 3

F 02< P, < 10 GeVic, |ne| <0.8 ] = [ 02< P, < 10 GeVic, |r]e| <0.8 ]

102 ;_ P, <8GCeVic _: n r* P, <8GeVic T

C ] 10° E

10g 3 . E

1 E M he 4

F* —— ] 0F ° e T o

107t L% — - £ * - M ]
I o :

E % - ] —4=
R a i !

10°E .0 bovvn by by b b b i3 L [IFEFETITE EETATEN INRTATITE IS AFATArIT A

0 0.5 1 1.5 2 25 3 35 0 0.5 1 15 2 25 3 35

m,. (GeV/c?) Mee (GeV/c?)

Figure 4.8: S/B (left) and statistical significance (right) as a function of Mee
for the analysed data set.

4.3.1 Photon Conversion Rejection

Photon conversions in the detector material producing e*e™ pairs are considered back-
ground in this analysis, and need to be removed. To achieve this, three specific criteria
are applied, with two being at the single track level, and one at the pair level. While
the pair level criterion, which is discussed shortly, is a powerful rejecter of ete™ pairs
from photon conversions, the track level criteria can significantly improve the statistical
significance of the measurement by greatly reducing the combinatorics of the pairing
procedure before the signal extraction, thus reducing the denominator in Eq. 4.9.

Each track is required to have both a hit in the first SPD layer, and to not share any
hits in any of the ITS layers with other tracks from the same event. The hit in the first
layer of the SPD rejects ete™ pairs that originate from photons whose late conversions
took place beyond the first SPD layer. The restriction on the shared hits in the I'TS
is motivated by the fact that since photons are massless, the produced e*e™ pairs have

no intrinsic opening angle, and therefore the electron and positron tracks are likely to
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4.3 Signal Extraction

share hits in the inner ITS layers as the bending effect due to the magnetic field on
the charged tracks will not yet have separated them substantially enough. These two

selection criteria increase the S/B by a factor of 2-4 and the statistical significance by

~ V2.

Lastly, due to the finite resolution of the detector, ee™ pairs from photon conversion
are reconstructed with a small but non-zero me., which would contaminate the low-mg.
portion of the results. In order to avoid such contamination, the fact that the ete™ pair
has no intrinsic opening angle can again be exploited. As the opening angle between
conversion ete” pairs is the result of the magnetic field, it will be preferentially aligned
perpendicular to the direction of the magnetic field, whereas for true signal pairs no
such directional preference is a-priori expected. Therefore, the so-called ¢y angle is
constructed to define the angle between the normal vector of the pair plane and the

magnetic field (Z), and is calculated as

U= — 4.10

P4 + -] (410

U:p+ Xﬁ_ 4 11)

W=1uxv (4.12)
UxZ

Ty= (4.13)
@ x 7]

Yy = arccos ( Ui 1_{& ) (4.14)

i

where p_ and p, are the momentum vectors of the electron and positron, respectively.
On the left in Fig. 4.9, the simulated m,, distribution of the signal pairs is compared to
the distribution of eTe™ pairs originating from photon conversions. The reconstructed
Mee from photon conversions are all at very low me. ( mee < 0.14 GeV/c?). On the right
in Fig. 4.9, the ¢y distributions are compared between signal and conversion pairs. As
one can see, the eTe™ pairs originating from photons strongly peaks near m with these
pairs only starting to significantly contribute from 2 rad onwards. Due to these two
characteristics, in this analysis no eTe™ pairs with me, < 0.14 GeV/c? and ¢y > 2 are
accepted, with this restriction rejecting close to all ete™ pairs from photon conversions,

while retaining ~ 64% of the signal in this region.
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4 Analysis
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Figure 4.9: Distribution of signal (green) and conversion (red) eTe™ pairs
shown as a function of me (left) and py (right). All single track selection
criteria are applied. The vertical blue line represents @y selection value applied
in the analysis.

4.4 Efficiency Correction

4.4.1 Monte Carlo Simulations

In order to be able to compare an experimental result to theoretical predictions, the
efficiency of the measurement must be taken into account. This requires performing the
analysis on simulated data, calculating the final efficiency of the selection criteria, and
then using this to correct the data. For this analysis, this means accounting for the
track reconstruction, the ¢y restriction, and the PID selection efficiencies. To correctly
calculate the efficiency correction to the dielectron measurement, a comprehensive MC
simulation must be produced, and, equally as important, the specific fluctuations of the
data between the different runs must be reproduced. To achieve this, the MC simulations
are "anchored” to specific data taking periods, where detector specific settings/states
are implemented, for example, dead zones, voltage settings, alignment parameters etc.
The simulated events, produced using different event generators based on the underlying
physics which will be covered shortly, are propagated through the state of the ALICE
detector using GEANT 3 [114,115], and the same reconstruction algorithms used on data
are also used to reconstruct the simulated tracks. The primary simulation reproduces
the light-flavour dielectron decays (7°, 7/, 1, p°, w and ¢) with a realistic background.
Approximately 600 million events were generated with DPMJET-III [116], which is an

event generator based on the Dual Parton Model. From the simulations, each event,
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4.4 Efficiency Correction

track, and pair feature that is relevant to this analysis is compared to the data as a
function of the run number, and any runs that significantly differ rejected from the
analysis. An example of such a comparison is shown in Fig. 4.10, which compares the
mean DCA,, ((DCAy,)) of the positive and negative tracks between data and MC, and
highlights the good agreement found between the data and simulations. No runs were

rejected on the basis of these checks.

N 0.1_I_._!+L.Ill_‘ilIIIIIIII.ILIIII_I_._I_IIIIII__
< e roroie—s =S S Su-gnabas sose o oa b Sty coon onss So3
) L 4
9 i —4— Positive tracks (Data) |
0.05— —+— Positive tracks (MC) ]
i —+— Negative tracks (Data) ]
C —+— Negative tracks (MC) 7]
O — p—
-0.05 ]
PORE-C 3-e e o0 SO0t == 20000 SU 'y gu-en 2oy
S0l i i
S e e B O e s B B g s
Run Number

Figure 4.10: The mean DC Ay, ((DCAyy)) as a function of run number com-
pared between data (positron candidates in red and electron candidates in pur-
ple) and simulation (positron candidates in blue and electron candidates in teal).
The simulated data in this ezample were produced with DPMJET-III, propagated
through the detector with GEANT 3, and all track and PID criteria outlined in
Section 4.2 were applied.

The kinematic range that is investigated in this analysis is not fully covered by one
specific decay type or channel (see Chapter 2), and therefore the DPMJET simulations
of the light-flavour decays, which primarily populate the low me. and pr . ranges, are
insufficient. In order to achieve full coverage of the measured kinematic region, additional
simulations focusing on the heavy-flavour decays in the intermediate mass range (1.1 <
Mee < 2.7GeV/c?) are used. For these simulations, the relevant open heavy-flavour
decays are generated with PYTHIA 6.4 [117], and are embedded into realistic events
simulated with EPOS-LHC [118]. The generated heavy-flavour decays are:

e cC — ete : 5 million events, forced semi-leptonic decays, accepted if both elec-

tron/positron tracks are within |n| < 1.2
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4 Analysis

e bb — ete™: 5 million events, forced semi-leptonic decays, accepted if both elec-
tron/positron tracks are within |n| < 1.2
e b, c — e : 40 million events, no forced decays, accepted if one or more electrons or

positrons originate from a b decay and are within |n| < 1.2

4.4.2 Resolution Effects

So as to ensure that the reconstruction efficiency of the measurement is correctly cal-
culated, the relevant detector effects, such as the detector resolution and the radiative
energy loss of the particles, must be accounted for. Radiative energy loss occurs when
the traversing particle is either deflected by a nearby nucleus, or is bent by the strong
magnetic field (B = 0.5 T during the recording of the data set used in this thesis). This
process is known as Bremsstrahlung, and the radiated power is proportional to m™*
when the acceleration is perpendicular to the particles velocity, as is the case for the
ALICE detector. Due to the small mass of the electron, as it traverses the detector, it
is subjected to significant energy loss which cannot be ignored.

To account for these effects, a discrete folding procedure is applied to the generated
tracks in the simulation. To do this, detector response matrices are constructed by

quantifying the difference between the generated and reconstructed kinematic variables

Ap = p™ — p¥* (4.15a)
A,,,] — nreco. _ ngen. (415b)
A(p — SOI'BCO. _ sogen.7 (415C)

where the superscripts "gen.” and "reco.” indicate generated and reconstructed, respec-
tively, and A is calculated separately for electrons and positrons due to the opposite
direction of bending. The resulting detector response matrices are shown in Fig. 4.11 as
a function of p#™. To apply these matrices for the efficiency correction, every generated
particle’s kinematic features are smeared by randomly sampling from each relevant dis-
tribution at the same p#°™, and shifting the generated value accordingly. This procedure
must be applied before the selection criteria when calculating the final reconstruction
efficiency correction, otherwise it will significantly overestimate the required correction.

In Fig. 4.12, the ratio between ps™ and p'*° for electrons with 0.62 < p&™ <
0.66 GeV/c is plotted. One can see the effect of Bremsstrahlung illustrated by the
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Efficiency Correction
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long tail, while the finite width of the peak is the result of the finite detector resolution.
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Figure 4.11: Detector response matrices for p, n and ¢ obtained by calculating
the difference between the generated and reconstructed kinematic variables in
the simulated data.

10°

counts

10*

10°

HHHI\‘ HHVTH" \HHHI‘ TT

.

102

- e,
.
P
.

—_
o
=S

-
==

o
N
o
»

0.6 0.8 1
preco. /pgen.

Figure 4.12: The ratio between the reconstructed and generated momentum
(prec° [ps™ ) for electrons with generated momenta in the range 0.62 < ps™ <
0.66 GeV/c.
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4 Analysis

4.4.3 Reconstruction Efficiency

The final reconstruction efficiency correction (€gpai(ee, Preec)) is calculated as the num-
ber of reconstructed ete™ pairs over the number of generated ete™ pairs after smearing

and the application of the kinematic restrictions. This is calculated as

true reco. TECco.
S (mee ) pT,ee)

eﬁnal(mee’ pT,ee) - Strue(msmeared p,si‘meared) (4163’)
dNLF dNEHF
= 6LF(Tnee; pT,ee) : + GHF(mee; pT,ee> : (416b)

dN,, dNee ’

where S"“¢ represents the number of “true” signal ete™ pairs selected via their pdg
codes, ex represents the efficiency for light-flavour (LF) or heavy-flavour (HF) ete™ pairs,
and %ﬁ% the relative fraction of light-flavour or heavy-flavour ete™ pairs as determined
from the hadronic cocktail (covered in Section 4.6). The pair reconstruction efficien-
cies for the track and PID selection criteria, and the ¢y requirement, are presented in
Fig. 4.13.
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Figure 4.13: Pair efficiencies for track and PID criteria (left), and for the @y
requirement (right), as a function of mee and pre.. The track and PID selection
efficiency is determined via a weighted sum of light-flavour and heavy-flavour
efficiencies. The py selection efficiency is determined using only the DPMJET
MC. The final reconstruction efficiency is the product of the two.

The selection efficiency due to the track and PID criteria is approximately 30% over

the entire range, with only small fluctuations in the radial direction at me. ~ 600 MeV
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4.5 Systematic Uncertainties

due the PID hadron band rejection technique. The ¢y selection efficiency is ~64%
(detailed in Section 4.3.1), and is 100% for me, > 0.14 GeV/c? by construction. The MB
trigger and vertex reconstruction efficiency were investigated, and found to be consistent
with unity. The final corrected dielectron yield is shown in Fig. 4.14 as projections onto
Mee and pre.. The corrected ete™ spectrum is compared the hadronic cocktail, along

with additional models, in Chapter 5.
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Figure 4.14: The corrected dielectron yield measured at midrapidity in p—Pb
collisions at \/syn = 5.02 TeV shown as a function of mee (left) and pr ce (Tight)
normalised to the number of analysed events.

4.5 Systematic Uncertainties

Ultimately, two sources of systematic uncertainties are considered. The uncertainties
associated to the calculations of the expected dielectron production, which are covered
in Section 4.6.4, and the uncertainties associated with the analysis of the data, which
are covered in this section.

At each step during the analysis of the data, cross checks are performed to determine
if the intrinsic uncertainty associated with each analysis step is significant, and if so,
what is its contribution to the final total systematic uncertainty of the measurement.
To suppress any statistical fluctuations being recorded as uncertainties, all cross checks
are calculated in course mee and pr e bins.

To calculate the uncertainties of the requirement of a hit in the first layer of the
ITS (SPDfirst), as well the ITS-TPC matching efficiency, a toy-MC method is used.

63


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
blio
nowledge

(]
I
rk

4 Analysis

An example of the process is shown in Fig. 4.15 and will now be outlined. First, the
single track uncertainties are obtained by calculating the relative difference in selection
efficiency for a given selection criteria between data and MC simulations as a function
of pr (top left). These uncertainties are then fed into a toy MC simulation, which
populate the entire measured phase space in me. and pre with particles which are
then forced to decay into an e*e™ pair, with the resulting uncertainty being the sum of
each decay particle’s uncertainty evaluated at each individual pr (top right). Finally,
the uncertainties in me. and pre. are weighted with a realistic spectrum determined
from the expected dielectron pre. spectrum (see next chapter for calculation details),
before being projected into ranges corresponding to the analysis (bottom panels). The
uncertainties on both the SPDfirst requirement and the ITS-TPC matching efficiency
are found to be ~2% with such a small me. or pre. dependence relative to the total
systematic uncertainty that it is neglected.

The uncertainty of the R(Mee, Pr.ee) is checked by varying the bins in which the mixed
event pairs are created in. The mixed event binning scheme is presented in Table 4.5,
with the resultant acceptance correction factors for the different mixing schemes shown

for the low-mee region on the left in Fig. 4.16. No significant deviation is found.

Scheme 7z vertex (cm) Multiplicity (%)

1 {-10,-7.5,—-5,-2.5,0,2.5,5,7.5,10} {0, 5, 10, 20, 30, 40, 60, 80, 100}
2 {-10,-5,0,5,10} {0, 5,10, 20, 30, 40, 60, 80, 100}
3 {-10,-5,0,5,10} {0, 10, 20, 30, 40, 60, 80, 100}

4 10,0, 10} {0, 5,10, 20, 30, 40, 60, 80, 100}
5) {-10,-7.5,-5,-2.5,0,2.5,5,7.5,10} {0, 20, 30,40, 60, 80, 100}

Table 4.5: Different binning schemes used to asses if any uncertainty should be
associated with the acceptance correction factor used to correct the background
calculation before signal extraction.

The uncertainty of the efficiency correction method itself is investigated by comparing
corrected dielectron spectra which had only used either light-flavour or heavy-flavour
ete™ pairs for the correction. Given sufficiently relaxed restrictions on the DC A criteria,
one would a priori expect these to return the same correction factor, however as shown
on the right in Fig. 4.16, a very small difference between the two corrected spectra is
observed, and as a result a 3% uncertainty on the efficiency correction is applied with

1O Mee O Pr e dependence.
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Figure 4.15: Determining the systematic uncertainty associated with the re-
quirement that each track have a hit in the first layer of the ITS (SPDfirst). Top
left: single track SPDfirst selection efficiencies compared between data (green)
and MC simulations (black) with the ratio of the two shown below. Top right:
resulting uncertainties (%) propagated to Mee and pr ee via a toy-MC simulation.
Bottom row: uncertainties projected onto the mee and pre. azes.
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4 Analysis

The ¢y selection criteria is also investigated by varying the selection requirement
around the nominal value from 1.5 to 2.7 rad, as well as comparing the selection efficiency
between data and MC, as shown on the left in Fig. 4.17. A small discrepancy of ~2%
is observed. As the y selection is only applied for me. < 0.1 GeV/c?, the uncertainty

from this criterion is not applicable for the higher mass pairs.

E 1 & wf .
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Figure 4.16: Left: The correction acceptance factors calculated for different
mixing bins as listed in Table 4.5. Right: efficiency corrected dielectron yields
using only light-flavour (LF) or only heavy-flavour (HF) compared to the central
value determined with the weighted method outlined in Section 4.4.3.

The uncertainty from the requirement that no tracks shared hits in the ITS layers
is calculated by loosening the criteria to allow up to four shared layers with another
track (the maximum allowable) and comparing the resulting corrected spectra. This
cross check also provided a test on the understanding of the background, as the S/B
is varied by a factor of two when no restriction is applied. A small uncertainty of 2%
for mee < 1.1 GeV/ ¢? is observed as shown on the right in Fig. 4.17, with a slight DT ee
dependence that is also accounted for.

The uncertainty arising from the tracking and PID selection criteria, listed in Table 4.2
and Table 4.3, respectively, are calculated by simultaneously varying the selection criteria
20 times (listed in Tables 7.2 and 7.3), and comparing the resulting spectra for any
significant differences. The results from these criteria variations are presented in Fig. 4.18
in course me, bins. Both the mean of the yields as well as the mean weighted by the

statistical uncertainty are shown on the plots and are in very close agreement with each
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4.5 Systematic Uncertainties
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Figure 4.17: Left: ¢y selection criteria efficiency compared between data
(green) and MC' simulations (blue) using DPMJet-I111. Right: Corrected dielec-
tron yields with differing number of shared hits in the ITS (indicated in by the
legend) compared, with the resulting ratio and significance tests plotted below.
The blue line the lowest ratio plot indicates the 3o significance level.

other. In addition, the PID scheme itself is investigated by comparing the resulting
spectra when using the current PID selection criteria against the PID scheme used in
a previous ALICE dielectron paper which analysed pp collisions at /s = 7 TeV [84].
These two uncertainties are added in quadrature. In the very low-me, region (0 < me, <
0.14 GeV/c?), the uncertainty is found to be 10%, whereas for higher m., the associated

uncertainty is found to be much lower at 2%.

While the hadron contamination is implicitly probed in the previous cross checks,
it is also explicitly investigated with a MC analysis. Via this method, the level of
contamination is known and could be tracked from the single track level to the final
result after the background subtraction. Such a check is performed for all 20 PID
selection settings. The resulting contamination is found to be < 0.3%, and therefore is
not considered for the final uncertainty calculation. The final uncertainty is calculated
as the quadratic sum of all individual sources and is presented in course me. bins in
Table 4.6.
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8 GeV /¢ for the 20 different track and PID selection criteria listed in Tables 7.2

Figure 4.18

and 7.3. The mean of the yields is shown in blue and the mean weighted by the

statistical uncertainty of each yield is shown in red.
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4.6 Hadronic Cocktail

Mmee (GeV/c*)  SPDfirst ITS-TPC  Shared ITS ¢y  Track & PID  Total

< 0.14 2% 2% 2% 2 % 10 % 11 %
014 -1.1 2% 2% 2% - 2% 5%
1.1-2.7 2% 2% 0 % - 2% 5 %
2.7-35 2% 2% 0 % - 2% 5%

Table 4.6: Systematic uncertainties of the requirement of a hit in the first
ITS layer (SPDfirst), the ITS-TPC matching efficiency (ITS-TPC), the allowed
number of shared clusters in the ITS (shared ITS), the variation of the oy
selection, and the tracking and PID wvariations (Track €& PID) in coarse mee
intervals. The uncertainty of the light- and heavy-flavour efficiency differences
of 8% is not listed, but is applied over the whole range of the measurement
and included in the total uncertainty. The total systematic uncertainty is the
quadratic sum of the single contributions assuming they are all uncorrelated.

4.6 Hadronic Cocktail

This section details the process of generating the hadronic cocktail, which is a data
driven simulation of all significant and known hadronic decays resulting in a eTe™ pair.
An example of such a calculation as a function of me. (left) and pre. (right) is shown
in Fig. 4.19 after the application of the fiducial requirements on the single tracks (0.2 <
pr < 10GeV/c and |n| < 0.8). The simulation of the light-flavour hadron decays (7°,
n, n', p°, w and @) is covered in Section 4.6.1, the open heavy-flavour contributions (cc
and bb) calculated using two separate event generators PYTHIA 6.4 and POWHEG
are detailed in Section 4.6.2, and the generation of the J/v¢ contribution is outlined in
Section 4.6.3. For all contributions, a fast MC simulation is used whereby the generated
particles are smeared with the resolution matrices outlined in Section 4.4.2, and then the
fiducial selection criteria applied. The systematic uncertainties of the hadronic cocktail

are presented in Section 4.6.4.

4.6.1 Light-Flavour

The simulated light-flavour hadron decays are listed in Table 4.7 along with their branch-
ing ratios and method used to generate their pr spectra. The contributions to the di-
electron yield are simulated using the phenomenological event generator EXODUS [119].

The Dalitz decays are generated according to the Kroll-Wada equation [120]
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Figure 4.19: The expected dielectron yield per event in p—Pb collisions at
V/Snn = 5.02 TeV assuming simple atomic mass scaling (A = 208) of the heavy-
flavour contributions, generated with POWHEG, presented as a function of Mee

(left) and pree (Tight).

2N 9 Im2 om2\ 1 AN,
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)
dMeedpr ce 3 2 m2, ) Mee dpr

where agy is the electromagnetic fine structure constant (apv ~ 1/137), S(Mee, DTce)
the electromagnetic form factor, and % the measured yield of the hadron as a function
of pr. The form factors, as well as the p° line shape, that are used in this thesis were
measured by the NA60 Collaboration [121,122]. The two-body decays of w and ¢ are
simulated using the Gounaris-Sakurai formula [123].

The left plot in Fig. 4.20 compares the available 7° and 7% pr spectra from p-Pb
collisions at \/syy = 5.02 TeV in the multiplicity? range 60 - 80% [124, 125]>. The
7 pr measurement extends down to far lower pp (pr ~ 100 MeV) than the 7° pr
measurement (pp &~ 400 MeV). In order to ensure that the fit is constrained at low pr,
which is particularly important for this analysis, the 7% pp spectrum is taken as a proxy
for the 7°. The fit is performed with a modified Hagedorn function [126] defined as

d’N
dydpr

_E
=pr-A- (exp(B -pr+C p?f) + %) , (4.18)

2 As the geometric interpretation applied in AA collisions is not well-defined for pp and pA collisions,
multiplicity percentiles are used instead.

3Measured pr spectra of 7+ and ¢ production in p-Pb collisions at VSN = 5.02 TeV were only
available in multiplicity classes at the time of this thesis.

70


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
10
edge

b

now!

(]
I
rk

4.6 Hadronic Cocktail

Particle Simulated decays Branching ratio (%) Calculated with
0 yete™ (1.17 £ 0.04) fit(7*) (data)
n yete™ (6.90 & 0.40) -1073 fit(n/7°) (data)
) yete™ <9-1074 "
1 wete (2.00 + 0.40) -10° e
0 ete (4.72 £ 0.05) 10+ fit(p°/x°) (PYTHIA 8.1)
W §+i ) (7.28 £ 0.14) '10_5 fit(w/°) (PYTHIA 8.1)
0 ete (7.70 + 0.60) -10~*
ete (2.95 + 0.03) -10*
é 0 ete (1.15 = 0.10) -10~* fit(¢) (data)
0 ete (1.12 £ 0.28) -10°°

Table 4.7: Simulated light-flavour hadron decays calculated for the expected
dielectron yield in p-Pb collisions at \/sxy = 5.02 TeV. Also listed are the
branching ratios along with the associated uncertainty, and the method used to
generate the input pt spectrum for the simulations.

where A, B, C, D and E are the fit parameters. An example of a fit to the 7% pr spec-
trum, performed in the multiplicity range 60 - 80 %, is shown on the left in Fig. 4.22.
The ratio shows good agreement between the data and the fit, with the shown uncertain-
ties being the statistical and systematic uncertainties of the data added in quadrature.
However, while the constraint at low pp motivates the use of the 7% pr spectrum, small
differences between the 7° and 7% pr spectra are still expected due to isospin-violating
decays, in particular from the 17 meson [127]. To account for this, a pr-dependent scaling
factor is calculated using an effective model which is able to describe hadron spectra at
low pr, and includes both strong and electromagnetic decays [128]. The final 7= scaling
factor, along with the fit function, is shown on the right in Fig. 4.20. The dashed vertical
blue line is drawn at pre = 400 MeV to represent the radius of the acceptance hole
due to the kinematic restrictions, and highlights why the scaling factor has only a small
effect (= 2%) in the very low-m, region, and is negligible once the contributions from
the open heavy-flavour decays, primarily c¢¢, become significant. The upper and lower

fits in the plot will be covered in Section 4.6.4.
Measured pr spectra for , 1, w and p® in p-Pb collisions at /sy = 5.02 TeV were

not available during the time of this thesis. To construct the n pr spectrum, a wide
range of experimental measurements of 7/7° are used to determine a ratio that is well

constrained down to low pr. The low energy points were measured by the HELIOS
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Figure 4.20: Left: ©° (blue) and ©= (green) pr spectra in p—Pb collisions at
VSN = 5.02 TeV measured with ALICE [124,125]. The 7 is used as an input
for the dielectron cocktail generation as it is constrained down to much lower
pr than the ©° pr spectrum. Right: Ratio used to weight the == py spectrum to
account for isospin-violating decays.

and CERES/TAPS collaborations and were recorded in p—Au and p—Be collisions at
VNN = 29.1 GeV [129], whereas the high energy data points were recorded by the
ALICE collaboration in pp and p-Pb collisions at /s = 7 and 8 TeV and /syy =
5.02 TeV [124,130,131], respectively. The procedure to parametrise n/m ratio is covered
in detail in [132] with the final fit shown in Fig. 4.21. In the region where the different
measurements overlap (0.4 < pr < 1.5 GeV/¢), the data are in good agreement within
uncertainties, and seem to validate the assumption that at the current precision the

light-flavour ratios can be treated as energy independent.

The input pr spectra for the w and p° simulations are generated by calculating the
w/m* and p°/m* ratios in pp collisions at /s = 5.02 TeV generated using PYTHIA
8.1 [133]. A different collision system for the ratio calculations is used so that the
systematic uncertainties on the simulated nuclear modification factors (presented in
Section 5.3) from these decays would be fully correlated and therefore cancel each other

out.

The 1’ input pr spectrum is calculated assuming the validity of my scaling [134-136],
which states that the pr shape of the light mesons is the same and only differs by
a scaling factor when expressed as a function of the particle’s transverse mass (mr),
where mp = \/m3 + p% with mg representing the pole mass of the meson. The myp
scaling factor for i’ is determined using PYTHIA 8.1 and found to be 0.40+0.08.
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4.6 Hadronic Cocktail

Finally, the ¢ input pr spectrum is determined directly from fits to an ALICE mea-
surement recorded in p-Pb collisions at /syy = 5.02 TeV [137]. The ¢ pr fits were
performed using a modified Hagedorn function (see Eq. 4.18), and an example of a fit
in the multiplicity class 0-5 % is shown on the right in Fig. 4.22, where good agreement
between the data and fit are observed.

The final light-flavour hadronic cocktail as function of mee is presented in Fig. 4.23,
with the generated distribution shown on the left, and the reconstructed result after

fiducial selection criteria on the right.

e - e il s s |

e — —

CERESI/TAPS
i ~-p-Au \s, = 29.1 GeV
10 ~+-p-Be s =29.1GeV ]
ALICE HELIOS .
[elpp Vs =7 TeV -e-p-Be |5, =29.1GeV |
[m]pp Vs =8 TeV o |
[#]p-Pb |5, = 5.02 Tev Parametrisation
2 ~-nfromm scaled 7@ —ALICE & CERES/TAPS |
0 at Vs = 1;T>, TeV Sys. uncertainty E

PR I TSN NN N T T AN ST TSN NN ST T N AN AT TS NN ST ST N1
1 15 2 25 3 35 4
P (GeVic)

Figure 4.21: The n/7° pr ratio constructed from multiple measurements in
different collision systems at varying energies [132]. The low-enerqy data points
are from the HELIOS and CERES/TAPS collaborations recorded in p—Au and
p—Be collisions at \/snn = 29.1 GeV [129]. The high-energy data points are
from pp and p—Pb collisions recorded with ALICE at \/s = 7 and 8 TeV and
VAN = 5.02 TeV [124, 130, 181], respectively.

4.6.2 Open Heavy-Flavour

The contributions to the hadronic cocktail from the semi-leptonic open heavy-flavour
decays, namely from open charm and open beauty hadrons as outlined in Section 2.2,
are calculated with two different MC event generators.

PYTHIA 6.4 [117] is a leading-order (LO) event generator and includes next-to-
leading-order (NLO) parton shower processes. The framework uses the phenomeno-
logical Lund string model for the fragmentation and hadronisation processes of the
charm and beauty quarks, and the parameters were tuned according to the Perugia2011
tune [138] and used the CTEQSL [139] PDF.
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Figure 4.22: % (left) and ¢ (right) pr spectra measured in p—Pb collisions at
V/Snn = 5.02 TeV by the ALICE collaboration [125,137]. The fit was performed
using a modified Hagedorn function (Eq. 4.18).
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Figure 4.23: The expected dielectron yield per event from light-flavour hadron
decays in p—Pb collision at \/snx = 5.02 TeV as a function of me.. The left plot
shows the generated expected yield without detector effects and fiducial selection
criteria. The right plot shows the expected yield after both detector effects and
fiducial selection criteria have been applied.
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4.6 Hadronic Cocktail

POWHEG [140-142] (POsitive Weight Hardest Emission Generator) is a NLO event
generator used to calculate the initial hard scattering processes at NLO, which can
then be passed to any MC parton shower generator, in this case PYTHIA 6.4. The
calculations involving POWHEG employed the CTEQ6.6 PDF [143].

In order to treat the simulations in the same manner as the data, the signal is extracted
via the like-sign subtraction method (outlined in Section 4.3). Simulations including a
small rapidity shift to account for the asymmetric beam energies were also performed
and found to have a very small effect. For the first time in the high energy regime,
dielectron production measurements at the same energy in both pp and p—Pb collisions
are now available. As a result, the shapes of the simulated differential e*e™ cross sections
from cc and bb decays could be scaled to the measured e*e™ cross sections, rather than
relying on FONLL scaled cross sections, which introduces extra uncertainties, as has
been the case so far. The measured doc/dy|,—o and do;/dy|,—o in pp collisions at
Vs = 5.02 TeV were determined via a double-differential fit in me, and pre. in the
intermediate mass region (1.1 < me, < 2.7 GeV/c?) with the procedure covered in detail
here [83], and an overview given with the results presented in Section 2.6. After scaling
the heavy-flavour simulations to the measured pp cross sections, the contributions are
then scaled by the atomic number of the Pb ion (A = 208). This scaling assumption
is the simplest approach, and only assumes that production rate in p—Pb collisions is a
superposition of 208 pp collisions. The final simulated ete™ yield per event from open
heavy-flavour decays in p—Pb collisions at /syn = 5.02 TeV is presented in Fig. 4.24 for
both POWHEG (solid lines) and PYTHIA 6.4 (dashed lines). As with the results from
the pp measurement, in the intermediate mass region where the double differential fit
was performed the two generators are in agreement. However, due to the substantially
different measured doz/dyl,—o and do,;/dy|,—o (listed in Table 2.1), discrepancies of
1.1 GeV/c?, where the differences in the

production mechanisms for heavy-flavour generation between the two event generators

~10-15% are visible in low-m, region me, <
becomes more substantial. Current uncertainties from both the data and from the light-
flavour cocktail prevent any capitalisation on this aspect, however, if the prompt and
non-prompt sources could be separated, via a multiplicity or DC'A dependent study,
then these generation processes could be explored and the results fed back into the MC

generators. This idea is discussed more in the outlook (see Chapter 6).
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4 Analysis
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Figure 4.24: The expected dielectron yield per event in p—Pb collisions at
VSN = 5.02 TeV from <€ (red) and bb (pink) decays as a function of mee.
The simulated yields, performed with POWHEG (solid) and PYTHIA 6.4
(dashed), are scaled to the dielectron cross section measured in pp collision
at \/snn = 5.02 TeV [83], and multiplied by the atomic number of the Pb ion

(A = 208).
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4.6 Hadronic Cocktail

4.6.3 J/v

To generate the J/v contribution to the expected dielectron yield, the J/v pr spectrum
in p—Pb collisions at /syy = 5.02 TeV by ALICE [144] is first parametrised. The
measurement and resulting fit are shown on the left in Fig. 4.25, along with the central,

upper, and lower fits, and is parametrised with the following function

2

where A and B are the fit parameters. The J /1 dielectron decays are simulated using
PHOTOS [145], which also includes the radiative QED decay (J/1¢ — yete™), and are

scaled to the parametrised fit, before the smearing matrices and fiducial selection criteria

(4.19)

are applied. The final contribution to the dielectron yield from J/v decays is shown on

the right in Fig. 4.25 as a function of m.e.

~ 300 P F
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Figure 4.25: The fit to the measured J /v pr spectrum (left) in p—Pb collisions
at \/sxn = 5.02 TeV [144] used as input to generate the contribution to the
dielectron yield (right). The J/v decay is performed with PHOTOS [145] and
also accounts for the radiative decay (J/1 — ~vete™ ).

4.6.4 Systematic Uncertainties

The systematic uncertainties of the hadronic cocktail originate from three main sources;
branching ratios, parametrisations/fits, and cross sections. Each particle and the cor-

responding systematic uncertainty is listed in Table 4.8. The final uncertainty of the
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4 Analysis

cocktail is the weighted quadratic sum of the individual components, where the weighting
factors are the relative contributions of each decay to the total cocktail. The uncertainty
of the 7¥ stems from two sources. The parametrisation uncertainty from the fit to the 7=
pr spectrum, which is obtained by varying the fit up and down by the statistical and sys-
tematic uncertainties added in quadrature (see ratio in Fig. 4.20), and amounts to 10%.
And an additional uncertainty from the 7°/7* ratio, which is determined by varying the
first fit parameter of the fit function by £5% (see right plot in Fig. 4.20), and results in
an uncertainty of 2%. The uncertainty on the /7% ratio comes from a variation of the
fit parameters, with the result indicated by the light dashed grey lines in Fig. 4.21. An
additional pp-dependent uncertainty is considered which begins at 20% and decreases
linearly to 7% at pr = 10 GeV/c. It is introduced to cover any potential biases from
using such a wide range of energies and collision systems, and is added in quadrature
with the n/7% ratio uncertainty. A 20% systematic uncertainty on the w and p ratio fits
are determined by comparing the same ratios from measurements and simulations in pp
collisions at /s = 5.02 TeV [146] and /s = 2.76 TeV. A 20% systematic uncertainty is
also applied to the mp scaling factor used for the 1’ generation, which is in agreement
with previous ALICE dielectron papers [84,85]. The parametrisation uncertainties of
¢ and J/1 contributions are obtained directly from the fit procedure on data by again
varying the fit up and down by the uncertainties of the data added in quadrature (see
Fig. 4.22 and Fig. 4.25). The systematic uncertainty of the heavy-flavour cross sections
are from the fit procedure to the pp data (covered in Section 4.6.2), and are the result
of the statistical and systematic uncertainties of the data points themselves. As the
measurement in pp collisions was also performed in the dielectron decay channel, the
branching ratio uncertainty is ignored. The final systematic uncertainty assigned to the

dielectron cocktail is presented in Fig. 4.26 as a function of me,.
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4.6 Hadronic Cocktail

Particle BR (%) Parametrisation (%) Cross Section (%)
0 2.98 11 0.0
n 5.80 20 - 1 (pr dep.) 0.0
n 6.38 20 0.0
0 111 20 0.0
w 1.92 20 0.0
¢ 1.02 3 0.0
cC 0.00 0 11.2
bb 0.00 0 18.2
I 0.54 17 0.0

Table 4.8: Summary of systematic uncertainties assigned to the hadronic cock-
tail. For each each particle the sources of uncertainties are listed as a percentage.
Parametrisations cover uncertainties during the fitting procedures, and cross
section uncertainties on the heavy-flavour contributions arise from the fitting
procedure to the pp results (as outlined in Section 4.6.2). The final uncertainty
is determined by adding the individual contributions in quadrature.

Uncertainty (%)
: [N w

=y

\\\\‘\I\\‘\\\Ill\\\‘\l}\‘\\\\
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Figure 4.26: The final systematic uncertainty on the hadronic cocktail as a
The final systematic uncertainty is calculated by weighting
each individual contribution by the particles relative fraction in the cocktail and
adding the contributions in quadrature.

function of Mee.
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4 Analysis

4.6.5 Additional Models

Two additional models are calculated and will be covered in this section. The final

comparisons with the data are presented in Chapter 5.

Thermal Dielectron Production

A thermal model for dielectron production, outlined in Section 4.6.5, was calculated for
p—Pb collisions at \/syy = 5.02 TeV by Ralf Rapp, and follows the procedure outlined
in [63]. The temperature of the system is determined with an expanding fireball calcu-
lation for a mean charged-particle multiplicity at midrapidity of (dN.,/dy) = 20 (which
corresponds to the data in this thesis) and is corrected for weak decay feed-down. The
equation of state has a cross-over temperature 7, = 170 MeV ,which is extracted from
lattice QCD calculations, as well as a chemical freeze-out temperature Ty, = 160 MeV.
The standard p° contribution to the cocktail is removed and replaced by a broadened
p® from the hadronic phase. The same kinematic restrictions on pr and 7 as in this
analysis are applied, however the detector resolution effects (discussed in Section 4.4.2)

are not accounted for and no uncertainties on the calculations are available.

In Fig. 4.27, the predictions are shown as a function of me. in the top panel, and in
the two investigated mass ranges as a function of pre. in the lower two panels. As a
function of mee, the partonic contribution from the QGP is dominant over the hadronic
contribution for the whole range, although both contribute roughly the same amount
around the p® peak. The total thermal contribution varies as a function of me. and DT ee
with respect to the hadronic cocktail, with a maximum of ~10%. The exact variation
can be seen in the ratio presented in Fig. 5.5. The thermal contributions as a function
of pre are calculated for the lower mass range (0.5 < me < 1.1GeV/c?) and the
intermediate mass range (1.1 < me. < 2.7 GeV/c?). For both Dree predictions, the QGP
is the dominant source in the lower pr .. range (pre. < 3 GeV/c), whereas at higher
Pree they are approximately equivalent. In both cases, the thermal contribution as a
fraction of the hadronic cocktail is =10% for pre. < 1 GeV/e. While the predictions as a
function of pr e only extend to pre. < 5 GeV/ ¢ (the analysis extends to pre. < 8 GeV/¢),
the contributions from thermal sources decrease much faster than the known hadronic

sources at high pr e, therefore ensuring the discrepancy in the kinematic ranges can be

safely ignored.
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Figure 4.27: Differential thermal dielectron production calculations for p—Pb
collisions at \/snn = 5.02 TeV as a function of mee, as well as pre. for two
mass ranges, shown separately for the partonic (orange) and hadronic (green)
phases. The model parameters are outlined in the text and the full procedure is
presented in detail in [65].
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4 Analysis

Cold Nuclear Matter

To estimate potential cold nuclear matter effects on the dielectron spectrum in p—Pb
collisions, the charm contribution to the spectrum was modified using the EPS09 set of
nPDFs [69]. An introduction to nPDFs was presented in Section 2.2. To calculate the
EPS09 nPDFs, three different types of measurements were incorporated into the global
analysis which calculates the nPDFs at NLO in pQCD: deep inelastic [+ A scattering,
Drell-Yann dilepton production in pA collisions, and inclusive pion production in d+A
and pp collisions at RHIC. The resulting modification factors (defined in Eq. 2.2) are
shown for two @) scales for Pb ions in Fig. 4.28 for valence quarks (R!®), sea quarks
(RE®) and gluons (RE?).

Pb
It

AL I L LU B AL B ERAAL R AL

EPSO09NLO

1.69 GeV?)

; b($,Q2
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b2

]
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R

Figure 4.28: The nuclear modifications for valence quarks (RY®), sea quarks
(RE®) and gluons (RE?) for Pb at Q* = 1.69 GeV? and Q* = 100 GeV? [69].
The black line represents the result with the best fit, and the thick green band
the uncertainty.

In Fig. 4.29, the modified charm contribution to the dielectron yield in p—Pb collisions
is presented as a function me., along with the upper and lower uncertainty ranges which
come from the nPDFs themselves. The modified charm production rate compared to
the vacuum rate is reduced by ~14% across the whole mass range, which is expected at
LHC energies where the energy transfers are large (high @) and the fractional energy
contained by each parton low (small x). Beauty production is expected to be less affected

by the nPDFs and was therefore not simulated.
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Figure 4.29: The expected dielectron yield from open-charm hadron decays in
p—Pb collisions at \/syy = 5.02 TeV. The vacuum expectation from POWHEG
(green) is compared to calculations incorporating the EPS09 nPDFE (blue). The
blue band in the ratio represents the uncertainty on the nPDF.
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5 Results

5 Results

The following sections present the first dielectron analysis of p—Pb collisions at /sy =
5.02 TeV. The data were recorded with the ALICE detector in 2016 at midrapidity
(In] < 0.8) and are corrected for the reconstruction efficiency. However, the final results
are not corrected for the acceptance (pr and 7 restrictions), as extrapolating down to
pr = 0 GeV/c would introduce a significant dependence on the chosen model. The data
are compared to the hadronic cocktail as outlined in Section 4.6, as well as two addi-
tional theoretical predictions described in Section 4.6.5. In Section 5.1, the differential
cross section measurements are presented and compared to the hadronic cocktail, in Sec-
tion 5.2 the data are compared to the additional model calculations and in Section 5.3
the analysis results are combined with measurements of dielectron production recorded
in pp collisions at /s = 5.02 TeV with the resulting differential nuclear modification
factors presented.

All results are shown as differential cross sections calculated with

Poee 1 1 1 S(Mee, Proee)
dmeede,ee B Eint A7nee ApT,ee €ee (mee> pT,ee) ’

(5.1)

where
o Ame. and Apr e are the widths of the me. and pr . intervals, respectively
e [, the integrated luminosity discussed in Section 4.1 (L, = 299 + 11 pb_l)
e S(Mee, Pree) the uncorrected dielectron yield detailed in Section 4.3

o and €eo(Mee, Pree) the reconstruction efficiency covered in Section 4.4.
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5.1 Minimum-Bias Dielectron Production

5.1 Minimum-Bias Dielectron Production

The measured dielectron production in p—Pb collisions at /sy = 5.02 TeV is presented
in this section and compared to the hadronic cocktail which does not consider thermal
dielectrons or a suppression of the open charm hadron production rate. Figures 5.1
and 5.2 show the differential dielectron cross section as a function of me. integrated over
0 < pree < 8GeV/c with the heavy-flavour contributions calculated with POWHEG
and PYTHIA 6.4, respectively, and scaled by the atomic mass number of the Pb ion (as
discussed in Section 4.6.2). The vertical blue bars represent the statistical uncertainty on
the data while the boxes represent the systematic uncertainty. The expected dielectron
cross section is labelled "Hadronic cocktail” with the grey band representing the total
uncertainty on the calculations. The 3.7% normalisation uncertainty originating from
the luminosity determination is not plotted. The data are in agreement over the entire
Mee Tange with the hadronic cocktail within uncertainties. However, in the very low mass
range (mee < 0.14 GeV/c?) the data are slightly yet systematically underestimated. In
this region no large effects from either of the models are predicted. As the 7% pr
spectrum is used to construct the other light-flavour cocktail contributions (excluding
¢), this discrepancy must be kept in mind when formulating conclusions in the other

ranges that include significant light-flavour contributions.

In Figs. 5.3 and 5.4, the differential dielectron cross section is presented as a function

of pree in four non-overlapping mass intervals.

The region 0 < me < 0.14 GeV/c? is dominated by 7° Dalitz decays. As a result,
the open heavy-flavour contributions do no significantly contribute and the agreement
with data is essentially identical between the two cocktail calculations using the different
event generators to produce the heavy-flavour contributions. For pr.. < 3 GeV/c, the
expected cross section appears to be slightly overestimated in particular at very low pr e,
however the large systematic uncertainties on both the data and calculation ensure the

discrepancy is not significant.

For 0.14 < me < 0.5GeV/c?, the spectrum is dominated by 7 decays but also has
significant contributions from w and cc. As in the 7° dominated region, the data appear
to be slightly underestimated in the low-pre region, however again no discrepancy
between data and simulation can be discerned due to the large systematic uncertainties.

The low-mass region (LMR) spans 0.5 < me < 1.1 GeV/c? and contains the res-

onances from the vector mesons. Here the largest contributor is from c¢ decays for

PTee S 3GeV/c and from bb decays for Pree 2 3GeV/c, with the exact crossover

~Y
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5 Results

between these two pr e ranges varying slightly between the different generators. Con-
tributions from the light-flavour decays are present over the whole pre range. For
Prec S 1GeV/c the data appear to be slightly overestimated, however the large uncer-
tainties preclude any strong statements.

Lastly, the intermediate-mass region (IMR) 1.1 < me. < 2.7GeV/c* is essentially
dominated by the open heavy-flavour hadron decays, primarily from c¢, with a small
contribution from J/1. As the heavy-flavour cross section fit in pp was performed in this
mass region, both generators fit the data well with only a minor difference between the
two. Both generators show a hint of an excess in the low-pr . region (pre < 1.2 GeV/c¢),

while being in agreement for higher pr ec.

¢ Data

10*

N . .
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S p-Pb \s,, = 5.02 TeV — Hadronic cocktail
2 10° | 0.2<p, <10 GeVic, || <0.8 _ ooKtagneenainty
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©
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Figure 5.1: The differential dielectron cross section measured in p—Pb collisions
at \/sny = 5.02 TeV as function of me. integrated over the range 0 < pree <
8 GeV/c. The data are compared to a hadronic cocktail with the heavy-flavour
contributions, generated with POWHEG, fit to the cross sections measured in
pp collisions [83] and scaled with the atomic mass number of the Pb nucleus (A
= 208). The grey band represents the systematic uncertainty of the hadronic
cocktail. The lower panel shows the ratio of the data over the hadronic cocktail.
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5.1 Minimum-Bias Dielectron Production
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Figure 5.2: The differential dielectron cross section measured in p—Pb collisions
at \/snn = 5.02 TeV as function of me. integrated over the range 0 < pr e <
8 GeV/c. The data are compared to a hadronic cocktail with the heavy-flavour
contributions, generated with PYTHIA 6, fit to the cross sections measured in
pp collisions [83] and scaled with the atomic mass number of the Pb nucleus (A
= 208). The grey band represents the systematic uncertainty of the hadronic
cocktail. The lower panel shows the ratio of the data over the hadronic cocktail.
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Figure 5.3: The differential dielectron cross section measured in p—Pb collisions
at \/snn = 5.02 TeV as function of pree in four separate mass intervals. The
data are compared to a hadronic cocktail with the heavy-flavour contributions,
generated with POWHEG, fit to the cross sections measured in pp collisions [83]
and scaled with the atomic mass number of the Pb nucleus (A = 208). The grey
band represents the systematic uncertainty of the hadronic cocktail. The lower
panel shows the ratio of the data over the hadronic cocktail.
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Figure 5.4: The differential dielectron cross section measured in p—Pb collisions
at \/snn = 5.02 TeV as function of pree. in four separate mass intervals. The
data are compared to a hadronic cocktail with the heavy-flavour contributions,
generated with PYTHIA 6, fit to the cross sections measured in pp collisions [83]
and scaled with the atomic mass number of the Pb nucleus (A = 208). The grey
band represents the systematic uncertainty of the hadronic cocktail. The lower
panel shows the ratio of the data over the hadronic cocktail.
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5 Results

5.2 Model Comparisons

In this section two additional models are compared to the measured dielectron produc-
tion. As the measurable differences between the heavy-flavour generators PYTHIA 6.4
and POWHEG are negligible for this analysis, and the computation time to fully cal-
culate the expected suppression is significant, only comparisons using POWHEG will
be shown from this point on. Furthermore, comparisons with data are not shown for
the range me. < 0.5GeV/c?, as both models do not alter the comparison significantly
enough in this region to have a notable effect given the current precision. In the figures
presented in this section, the contribution labelled "QGP + HG (Rapp et al.)” corre-
sponds to a thermal model which includes dielectron production from the partonic phase
(QGP) and the hadronic phase (HG = hadron gas). As the hot hadronic phase calcu-
lations also contain a broadened p° mass shape due to interactions with the medium,
the in-vacuum p° shown in the hadronic cocktail is subtracted from the thermal cocktail
before determining the comparison shown in the ratio. The thermal calculations do not
include detector resolution effects and no uncertainties were provided. The label con-
taining "EPS09” indicates that the calculation includes a suppressed open charm hadron
production rate and was calculated using the EPS09 nPDFs. The red uncertainty band
on the EPS09 model originates from the nPDF calculations and does not include the

uncertainties from the other dielectron sources shown in grey.

In Fig. 5.5, the measured differential dielectron cross section as a function of M
integrated over 0 < pre. < 8 GeV/c is now compared to the hadronic cocktail, which
contains all sources above the black line, as well as the two additional models. In the
lower panel all three calculations are compared to the data. In the LMR, the data are
in agreement with all three cocktails within uncertainties. The model with a suppressed
open charm hadron production is slightly favoured by the data which is systematically
below unity in this region, however, both the deviation from unity by the data and the
expected additional thermal contribution is small, prohibiting any of the calculations
from being excluded. In the IMR, the situation is similar but reversed. In this case, the
thermal model is favoured over the open charm hadron suppressed model, however when
the uncertainties from the CNM calculations and the hadronic cocktail contributions are

considered, the data would not rule it out.

In Fig. 5.6, the measured differential cross section is further investigated as a function
of pr e for the LMR (left) and the IMR (right). In the LMR, the charm suppressed model
would be favoured over the thermal model for pre. < 2GeV/c. For higher pr ., both
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5.2 Model Comparisons

models marginally improve the agreement with the central value of the data but within
uncertainties all three models agree with the data. In the IMR for pre. S 1.5 GeV/ec,
the thermal model is clearly favoured over the charm suppressed model by the data,
although the modification to the significance of the disagreement between data and
expectation is not greatly improved, again due to the non-negligible uncertainties. For
PTec > 1.5 GeV /¢, both models do not alter the cocktail in a consequential manner, and

the data are in agreement with all three calculations.
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Figure 5.5: The differential dielectron cross section measured in p—Pb col-
lisions at \/sxn = 5.02 TeV as function of me. integrated over the range
0 < pree < 8GeV/c. The data are compared to a hadronic cocktail with the
heavy-flavour contributions, generated with POWHEG, fit to the cross sections
measured in pp collisions [83] and scaled with the atomic mass number of the Pb
nucleus (A = 208). Additional models including thermal sources of dielectrons
(QGP + HG) [63] and a suppression of the open charm hadron production rate
(POWHEG+EPS09) [69] are also presented. In the lower ratio panel all three
calculations are compared to the data. The grey band represents the systematic
uncertainty of the hadronic cocktail, and the red band represents the uncertainty
of the nPDF' calculation.
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5 Results
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Figure 5.6: The differential dielectron cross section measured in p—Pb collisions
at \/snx = 5.02 TeV as function of pree in two separate mass intervals. The
data are compared to a hadronic cocktail with the heavy-flavour contributions,
generated with POWHEG, fit to the cross sections measured in pp collisions [85]
and scaled with the atomic mass number of the Pb nucleus (A = 208). Addi-
tional models including thermal sources of dielectrons (QGP + HG) [63] and a
suppression of the open charm hadron production rate (POWHEG+EPS09) [69]
are also presented. In the lower ratio panel all three calculations are compared
to the data. The grey band represents the systematic uncertainty of the hadronic
cocktail, and the red band represents the uncertainty of the nPDF' calculation.

5.3 Nuclear Modification Factor

In this section the measured dielectron production in p—Pb collisions is compared to the
dielectron production rates measured in pp collisions at the same center-of-mass energy
(v/snn = 5.02 TeV). The pp measurements were presented in Section 2.6. The combined
results are presented as differential nuclear modification factors (R,pp), which were in-
troduced in Eq. 1.9. The cocktail Rypy, uncertainties are the result of adding the 7°, ¢
and J /v uncertainties together in quadrature, weighted by their relative contributions
as determined from the cocktail itself. All other uncertainties, for example, the n/n°
parametrisation, are fully correlated and therefore cancel each other out. The normal-
isation uncertainty is not plotted, and is calculated by adding the uncertainties from
both the pp and p—Pb luminosity scans in quadrature.

In Fig. 5.7, the dielectron Rypy, is presented as a function of me. and compared to
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5.3 Nuclear Modification Factor

the hadronic cocktail as well as the two cocktails containing the previously introduced
models. Again, the uncertainty plotted on the cocktail using the EPS09 nPDFs to
model a suppressed open charm hadron production rate only shows the uncertainty
stemming from the calculation on the nPDFs. The relative fraction of dielectrons from
light-flavour decays, determined from the hadronic p—Pb cocktail, is also plotted in light
green. Overall the data are reproduced by the hadronic cocktail within uncertainties. A
different scaling behaviour between the light-flavour and heavy-flavour production rates
seen in data is reproduced by the calculations. As heavy-flavour quarks are produced
in initial hard processes (detailed in Section 2.2) a scaling with N, (or equivalently
A when measuring cross sections as was done here) is expected, whereas light-flavour
production is governed by soft processes (outlined in Section 2.1) which depend on the
size of the interacting system and therefore scales proportionally to Npars.

In the LMR, the expected Rppy, is consistently higher than the data, however it is
in agreement within uncertainties. In this region, the suppressed open charm hadron
production cocktail appears to be more favoured by the data, but neither model can be
ruled out. In the IMR, the hadronic cocktail reproduces the data within uncertainties,
however the addition of a thermal source does slightly improve the agreement. The
EPS09 cocktail on the other hand seems somewhat disfavoured by the data in this
region, but cannot be ruled out when considering the uncertainties.

In Fig. 5.8, the Rpy is further analysed as a function of pr e in the LMR (left) and
the IMR (right). The relative fraction of light-flavour production is not plotted in either
case. In the LMR, the light-flavour fraction is essentially constant at ~ 20%, and in
the IMR it is =~ 0%. The Rppp in the LMR is well reproduced by the hadronic cocktail,
although the addition of a suppression factor to the open charm hadron production rate
thermal contributions is disfavoured by the data for pre. < 1GeV/e. In the IMR all
three cocktails are in agreement with the data for pre. > 1GeV/c. Below this, the

does increase the agreement at very low pree (Preec S 3GeV/c)). The cocktail with

cocktail with thermal contributions noticeably improves the agreement with the data,

however none of the models can be definitively ruled out due to the large uncertainties.
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5 Results
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Figure 5.7: The dielectron nuclear modification factor (Rypy) as a function of
Mee measured at midrapidity at \/snn = 5.02 TeV [83]. The hadronic cocktail
shown in black represents the baseline expectation with the heavy-flavour con-
tributions generated with POWHEG and the total uncertainty shown in grey.
The cocktail (EPS09) (red) incorporates a suppression to the open charm hadron
production rate [69], whereas the cocktail (QGP+HG) (orange) includes thermal
radiation from the partonic and hadronic phases [63]. The red band represents
the uncertainty from the nPDF calculation and the green shaded area is the
fraction of light-flavour decays determined from the hadronic p—Pb cocktail.

94


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

5.3 Nuclear Modification Factor

R pPb

14

1.2

=

0.8F="

0.6

0.4

0.2

[ This thesis

1.8[ s, =5.02 Tev

[ 0.2<p_ <10GeVic,|n|<0.8

16— Te e
70,50 < m,, < 1.10 GeVic?

 * 5% normalisation uncertainty

o Data
[]Systematic uncertainty
— Hadronic cocktail
Cocktail uncertainty
— Cocktail (EPS09)
---- Cocktail (QGP+HG)
Light flavour fraction

TP

0 1 2 3 4 5 6 7 8

P, .. (GeVic)

(a) 0.50 < Mee < 1.10 GeV /2

g °f
IIQ r This thesis ¢ Data
1.8[ s, =5.02 Tev []Systematic uncertainty
C 02 < 10 GeVi 08 — Hadronic cocktail
FO2<p. < evie, Il <0. Cocktail uncertainty
1.671 10 <m,, < 2.70 Gevic? — Cocktail (EPS09)
C 5 - . ---- Cocktail (QGP+HG)
1 4;1 5% normalisation uncertainty Light flavour fraction
2N
1.2F
u } ! ‘
1:“ --------------- B  FR— -4;--‘---1-_- -------------- e <
F - \
0.8~
0.6
0.4F
0.2
o\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\
0 1 2 3 4 5 6 7 8

P;ee (GeV/c)

(b) 1.10 < Mmee < 2.70 GeV/ 2

Figure 5.8: The dielectron nuclear modification factor (Rppy) as a function of
Pree Measured at midrapidity at \/sxn = 5.02 TeV in two mass intervals [83].
The hadronic cocktail (black) represents the baseline expectation with the heavy-
flavour contributions generated with POWHEG and the total uncertainty shown
in grey. The cocktail (EPS09) (red) incorporates a suppression to the open
charm hadron production rate [69], whereas the cocktail (QGP+HG) (orange)
includes thermal radiation from the partonic and hadronic phases [63]. The red
band represents the uncertainty from the nPDF calculation.
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6 Summary and Outlook

6 Summary and Outlook

This thesis presents the first-ever dielectron measurement in p—Pb collisions in the
TeV energy regime (\/sxy = 5.02 TeV). The measurement is performed at midrapid-
ity (|n| < 0.8) with a minimum transverse momentum requirement of pr > 0.2 GeV/c.
The differential dielectron cross section measurement is compared to data driven sim-
ulations containing all known hadronic decay sources of dielectrons: 7%, n, 7', p°, w,
¢, and J /1, as well as semi-leptonic decays from open heavy-flavour hadrons (c¢ and
bb). The semi-leptonic open heavy-flavour hadron decays are generated using two dif-
ferent event generators PYTHIA 6.4 and POWHEG. The heavy-flavour contributions
are fit to a dielectron cross section measurement in pp collisions at /s = 5.02 TeV in
the intermediate mass range (IMR, 1.1 < me, < 2.7 GeV/c?) where cc and bb dominate
dielectron production. The resulting fits are then scaled by the atomic mass of the Pb
ion for comparison with this analysis.

Both calculations are able to reproduce the measured dielectron production reason-
ably well over the entire investigated range within the uncertainties, however systematic
deviations from the calculations can be seen. The differences in the heavy-flavour cross
sections measured using the two generators, which stem from the different heavy-flavour
production mechanisms implemented by the event generators, is not large enough to be
able to distinguish between the two at the current level of precision. In the low-mass
region (LMR, 0.5 < me. < 1.1 GeV/c?), the data are slightly overestimated, which could
hint at a potential suppression to the dielectron production, whereas in the IMR, the
data are slightly underestimated, potentially indicating the additional presence of a hot
medium producing dielectrons.

These two proposed scenarios are also calculated and compared to the data. The first
additional simulation includes a source of thermal dielectrons which are produced both in
the partonic stage (the QGP), and in the hadronic stage which also induces a broadening
of the p° mass shape due to interactions with the medium. The second supplementary
calculation modified the open charm hadron production rate in the collisions due to the

presence of the Pb ion and is calculated using the EPS09 nPDFs, one of the so-called
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cold nuclear matter effects. Including the suppressed open charm hadron production
does improve the agreement with the data in the LMR, however all calculations are
within the uncertainties. In the IMR, the addition of the thermal calculations helps the
agreement with the data, and in this case the charm suppression is somewhat disfavoured.
Ultimately, given the large statistical uncertainties on the data and large systematic

uncertainties on the calculations, none of the simulated expectations can be ruled out.

Also presented in this thesis is the dielectron nuclear modification factor (Rypy,). The
results of this thesis were combined with the dielectron production measured in pp
collisions at /s = 5.02 TeV, and compared to calculations including those with ther-
mal dielectron production or a suppressed open charm hadron production. The R,py,
highlights the different scaling behaviour between the light-flavour and heavy-flavour
particles, with the atomic scaling of the heavy-flavour appearing to be compatible with
the data within the large uncertainties. The additional models improve the agreement
between data and simulation analogously to the results described above, but the final
result suffers from large statistical uncertainties preventing concrete conclusions from
being drawn. Furthermore, one must also consider the possibility that an extra thermal
contribution may present as well as a suppression of the open charm hadron production
rate. When looking at the dielectron me. and pree spectra, these competing effects
would appear to cancel each other out. So, while distinguishing the extreme cases (i.e.,
only one additional modification) from the hadronic cocktail will soon be within reach,

one could still not be certain that both additional effects are not present.

The results presented in this thesis highlight the necessity to separate the prompt
dielectron sources from the non-prompt dielectron sources, that is the light-flavour and
potential thermal contributions from the open heavy-flavour decays. This idea was in-
vestigated in pp collisions at /s = 7 TeV [84] by harnessing the separating power of the
distance-of-closest approach (DCA) variable which measures the distance between the
reconstructed vertex and the dielectron tracks, allowing one to separate the prompt from
non-prompt sources. Using this approach, it would be possible to isolate the thermal
(prompt) contributions in the IMR, allowing for a precise determination of the contri-
bution. Additionally, studies are planned to investigate the multiplicity dependence of
dielectron production. As the rate of thermal dielectron production is predicted to scale
faster with increasing multiplicity than the light-flavour hadron contributions, analyses
of the multiplicity dependence could shed light on the thermal production rate. Finally,
precise neutral meson measurements, in particular 7° and 7 pr spectra which extend

down to low pr, would significantly increase the discriminating power of dielectron mea-

97


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
blio
nowledge

(]
|
rk

6 Summary and Outlook

surements with respect to the models just discussed, and should therefore be prioritised.
Moving on to the future improvements to the ALICE detector itself, the current
upgrades taking place during LHC Long-Term Shutdown 2 (L.S2), predicted to end 2021,
will include significant improvements to the ITS and TPC [147,148]. These upgrades
will increase the tracking and vertex reconstruction precision, which will further increase
the separating power of the upcoming multiplicity and DCA dependent studies. The
maximum data taking rate during Run 3 (2021-2024) is expected to increase by a factor
of ~50, and will greatly help the analyses by reducing the statistical uncertainties [149].
Further plans for Run 3 include data periods with a lowered magnetic field (B = 0.2 T).
This would reduce the kinematic restrictions from pr > 0.2 GeV/c to pr > 0.075 GeV/ ¢,
greatly increasing the acceptance and precision of the analysis in the very low-meg. region.
For LHC LS3 (2024-2027), a proposal to upgrade the three most inner layers of the
ITS with advanced wafer-scale ultra-thin silicon sensors (MAPS technology) has been
proposed [150], and would reduce the ITS material budget for the inner layers near the
interaction point by a factor of six. In Run 5 (2032-2034) and beyond, plans to replace
the whole ALICE detector with a detector comprised solely of cylindrical silicon detector
layers has begun [151]. This detector would be close to massless and could extend the
momentum range down to a few tens of MeV /¢, substantially reduce the background
coming from photon conversions due to interactions with the material, while handling
luminosities 20 to 50 times higher than the Run 3 and 4 version of ALICE.
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7 Appendix

7.1 ALICE Coordinate System

The coordinate system used by ALICE is a right-handed orthogonal Cartesian system
with the beam interaction point centered at the origin (z,y,z = 0). In Fig. 7.1 the
ALICE detector is overlaid with the coordinate system axes, pointing in their positive
directions, as well the associated angles. The azimuthal angle (¢) increases counter-
clockwise from z (¢ = 0) to y (¢ = 7/2). The polar angle () ranges from z (f = 0) to
the x,y plane (0 = 7/2) to -z (0 = ).

Figure 7.1: Diagram of the ALICE detector indicating the coordinate system .
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7 Appendix

7.2 Kinematic Variables

This section of the appendix presents the ALICE coordinate system and outlines how
to calculate the kinematic variables used in this thesis and naturally uses natural units
(c=h=1).

The energy and momentum of a particle can be written together in four-vector notation

as

Pu = (Eapxapyapz)a (71)

where E is the energy and p = (p,,py,p-) the momentum of the particle. As is the
case for ALICE, the coordination system is chosen such that the beams velocity is in
the z-direction.

The momentum of the particles created in the collision can then be separated into
a longitudinal component (p,), and a transverse component pp = (ps,p,), with the

magnitude of the transverse component calculated as

pr = \/Pi + P2 (7.2)
From this one can also define the transverse mass (my) as
mr = \/m + p%, (7.3)

which, like pr, is a Lorentz invariant quantity under boosts along z.

Another useful kinematic variable at the single track level is rapidity (y) which is

defined as 5
1 + -
= _] ) 4
y= 2 (E_p) (7.4)

However, to calculate the rapidity of a track the mass of the particle in question must
be known. As this is not always possible to determine, pseudo-rapidity (n) is more

commonly used and is written as

- (2)) ns

where 6 is the polar angle between the z-axis and p. In the limit where the particle’s

mass becomes negligible, i.e. |p] >> m, then the pseudorapidity converges to the rapidity

(n = ).
In the case of a two-body decay, the invariant mass (mee) of the original particle can
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7.2 Kinematic Variables

be calculated with

(7.6)

Mee = \/m% +m3 + 2E\Ey — 2P} - P

and the transverse momentum (pre.) with

(7.7)

PT,ee = \/(pm,l +pz,2)2 + (py,l +py72)2

where the subscripts 1 and 2 refer to the two decay products.
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7 Appendix

7.3 Run List

The table below lists the analysed runs in this thesis and corresponds to the data taking

period LHC16qg. The list was taken from the central Data Preparation Group wiki page,

with the run list called

RunlList_LHC16q_passl_CentralBarrelTracking electronPID_ 20171129 v2.txt

265309
265338
265344
265383
265388
265422
265427
265501

265332
265339
265377
265384
265419
265424
265435
265521

265334
265342
265378
265385
265420
265425
265499
265525

265336
265343
265381
265387
265421
265426
265500

Table 7.1: List of analysed run numbers from the data taking period LHC164q.
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7.4 PID with Machine Learning

7.4 PID with Machine Learning

While the PID procedure used in this thesis (outlined in Section 4.2.2) ensured that a
high purity sample of electrons is selected, time was also spent investigating the benefits
of using a Machine Learning (ML) approach for this step of the analysis. For these PID
studies, the software package Toolkit for Multivariate Analysis (TMVA) [152] was used
along side ROOT 6.13 [153]. The TMVA package is a comprehensive machine learning
toolkit which provides a large number of different ML algorithms. During the PID
studies many of these algorithms were tested, for example, neural networks, support
vector machines etc, however the robustness of the Boosted Decision Tree (BDT) to
overtraining as well as the conceptual simplicity of the final selection process made it an

obvious choice.

A BDT is labelled as supervised machine learning as the algorithm is trained to classify
signal from background, in this case electrons from all other particles, by using MC
simulations from which the pdg codes can be used to provide feedback at each iteration
,allowing the algorithm to refine the classification decision boundary with each step. The
classifier is provided with an input set of features x, along with the target classification
(pdg code) yo, and returns a value between -1 and 1 with -1, with values closer to 0
indicating more background-like tracks and values closer to 1 more signal-like tracks.
To suppress the possibility of overtraining, that is learning not the true signal and
background boundaries but rather learning fluctuations specific to the training data set,
the MC data are split into subsets. The first data set is the training set which is used to
perform the initial training of the classifier. The trained classifier is then applied to the
second data subset, the validation set, in order to check for potential overtraining. This
process is repeated many times with changes to the hyperparameters (the features of
the algorithm which control the learning process) of the classifier until the desired signal
and background separation is reached. For a thorough introduction to ML see [154].

During training, the BDT classifier was shown five features typically used in a dielec-

tron analysis for electron PID: pr, n(o!®), n(cItC) Tor) TPC

TPC
e

, n(o and n(o; ). An example

of n(o, ") vs pr is shown in Fig. 4.6 after the PID selection criteria have been ap-
plied. A cursory hyperparameter scan was performed in order to determine a relatively
good architecture, and after each scan both the training and validation outputs were
compared in order to monitor any overtraining. A Kolmogorov-Smirnov test, which is
a nonparametric test of equality which can be applied to two distributions, was also

performed between the train/test outputs after each training cycle. Scans over the three

103


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
blio
nowledge

(]
|
rk

7 Appendix

most common splitting criteria, Gini Index, Cross Entropy, and Misidentification were

also performed, however no substantial differences were found, so the Gini Index was

taken as it is least computationally greedy function.
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Figure 7.2: BDT classifier response outputs compared between data and the
corresponding Monte Carlo production. The classifier output from the Monte
Carlo data is decomposed into its constituent particle species with the green
area corresponding to electrons (signal). The lower plot shows the ratio of the
classifier responses for data (RD) and Monte Carlo.

The final architecture of the BDT is as follows: features = 5, max depth = 10, trees =

200, learning rate = 0.5, and minimum node size = ~ 30,000 tracks. The result of the

classifier output is shown in Fig. 7.2. The classified MC tracks (black) can be decomposed

into the constituent particle species via the track’s pdg code and are also plotted. The

classifier is also applied to the data (cyan) with the data/MC ratio shown in the lower

panel. The classifier quite easily separates the majority of the electrons from the other

tracks, however the region —0.2 < < 0.2 contains both signal and background tracks

in similar proportions. This region is the result of the fundamental separation power of

each detector, and the intrinsic regions where electrons cannot be separated from other

tracks in specific pr intervals. The ratio plot indicates the agreement of the features
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7.4 PID with Machine Learning

provided to classifier between data and MC simulations. Ideally, this ratio would be
flat, meaning the MC simulations perfectly reproduce the data, however this is rare. In
any case, the magnitude of the discrepancy can be quantified as a systematic uncertainty
just like was done in the standard analysis by varying the selection criteria (for the BDT
a simple cut on the MVA output), and calculating the final differences on the spectrum.
As a result, the ML technique itself does not introduce additional uncertainties to the
analysis.

To highlight the benefit of this approach, the BDT classifier was compared to what
is labelled the "traditional approach” which is still quite common within HEP. In the
traditional approach, each variable used for PID is sequentially restricted, and no two
variables are simultaneously considered. The traditional selection criteria are listed in
Fig. 7.3 where the electron PID efficiency and purity are compared between the two
methods. The selection criteria on the BDT output was chosen so as to obtain a similar
purity as the traditional method. While the traditional method has a near flat 70%
efficiency over the whole pr range, the BDT is able to increase this to near 100% outside
of the three drops which correspond to regions where 7°’s, K’s and protons cannot
be fully disentangled from electrons. This significant increase in efficiency translates
to an approximately 10-15% decrease in the statistical uncertainties of the measured
dielectron spectrum, with the systematic uncertainties remaining essentially the same.
Given a data set with full PID capabilities (e.g., ITS included), the ML approach is
clearly an improvement. However, in the case of this thesis, the data set could be
doubled by excluding the ITS PID information, and therefore the benefits from the ML
approach were somewhat nullified. For future analyses a ML approach should definitely

be considered.
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Figure 7.3: Electron PID efficiency and contamination compared between the
BDT algorithm outlined in the text and a traditional PID approach whose se-
lection criteria are listed in the lower right box.
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7.5 Track Selection Variations

7.5 Track Selection Variations

Cut | 18 G somin M rctmin " usamind TS e/
1 100 80 0.8 3 5.5
2 80 70 0.7 2 4.5
3 110 90 0.6 3 6.5
4 90 80 0.8 2 6.5
5 100 100 0.8 3 4.5
6 100 80 0.8 3 6.5
7 80 70 0.6 2 9.5
8 100 90 0.9 3 5.5
9 80 90 0.6 3 4.5
10 110 90 0.8 3 9.5
11 90 100 0.7 2 4.5
12 100 100 0.6 3 5.5
13 80 80 0.8 2 5.5
14 100 80 0.8 3 6.5
15 80 100 0.5 3 6.5
16 110 70 0.6 2 5.5
17 80 70 0.7 3 4.5
18 90 100 0.8 3 6.5
19 100 90 0.8 2 6.5
20 100 80 0.9 3 6.5

Table 7.2: Track selection criteria variations used to determine the associated

systematic uncertainties.
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Cut | noTPC ngTOF ngTPC  noTFC nag pc

1 2.5 2 30 -35-25 -3.0-3.0
2 3.0 3 30 -3.0-30 -25-35
3 3.0 3 40 -30-30 -25-35
4 3.5 3 3.5 -25-35 -3.0-3.0
5 3.0 2 35 -3.0-30 -25-35
6 3.0 3 3.5 -35-25 -3.0-3.0
7 2.5 3 3.5 -25-35 -25-35
8 3.0 3 40 -30-30 -3.0-3.0
9 3.5 2 3.5  -25-35 -25-35
10 3.5 3 3.5 -25-35 -25-35
11 3.0 2 40 -30-30 -3.0-3.0
12 3.0 2 45 -35-25 -3.0-3.0
13 3.5 3 30 -35-25 -25-35
14 3.0 3 30 -3.0-30 -35-25
15 2.5 2 3.5 -3.0-30 -25-35
16 2.5 3 40 -35-25 -3.0-3.0
17 3.0 3 35 -3.0-30 -25-35
18 3.0 2 40 -3.0-3.0 -3.0-3.0
19 3.0 2 40 -25-35 -3.0-3.0
20 2.5 3 35 -3.0-30 -3.0-3.0

Table 7.3: PID selection criteria variations used to determine the associated
systematic uncertainties. When only one number is listed the selection or re-

jection limits are symmetrical.
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