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Zusammenfassung

Eines der zentralen Ziele der aktuellen Forschung im Bereich der Kernphysik ist es,
die physikalischen Gesetze fiir Materie unter extremen Bedingungen zu verstehen.
Motiviert werden solche Untersuchungen von dem Interesse, Phidnomene wie Neu-
tronensterne, welche relevant fiir die Synthese von schweren Elementen wie Gold
sind, oder den Urknall, also den Ursprungspunkt des Universums, besser zu verste-
hen. Wahrend innerhalb von Neutronensternen vor allem eine sehr hohe baryonische
Dichte () herrscht, dominieren extrem hohe Temperaturen die Bedingungen kurz
nach dem Urknall. Schwerionenkollisionen erméglichen es, vergleichbare baryoni-
sche Dichten oder Temperaturen im Labor zu erzeugen. Der Large Hadron Colli-
der (LHC]), ein Teilchenbeschleuniger mit 27 km Umfang, betrieben vom Conseil
Européen pour la Recherche Nucléaire (CERNI), ldsst Bleikerne bei zuvor uner-
reichten Schwerpunktsenergien kollidieren. Dabei werden in dem Kollisionsvolumen
Temperaturen von etwa 300 MeV erreicht, was mehreren Terakelvin entspricht. Aus-
gehend von der Quantenchromodynamik (QCD) zur Beschreibung der starken Wech-
selwirkung folgt aus Gitterrechnungen, dass oberhalb einer kritischen Temperatur
von T, 2 160MeV ein Phaseniibergang von hadronischer Materie in das sogenann-
te Quark-Gluon Plasma (QGP) stattfinden sollte. Entsprechend den kurz nach
dem Urknall vorherrschenden Temperaturen sollte die existente Materie im Zustand
eines gewesen sein. Um also unter anderem den Urknall besser verstehen zu
konnen, ist es eine elementare Grundlage, das und die physikalischen Gesetze,
denen Materie im Zustand des folgt, genauestens zu erforschen.

Vor etwas mehr als 30 Jahren veroffentlichten T. Matsui und H. Satz ihre Idee, dass
die voriibergehende Existenz einer QGP}Phase die Produktion von J/i-Mesonen in
Schwerionenkollisionen verstérkt unterdriickt gegeniiber der Produktion ohne
Phase, also beispielsweise in Proton-Proton Kollisionen. Dieses Phédnomen kann
nach Matsui und Satz zum Existenznachweis eines Phaseniibergangs zwischen ha-
dronischer Phase und verwendet werden, welcher zum damaligen Zeitpunkt
experimentell noch nicht nachgewiesen war. Eine solche anormale Unterdriickung
von J/¢-Mesonen konnte dann in zentralen Pb—Pb Kollisionen am Super Proton
Synchrotron (SPS) und in ebenfalls zentralen Au—Au Kollisionen am Relativistic
Heavy-Ton Collider (RHIC)) gemessen werden. Als physikalische Messgroen, um ei-
ne solche Unterdriickung zu untersuchen, wird der sogenannte nuclear modification
factor ([Raal) verwendet. Dieser spiegelt das Verhiltnis zwischen der Produktion von
J/1¢ in Kern—Kern und in Nukleon—Nukleon Kollisionen wider, wobei die Produk-
tion von J/4¢ in Nukleon—Nukleon Kollisionen mit der geometrisch abgeschétzten
mittleren Anzahl von Nukleon—Nukleon Kollisionen in den Kern—Kern Kollisionen
skaliert wird.

Charm- Anti-Charm-Quark Paare werden selbst bei Kollisionsenergien, wie sie
am [LHC] erzeugt werden, nur durch harte Interaktionen zu Beginn der Kollision er-
zeugt. Dabei ist, aufgrund der Partonen-Verteilung in den kollidierenden Protonen,
der dominierende Prozess die Fusion von Gluonen. Der Ansatz von T. Matsui und
H. Satz beruht auf zwei Besonderheiten der starken Wechselwirkung gegeniiber den
restlichen elementaren Wechselwirkungen. Zum einen treten keine freien Ladungen
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der starken Wechselwirkung auf, da das Potential zwischen zwei stark wechselwir-
kenden Teilchen mit ihrem Abstand, im Gegensatz zu den Potentialen der anderen
elementaren Krifte, zunimmt. Dadurch unterliegen stark wechselwirkende Teilchen
dem sogenannten confinement, das bedeutet, sie werden in nach auflen gegeniiber der
starken Wechselwirkung neutrale Hadronen gebunden. In der als beschreiben-
de Theorie der starken Wechselwirkung gibt es drei Ladungszustidnde. Sie werden als
sogenannten Farbladungen blau, griin und rot bezeichnet, dabei existiert zuséatzlich
zu jedem dieser Ladungszustdnde noch ein Antizustand. Ein farbneutraler Zustand
wird entweder durch die Kombination aller drei verschiedenen Farbladungen, bzw.
Antifarbladungen, zu einem gebunden Objekt, oder durch die Bindung eines Teil-
chens mit einem Antiteilchen, welches die entsprechende Antifarbe als Ladung tragt,
gebildet. Zum anderen zeigt die starke Wechselwirkung eine Besonderheit, die unter
anderem bei sehr hohen Temperaturen auftritt, also den Bedingungen, bei denen
ein moglicher Phaseniibergang von hadronischer Materie zum stattfinden soll-
te. Sehr kurze Distanzen bzw. hohe Impulsiibertrége fithren, aufgrund der Form
des Potentials und des Verlaufs der Kopplungskonstanten der als Funktion
des Impulsiibertrags, bei Prozessen der starken Wechselwirkung zur sogenannten
asymptotischen Freiheit, auch als deconfinement bezeichnet. Im [QGP] kénnen sich
Quarks und Gluonen quasi-frei bewegen, dadurch sollte nach Matsui und Satz das
anziehende Potential zwischen Charm- und Anti-Charm-Quark von vielen leichten
Quarks abgeschirmt werden. Dieser Prozess wird als Debye-Screening bezeichnet,
welches dann verhindert, dass das Charm- und Anti-Charm-Quark sich zu einer
J/1-Resonanz binden. Stattdessen kommt es im weiteren Verlauf der Kollision zu
einer Bindung mit einem der zahlreich vorkommenden leichten Quarks, was dann
zu der anormalen Unterdriickung fiihrt. Wie bereits erwéhnt, wurde eine solche
anormale Unterdriickung der J/¢-Produktion am und am [RHIC] bei Schwe-
rionenkollisionen mit Schwerpunktsenergien im maximal dreistelligen GeV Bereich
gemessen.

Ungefihr zehn Jahre vor den ersten Schwerionenkollisionen am [LHC| wurde pro-
gnostiziert, dass bei Schwerpunktsenergien im TeV Bereich ein weiterer Prozess,
welcher der anormalen Unterdriickung entgegen wirkt, einsetzt und in der J/u-
Produktion bei LHC| Energien eine relevante Rolle spielt. Durch die erhéhte Schwer-
punktsenergie steigt die Produktionswahrscheinlichkeit fiir Charm-Quarks stark an,
sodass die quasi-freien Charm-Quarks mit nicht verschwindender Wahrscheinlich-
keit eine Bindung mit einem weiteren quasi-freien Charm-Quark anstatt eines leich-
ten Quarks eingehen konnen. Somit wird die prinzipiell unterdriickte Produkti-
on von J/¢-Mesonen erhoht. Dabei wird von J/1v regeneration durch sogenannte
(re)combination gesprochen. Messungen der J/¢-Produktion in Pb—Pb Kollisionen
bei /syn = 2.76 TeV konnten bestétigen, dass der regeneration-Prozess eine relevan-
te Rolle oberhalb einer gewissen Schwerpunktsenergie spielt. Die unterschiedlichen
Produktionsprozesse ergeben unterschiedliche Verteilungen der kinematischen Ei-
genschaften der produzierten J/¢-Mesonen. Daher ermdglicht eine prizise Messung
der kinematischen Eigenschaften detaillierte Riickschliisse auf die J/vy-Produktion
und damit auf das Verhalten der starken Wechselwirkung unter extremen Bedin-
gungen.

Mit dem A Large Ion Collider Experiment (ALICE) ist es moglich J/1-Mesonen
im Zerfallskanal in Elektron-Positron Paare im mittleren Rapiditétsbereich (|n| <
0.9) selbst bei verschwindendem Transversalimpuls () zu rekonstruieren.
wurde explizit fiir die Untersuchung von Schwerionenkollisionen am [LHClund damit
fir die Erforschung des Quark-Gluon Plasma (QGP)) entwickelt. Neben der Rekon-
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struktion im dielektronischen Zerfallskanal kénnen J /v, welche mit Vorwérts gerich-
teter Rapiditét zerfallen, im dimyonischen Zerfallskanal rekonstruiert werden. Dort
ermoglichen Absorber die Trennung der Myonen von anderen geladenen Teilchen.
Die Selektion von Elektronen und Positronen bei mittlerer Rapiditét erfolgt durch
verschiedene Techniken zur Teilchenidentifizierung. Ein zentraler Detektor dabei ist
die Time Projection Chamber (TPC]). Tonisierende Strahlung deponiert abhingig
von der Ladung und der Geschwindigkeit der Strahlung Energie im Gasvolumen der
[TPC| dabei werden die Verteilungen der deponierten Energie von der Bethe-Bloch
Gleichung beschrieben. Zusétzliche Informationen zur Identifizierung von Elektronen
konnen der Transition Radiation Detector (TRDI) und der Time-Of-Flight detector
(TOK)) liefern. Zur Rekonstruktion der Trajektorien der aus dem Kollisionsvolumen
kommenden Teilchen wird neben der [TPC| noch das Inner Tracking System ([TS)
verwendet. Fiir die Selektion von Elektronen aus J/i) — eTe™ Zerfillen werden ne-
ben der Teilchenidentifizierung auch zusétzlich topologische Kriterien verwendet,
diese sortieren Elektronen aus anderen Zerfillen aus. Aufgrund der kurzen Lebens-
dauer von J/1)-Mesonen miissen die Spuren der zugehorigen Elektronen ihren Ur-
sprung in direkter Umgebung des Kollisionsvertex haben. Dementsprechend werden
alle Spuren, deren Ursprung nicht in der Néhe des Kollisionsvertex liegt, aussortiert.
Aus dem Ensemble der selektierten Elektron- und Positronkandidaten wird zur Re-
konstruktion der J/1¢-Resonanz dann ein sogenanntes opposite sign Spektrum, also
ein Spektrum, in dem alle Kandidaten mit entgegengesetzter elektrischer Ladung
gepaart werden, erstellt. Auf der Basis dieser Methode kénnen dann verschiedenste
differenzielle Analysen der J/¢-Produktion durchgefiihrt werden.

Eine solche differenzielle Analyse der J/1-Produktion ist die Messung des ellipti-
schen Flusses (v3/*) der produzierten J /4. Eine prizise Bestimmung des elliptischen
Flusses von J /1 ermdglicht Riickschliisse auf die Zusammensetzung aus direkten und
regenerierten J /1 der gesamten produzierten J/v. Durch die Abhéngigkeit vom kol-
lektiven Verhalten des Mediums sind dariiber hinaus auch Riickschliisse auf die
Kopplung der starken Wechselwirkung im QGP moglich. Solche cé-Paare, die kurz
nach der Erzeugung in einem harten Prozess die Bindung zu einer J/¢-Resonanz
eingehen und das Kollisionsvolumen weitgehend ohne Interaktion verlassen, werden
als direkte J /1) bezeichnet. Solche hingegen, deren Farbladung gegeniiber dem initia-
len Partner zunéchst im abgeschirmt wird und die erst im weiteren Verlauf ein
beliebiges (Anti-)Charm-Quark als Partner finden, werden dem sogenannten Regene-
rationsprozess zugeordnet. Charm- und Anti-Charm-Quarks von regenerierten J /1)
unterliegen vor der Bindung zur Resonanz vielfachen Wechselwirkungen mit dem
QGP| Daraus folgt, dass ihre kinematischen Verteilungen im Gegensatz zu direk-
ten J/1 auch stark von kollektiven Effekten, wie dem elliptischen Fluss, beeinflusst
werden. Allgemein entsteht der elliptische Fluss in Schwerionenkollisionen am [LHC|
durch azimutale Asymmetrien des Kollisionsvolumens. Mit einer hydrodynamischen
Beschreibung kann erklirt werden, wie die anfénglich rdumlichen Asymmetrien sich
in Asymmetrien des Phasenraums iibertragen. Durch die zwangslaufige Interaktion
von regenerierten J/¢ mit dem Medium miissen diese auch vom kollektiven ellipti-
schen Fluss beeinflusst werden.

Die in dieser Arbeit vorgestellte Messung vom elliptischen Fluss von J /1, gemes-
sen im dielektronischen Zerfallskanal in Pb—Pb Kollisionen mit einer Schwerpunkts-
energie von /sy = 5.02 TeV, basiert auf der Bestimmung der Korrelation zwischen
dem azimutalen Raumwinkel der Ereignisebene und der azimutalen Vertei-
lung der produzierten J/1. Die Ereignisebene wird dabei aufgespannt durch die
Strahlachse und die kurze Achse der Ellipse, die das Kollisionsvolumen beschreibt.



Bestimmt wird mit Hilfe der allgemeinen Verteilung der Teilchen entlang des
azimutalen Raumwinkels. Fiir die Messung von véj/ ¥ wurden zwei Methoden be-
trachtet und verglichen. Zum einen wurde die Anzahl der J/¢ in verschiedenen
Intervallen des azimutalen Raumwinkels bestimmt und daraus v2J /v errechnet, zum

anderen wurde die mittlere Differenz zwischen und dem azimutalen Raumwinkel

der einzelnen J/1 (@77y) als Grundlage zur Ermittlung von v;’/ ¥ verwendet.
Im Rahmen der vorliegenden Dissertation konnte zum ersten Mal in Pb—Pb Kolli-
sionen bei y/syn = 5.02 TeV ein Hinweis auf die Existenz von elliptischem Fluss von

I/ (v] / ) im mittleren Rapiditétsbereich beobachtet werden. Dabei wurde v) " in
drei verschiedenen Intervallen des Transversalimpulses (pr) gemessen. Transportmo-
delle zeigen fiir J/4, die per Regenerationsprozess erzeugt werden, eine Anhdufung
bei Transversalimpulsen um die 3 GeV /c. Dementsprechend wird der signifikanteste
Wert fiir ein positives v;/ ¥ ebenfalls in diesem Bereich erwartet. Die Messung in
dem diesen Bereich einschliessenden Intervall bestétigt diese Erwartung und weist
im mittleren Rapiditétsbereich den signifikantesten Unterschied zwischen vj/ ¥ und
0 auf. Insgesamt wurde im Rahmen der Unsicherheiten eine gute Ubereinstimmung
zwischen der Vorhersage fiir den elliptischen Fluss des Transportmodels von Du und
Rapp und der Messung beobachtet. Fiir die Ubereinstimmung spielt die Komponen-
te der regenerierten J/v im Transportmodell eine entscheidende Rolle, wodurch der
Vergleich als weitere Bestéatigung fiir die wichtige Rolle des Regenerationsprozess in
der J/¢-Produktion am [LHC| gesehen werden kann. Ungliicklicherweise beschrianken
die statistischen Ungenauigkeiten der Messung die Moglichkeiten weitere Konklu-
sionen im Vergleich mit den Modellen zu schlieen. Wie wichtig weitere Messungen
von vg/ ¥ in kleineren Intervallen des Transversalimpulses und mit erhdhter statis-
tischer Préazision im mittleren Rapiditétsbereich ist, zeigt die Abweichung zwischen
den Vorhersagen der Transportmodelle und der Messung in Vorwirtsrichtung bei
Transversalimpulsen von pr ~ 6 GeV/c. Der gemessene Wert fiir v;f/ v ibersteigt
hier klar die vorhergesagten Werte, was eventuell sogar auf einen fehlenden Produk-
tionsprozess in den Modellen hinweisen kénnte.

Neben weiteren Messperioden bei gleicher Kollisionsenergie kénnten Verbesserun-
gen in der Analyse der gemessenen Daten helfen, die statistischen Ungenauigkeiten
zu reduzieren. Eine solche Option zur méglichen Reduktion statistischer Ungenauig-
keiten bietet die Hinzunahme des Ubergangsstrahlungsdetektors (TRD) von ALICE
in das Schema zur Elektronen Selektion. Basierend auf dem Prinzip, dass geladene
Teilchen beim Passieren von Ubergéingen zwischen Materialien mit unterschiedlicher
elektrischer Permittivitat mit von ihrer Geschwindigkeit abhdngender Wahrschein-
lichkeit sogenannte Ubergangsstrahlung erzeugen, wurde der ALICE TRD unter
anderem fiir die Trennung von Elektronen und Pionen mit Impulsen oberhalb von
3 GeV/c entwickelt. Im Friithjahr 2015 konnte der TRD vollsténdig installiert wer-
den, sodass der komplette azimutale Raumwinkel und gleichzeitig der Pseudorapi-
ditétsbereich n < |0.84| abgedeckt wird. Vorherige Studien auf Basis von Pb—Pb
Kollisionen bei \/syn = 2.76 TeV mit noch unvollstdndigem TRD Detektor deuteten
bereits an, dass die Ergénzung des Schemas zur Elektronen Selektion mit Informa-
tionen vom TRD das Potential hat, die Signifikanz von J/1)-Messungen zu erhéhen.

Bisher basierte standardméflig das verwendete Schema zur Identifizierung von
Elektronen auf der Messung des Energieverlusts von Teilchen im Gasvolumen der
Spurendriftkammer (TPC). Hierbei folgt der spezifische Energieverlust der Bethe-
Bloch Funktion und ist von der Teilchengeschwindigkeit sowie der elektrischen La-
dung abhéngig. In Kombination mit der Messung des Teilchenimpulses ermoglicht
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die Messung des spezifischen Energieverlusts also die Zuordnung von Teilchensor-
ten zu Teilchenspuren. Allerdings beginnt der Verlauf der Bethe-Bloch Funktion
bei Teilchengeschwindigkeiten von v ~ 10> — 10? zu saturieren und selbst grofie
Variationen in der Geschwindigkeit fithren lediglich zu marginalen Unterschieden
des Energieverlusts. Dies bedeutet, dass in den relevanten Impulsbereichen mit stei-
gendem Impuls vor allem die Trennung von Elektronen und Pionen auf Basis des
spezifischen Energieverlusts in der TPC schwieriger wird. Wéhrend sich Elektronen
sogar bei Impulsen unterhalb der durch die Kinematik eines J/i) — eTe™ Zerfalls
vorgegebenen Untergrenzen bereits im saturierenden Bereich befinden, setzt fiir Pio-
nen ab circa 0,3 GeV/c der relativistic rise ein, sodass oberhalb von 2-3 GeV/c ein
relevanter iiberlapp des spezifischen Energieverlusts fiir Elektronen und Pionen ent-
steht, welcher die Selektion von Elektronen erschwert. Da das gesamte Spektrum von
Teilchen erheblich mehr Pionen als Elektronen beinhaltet, miissen Teilchen, die nicht
eindeutig als Elektron oder Pion identifiziert werden kénnen, also solche aus dem zu-
vor erwihnten Uberlappbereich, aus der Messung ausgeschlossen werden, um eine zu
grofle Kontamination durch Pionen zu verhindern. Dadurch wird allerdings natiirlich
auch eine relevante Anzahl an Elektronen aussortiert. Die Messungen des TRD bie-
ten weitere Informationen, um die Entscheidungsfindung beziiglich der Teilchensorte
in diesem Impulsbereich zu verbessern. Um die vom TRD zur Verfiigung stehenden
Informationen optimal zu nutzen, wurde ein Konzept entwickelt, welches die Infor-
mationen vor allem in den kritischen Impulsbereichen der TPC anwendet. Prinzipiell
basiert das Konzept zunéchst auf dem Standardschema der Teilchenidentifizierung
mit der TPC. Teilchenspuren, die von der TPC nicht eindeutig als Elektron bzw.
Pion identifiziert werden kénnen, werden mit Hilfe der Informationen vom TRD neu
bewertet. Diese Erweiterung der Teilchenidentifizierung mit den TRD Informatio-
nen beinhaltet den grofien Vorteil, dass kein Elektron des Standardschemas verloren
geht. Es konnte somit nur dann zu einer schlechteren Signal-Extraktion fiithren,
wenn signifikant mehr Hintergrund, vor allem durch vom TRD falschlicherweise als
Elektron identifizierte Pionen, dem Dielektronen-Spektrum hinzugefiigt wiirden. Zu
diesem Ansatz wurde im Rahmen dieser Arbeit eine Studie durchgefiihrt, welche
die mogliche Verbesserung der J/i¢ Rekonstruktion durch den Einsatz des TRD
beleuchtet.

Zunéchst wurde die allgemeine Akzeptanz von Teilchen im TRD untersucht und
dann verkniipft mit den korrelierten Informationen zur Teilchensorte. Daraus lésst
sich zur Evaluation der Fahigkeiten des TRD ableiten, wieviele Elektronen mit dem
untersuchten neuen Konzept gewonnen werden kénnen und in welchen Impulsbe-
reichen diese liegen. Dabei ergibt sich das erwartete Verhalten, dass vor allem mit
steigendem Impuls Elektronen vor dem Ausschluss bewahrt werden konnen. Im wei-
teren Verlauf der Studie wurde untersucht, inwiefern die durch den TRD ergénzten
Elektronen die gemessene Anzahl an Signal- und Hintergrundpaaren und die dar-
aus folgende Signifikanz der J/1-Resonanz beeinflussen. Dabei ergab sich, dass bei
Betrachtung der Signifikanz sowohl als Funktion des Transversalimpulses als auch
der Kollisionszentralitét in nahezu allen pr- und Zentralitétsintervallen eine Steige-
rung selbiger durch Hinzunahme des TRD erreicht werden konnte. Um letztendlich
den Gewinn an Prézision durch den TRD benennen zu koénnen, wird die Messung
von RJA/Aw mit und ohne TRD verglichen. Dazu wurde mit Hilfe von Monte Carlo
Simulationen eine vollstdndige Korrektur der Messung des Signals als Funktion von
Transversalimpuls und Rapiditdt durchgefiihrt, nachdem zuvor {iberpriift wurde,
dass die Simulationen die durch die Hinzunahme des TRDs gewonnenen Elektronen
korrekt abbilden. Detaillierte Vergleiche des Verhaltens der Spuren im TRD in Si-
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mulationen und in Daten zeigen Abweichungen, beispielsweise bei der Anzahl der
Lagen des TRD, die Signale einer Spur zuordnen kénnen. Im Rahmen der statisti-
schen Unsicherheiten und im Vergleich mit den Abweichungen des Standardschemas
zwischen Daten und Simulationen ist das Verhalten der gewonnenen Elektronen als
Funktion des Impulses in den Simulationen gut reprisentiert. Bei der Bestimmung
von Akzeptanz und Effizienz der Messung konnen die Beobachtungen aus
der Analyse der Signifikanzen der J/i¢-Resonanz weiter bestétigt werden. Der er-
mittelte Korrektur-Faktor (A x €)~! ist mit dem TRD kleiner als ohne, es werden
also auch in der Simulation mehr J/1 mit dem TRD rekonstruiert als ohne. Auf der
Grundlage der korrigierten J/1-Spektren wird dann RJA/XJ als Funktion der mittle-
ren Anzahl der Nukleonen ((Npart)), welche an der Kollision teilgenommen haben,
berechnet. Die Ergebnisse mit und ohne TRD sind im Rahmen der statistischen
Unsicherheiten in guter Ubereinstimmung, es kann also kein direkter systematischer
Einfluss des TRD beobachtet werden. Im Vergleich der statistischen Unsicherheiten
der Messung ergibt sich eine erhéhte Prézision durch die zusétzliche Verwendung
der TRD-Informationen in jedem (Npu)-Intervall.

Zusammenfassend konnte im Rahmen dieser Arbeit ein erster Hinweis auf einen
positiven elliptischen Fluss von J/¢ aus Pb—Pb Kollisionen bei einer Schwerpunkt-
senergie von ,/syy = 5.02 TeV im mittleren Rapiditdtsbereich beobachtet werden.
Dariiber hinaus konnte in einer ersten Studie gezeigt werden, dass der 2015 fertigge-
stellte ALICE TRD in der Lage ist die Selektion von Elektronen fiir die Analyse zu
verbessern, sodass die statistische Prézision der Messung von Ri/f im J/¢ — ete”
Zerfallskanal unter zur Hilfenahme des TRD erhoht werden kann.
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1 Introduction

In the Nature journal Vol. 127 from 1931, Lemaitre published an article with the
title: ”The Beginning of the World from the Point of View of Quantum Theory.”,
which today is known as the foundation of the ”Big Bang theory” [2]. In his article
Lemaitre proposes the idea that at every point of time the available amount of
energy is distributed to all available quantum states. Within his approach the
amount of total energy is constant while the number of quantum states starts with a
unique quantum also quoted as ” primeval atom” at the beginning of the universe and
increases afterwards. 17 years later Fred Hoyle, who himself set up the contradictive
"steady state theory”, established the name Big Bang theory for Lemaitres approach
in a radio program [3].

Theories about the beginning of the universe were already developed far before
Lemaitre published his article, some already in the seventh and sixth century B.C.
[4]. However the quest to understand the birth of the universe based on the Big
Bang theory has an unprecedented large impact on scientific and philosophic re-
searches of mankind in the 21st century. In 1984 the idea to build the Large Hadron
Collider (LHC) at the Conseil Européen pour la Recherche Nucléaire (CERN]) was
put forward at a workshop in Lausanne, eight years later the ” Evian meeting” took
place, which had the topic: “Towards the LHC Experimental Programme.” where
the physics cases of the future [LHCl were presented [5]. Another 18 years later the
first Pb—Pb collisions in the TeV collision-energy regime were induced at the cross-
ing points of the [LHC] providing scientists with data on matter under conditions
closest to those from the Big Bang ever created by mankind [6]. One central goal
of the analyses of this data is to obtain knowledge about the laws of physics under
these extreme conditions, represented by the interactions of elementary particles.
The existing knowledge about the elementary forces and particles is summarized in
the standard model of particle physics, where the strong force has the largest impact
on elementary particle interactions and the way matter is composed. In the 20th
century Quantum Chromodynamics (QCD]) were developed as a description
for the strong force [7]. Similar to phase diagrams of macroscopic matter a [QCD|
phase diagram that describes the state of elementary matter depending on temper-
ature and the density matter is being explored. A sketch of the diagram is shown
in figure with the density of matter on the z-axis and the temperature on the
y-axis, two quantities which, within a thermodynamical approach, in combination
represent the energy density. In the diagram, the state of the matter that surrounds
us in our daily life is found at low temperatures, marked as nuclear matter. With
an increment of the energy density, a change of the state of matter is expected.
While increased net baryonic densities lead towards the state of matter in neutron
stars, a state compatible to the one of the early universe is expected at high temper-
atures. Thus, the exploration of the [QCD] phase diagram with experimental data
from heavy-ion collisions at the [LHC creating extremely hot temperatures will allow
to further understand the beginning of the world.

To further motivate the research of this thesis in detail and connect it to the
investigation of the Big Bang, a small introduction to the standard model of particle
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Figure 1.1: Sketch of the phase diagram of matter [8].

Nuclear matter

physics and the theory of [QCD| will be given in the following. The focus of this
introduction will be on the peculiarities of matter in the hot and dense areas of the

phase diagram.

1.1 Standard model of particle physics

The standard model of particle physics summarizes the discoveries and developments
of the last decades in the field of elementary particles and forces. In the following, its
basic principles will be described as baseline for the research of this thesis. Further
details and information on the standard model can be found in a wide range of
literature, for example in [9, [10].

Particles are divided into two categories according to their spin. Particles with
half-integral spin are called fermions and those with an integral spin are called
bosons. Fermions and bosons behave differently with respect to the spin-statistics
theorem, which describes the symmetry of the wave function under interchange of
two identical particles. Fermions are subject to the Fermi-Dirac statistics, while
bosons are subject to the Bose-Einstein statistics. Following this observation, Pauli
formulated his principle, which states that it is not possible that two or more
fermions exist in the same quantum state, while for bosons this does not apply.

One keystone of the concept of the standard model are the twelve elementary
particles, all of them fermions, i.e. six leptons (¢) and six quarks (q, Q). In addition,
the quarks and leptons are sorted into three generations, each generation contains
a quark with ¢ = % e and ¢ = —% e electrical charge, a neutrino and a lepton with
q = —e as electrical charge. Measurements observe a clear mass ordering from the
first up to the third generation, only for the neutrinos this still has to be verified
since the mass is not yet measured. A summary of the particles can be found in
table [I.I} Every elementary particle has a complementary antiparticle with similar
mass and spin, but opposite electrical charge and magnetic moment relative to the
direction of the spin. In the standard model, all matter is composed of elementary
particles, a particle consisting of quarks is called hadron. Hadrons are distinguished
by their baryon number (B), every quark (antiquark) has B = & (B = —3). Those

12



1.1 Standard model of particle physics

| 1I 111 Charge
Quarks
up charm top
m = 22100 MeV/c?  m = 1.27570022 GeV/c? m = 173.070% GeV/c? +2e
down strange bottom
m = 4.7755 MeV/c? m = 9579 MeV/c? m = 4187502 GeV/c? —1e
Leptons
e o T
m = 510.99 keV/c? m = 105.65 MeV /c? m = 1776.86 + 0.12 MeV /c? —e
Ve Vu Vr
m >0 m >0 m >0 0

Table 1.1: Elementary fermions (quarks and leptons) of the standard model [11].

hadrons with positive (negative) integer [B] are called baryons (antibaryons) and
states with B = 0 are called mesons.

Four elementary forces build the second keystone of the standard model. Interac-
tions between particles are described by fields representing the forces with associated
exchange particles, all of them bosons. In table the forces and their quanta are
listed. For interactions of elementary particles, the strong force is the most relevant
force, with (see section giving the theoretical description. However, the
strong force does not interact with all elementary particles, only quarks and gluons
are subject to fields of the strong force. Thus, the electromagnetic force which inter-
acts with all electrically charged particles, and the weak force which interacts with
all particles also play an important role. Note that the W* and Z bosons are liste
without a value for their parity, this results from the fact they are not an eigenstate
of the parity operator. On the scale of elementary particle interactions gravitation
has no significant influence.

1.1.1 Conservation laws

For the understanding of particle physics not only the forces and particles themselves
are important, also the conservation laws need to be well understood. Reduced to
its bottom line, Noether’s theorem states that every fundamental symmetry leads
to a corresponding conservation law [12]. Within particle physics and especially the
standard model this means that certain observables are invariant. However, not
all conservation laws apply similar to the different forces. In the following, those
conservation laws linked to particle physics and relevant to understand the research
of this thesis will be introduced.

13



1 Introduction

Force Exchange boson JP m
strong gluon, g 1~ 0
electromagnetic photon, v 17 0
W= 1 80.379+0.012 GeV/c?
weak Z 1  91.1876 4 0.0021 GeV/c?
gravity graviton 27 <6-10732 eV/c?

Table 1.2: Elementary forces and their associated exchange particles |10, |11].

— Baryon conservation: The baryon number is invariant, thus the net amount of
baryons, i.e. ng — ng, before and after an interaction has to be the same.

— Flavor conservation: The quark flavor is invariant under the strong and elec-
tromagnetic force, however charged currents of the weak force, i.e. interactions
where a W* is exchanged, change the flavor.

— Lepton conservation: The lepton number is invariant, within strong or elec-
tromagnetic interactions even the generation-wise lepton number is constant,
e.g. it — e is not possible but 1 — e+, +v, is. Again charged weak currents
are an exception and change lepton generations.

1.1.2 Quantum Chromodynamics

Based on the approach of the Quantum Electrodynamics (QED]), which describes the
electromagnetic force, Quantum Chromodynamics was developed to describe
the strong force. Analogous to the electrical charge in [QED]is the color charge for
QCD| However, in contrast to the only positive or negative charge state in the
(QED] there are three color charge states (blue, green, red) and additionally the
corresponding anticolor states. Phenomenologically the color charge was needed
to describe the A*" |u 1, u T, w 1) and the A~ |d 1, d 1, d 1) |13] with the
quark model approach. Without additional degrees of freedom it would violate the
Pauli-principle, the color charge solves this problem. A nice review of the historical
development of the concept of color can be found here [14]. Color-charged objects
are subject to the strong force, the potential between a quark and an antiquark
follows this equation:

‘/qq: —§7+I{JT’, (1'1)
with r as the distance of the objects, o as the strong coupling and £ in the order
of magnitude of 1 GeV fm~!. The first term is compatible with the Coulomb-
potential from[QED] but the second term shows a first peculiarity of the[QCD] With
increasing distance, the energy stored in the potential grows until it reaches the limit
to create a new quark-antiquark pair. As a result of the shape of the potential, no
free color-charged states can exist. This phenomenon is called confinement and up
to now confirmed by experiment where no free color-charged objects have yet been
observed. Another peculiarity of is its exchange boson, the gluon. Contrary
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1.2 Quark-Gluon Plasma

to the photon, which has zero electrical charge, the gluon itself is color-charged and
thus interacts with strong fields. This has to be taken into account when calculating

the Lagrangian of the [QCD}

8 6

1 . . _

fqeo = 3 D GG Y [apin (6, +19G)ay — mgdgay]  (1.2)
a=1 f=1

A consequence of the gluon self-interaction is a feature of the strong force which
is quite important for hot and dense matter, the so-called asymptotic freedom.
With increasing momentum transfer (€ o %), the coupling in strong interactions
decreases towards a state of quasi free color-charged objects. In figure the course

CMS
g 024 E —— CMSincl.Jet, {5 =8TeV, ag(M,) = 0.1164° 00
& c —e— CMSIncl.Jet, |5 =8TeV
0.22— —=— CMSR,,, {s=7TeV
C CMS Incl.Jet, Vs = 7TeV
02— —+— CMmsti, (s=7Tev
- CMS 3-Jet Mass , Vs =7TeV
0.18— —o— DO Incl.Jet
C DO Angular Correlation
0.16[— H1
C —4— ZEUS
0.4 - World Avg ag(M,) =0.1181 = 0.0011
0.12—
0.1
0.08—
E. .. .1 L M | ! M | .
5678 10 20 30 40 100 200 300 1000 2000

Q (GeV)

Figure 1.2: Strong coupling (o) displayed as function of the momentum transfer
of the interaction. The markers and lines show results of experimental
measurements combined with calculations from perturbation the-
ory. The red-dashed line represents the world average, which predicts a
value of ag(myzo) = 0.1181 4+ 0.0011 [15].4

of strong coupling (@rg) as function of [(J] is shown, a clear decrease of g with in-
crease of [()] is visible and underlined by the nice agreement of the data with
predictions. The dependence of g on the distance of the color-charged objects also
translates into a dependence on the temperature and the density of matter
and thus an alteration of those quantities can potentially lead to a phase transition
in the phase diagram of matter (see figure . In the hot and dense region of
heavy-ion collisions and the Big Bang, a phase transition to a state called Quark-
Gluon Plasma (QGP) is expected. Clear hints for the existence of such a state
have been observed |16, 17]. The will be discussed in the next section (|1.2]).

1.2 Quark-Gluon Plasma

As introduced in section [T.1.2], the [QGP|is a state of matter reached under hot and
dense conditions. Clear changes in the behavior of strongly interacting matter have
been observed by several experiments [16, 17]. The quest for the next generation
is a detailed analysis of the and a fully quantified picture of the phase
diagram (figure [1.I). This means, understanding the Equation of State (EoS) in
dependence of temperature (7]) and net-baryon density (), based on experimen-
tal measurements. The predicted phases and the differences of the transitions are
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1 Introduction

sketched in figure While at low [I] and high [zg a color superconductor state
might be reached , above a minimum temperature and sufficiently high energy
density a transition into a phase is expected, and for high temperatures this
was already observed. However, the type of transition into the seems to de-
pend on the combination of [[] and frz during the phase transition. For [z larger
than the one of a conjectured critical point (CPJ), theory predicts a first order phase
transition, for [z smaller ug* a crossover-like transition is expected .

The tool to investigate the phase diagram of are heavy-ion collisions. Vary-
ing the collision energies allows to explore different regions of [I1 and [z In the
following section the physics of heavy-ion collisions will be introduced, with a
focus on collisions created by the [LHC at [CERN], which is currently reaching the
highest collision energies and thus the hottest conditions [20].

1.3 Hot and dense matter from heavy-ion collisions

Heavy-ion collisions provide data to study the behavior of hot and dense matter in
a rather well controlled environment. Figure shows a sketch of the space-time

Hadronic
o Transport

Pre-Equilibrium

Figure 1.3: Space-time evolution of a high-energy heavy-ion collision. After a pre-
equilibrium phase a is established, followed by a crossover phase
transition into a hadron gas at T~ T,. When T = T, is reached, the
chemical freeze-out takes place and the kinetic freeze-out at T = Tj,.
Figure adopted from [21].

evolution of a heavy-ion collision with a sufficiently high energy density for a phase
transition into a [QGP| phase. On the x-axis is the space evolution along the beam-
axis and on the y-axis the time. Less than one fm/c after the initial scatterings,
the formation of a takes place. The so-called fireball naturally starts then to
expand and cool down until the critical temperature (Ig]) for the phase transition
into a hadron gas is reached. During the phase transition, which is observed as
crossover transition under the conditions at the [LHC| confinement is fully restored.
Within the hadron gas, inelastic interactions are still able to modify the particle
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1.3 Hot and dense matter from heavy-ion collisions

composition. Due to the further decreasing temperature, those interactions vanish.
The moment where no more inelastic interactions take place is called chemical freeze-
out, and correspondingly the temperature at this point is the chemical freeze-out
temperature (T). Finally, the kinetic freeze-out is reached when no more elastic
interactions between particles from the collision happen, and hence their kinematic
description is frozen. The temperature correlated to this point of the collision is
the so-called kinetic freeze-out temperature (Tg)). Depicted in figure are [Tg] and

0.2 T T T 1 T T T TTTTIm T T T TTTTIy T T T TTTTI
ALICE \
SPS L ¥ _
0.15- RHIC o| 08
%‘ AGS % 0.6 AGS 7
O 0lf 19
~ @
~ 304+ SPS .
005 } .
/ 02F B
RHIC
1 1 1 1 1 I‘A‘IJIC:E
o5 10 100 1000 0] 10 100 1000 &
\/s NN (GeV) Vs iy (GeV)

Figure 1.4: Temperature ([IJ) (left) and net-baryon density () (right) at the chem-
ical freeze-out as function of the collision energy (/snn]), extracted from
particle yields using the thermal-statistical model [22].

[ (also at the chemical freeze-out) as function of the collision energy ([/snn]) as
estimated by the thermal-statistical model from particle yield measurements [22].
The fact that varying[,/sny|leads to different [Tgy] and g allows the exploration of the
phase diagram with heavy-ion collisions. As mentioned before, the [LHCl provides
collisions in the TeV regime, reaching the highest temperatures ever created by
mankind and thus creates the conditions closest to those of the early universe. In
figure VSN = 2.76 TeV Pb—Pb collisions at the [LHC are represented by the
red markers labeled with [ALICE] above Super Proton Synchrotron (SPS]) collision
energies a saturation of [Tg]around 150-160 MeV is visible (left plot). With increasing
, a decrease of [g) towards zero is observed (right plot), which has its reason in
the fast passing of the ions, very pictorially spoken all nucleons from the colliding
ions have left the building when the chemical freeze-out takes place.

Providing heavy-ion collisions for experiments itself is similarly complicated like
the research with the experiments. In section [3.1] a review of the [LHC] as part of the
experimental setup for the research of this thesis is given.

1.3.1 Signatures of the quark-gluon plasma in heavy-ion
collisions

The basic principle of a signature is a unique behavior under certain circumstances,
thus an observable for a signature has to show a different behavior in mea-
surements where a phase is expected compared to those where no phase
is expected. As reference for a hadron gas phase, nucleon-nucleon (pp)) collisions
are utilized. The results of those measurements can for example then be scaled via
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1 Introduction

the Glauber model to nucleus-nucleus [A—A]) collisions, as if they would act like
multiples of independent [pp collisions [23]. Another step to investigate the hadron
gas are nucleon-nucleus (p—AJ) collisions. In comparison with measurements,
they should be able to highlight the effects of Cold-Nuclear-Matter (CNM)), e.g.
(anti-)shadowing due to modified Parton Distribution Functions (PDFEk) in nuclear
matter [24]. Finally, since a phase transition into an equilibrated phase re-
quires a certain volume at sufficiently high energy densities, also peripheral [A=A]
collisions with only a small overlap of the nuclei provide a possibility to measure
observables in a non{QGP]| phase. Several signatures for the existence of a
phase in [A—A] collisions have been developed in the past. A detailed discussion of
signatures provided by charmonium measurements will be given in chapter 2] while
a more complete review of the and its signatures can for example be found in
[25].

1.4 Qutline of this work

As introduction for this thesis chapter [1| is supposed to give a short overview over
the big picture of the research on the early universe done with heavy-ion collision, of
which the analysis presented in this thesis is a part. The next chapter introduces
charmonia themselves, how they can be used to investigate the and what we
have learned from charmonium measurements so far. In chapter [3|the experimental
apparatus is described, including the accelerator complex providing the heavy-ion
collisions, the A Large Ton Collider Experiment (ALICE]) and the framework and
data sample used for the analysis. The main analysis of this work is the measurement
of the elliptic flow of the J/¢, it will be discussed in chapter .With statistical
errors always leaving room for improvement in measurements of rare probes like
charmonia, a new Particle IDentification (PID]) scheme also utilizing the information
from the [ALICE] Transition Radiation Detector (TRD]) was developed and tested.
This approach and its results will be reviewed in chapter [0 Finally, a summary and
outlook in chapter [7] will conclude the thesis.
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2 Charmonia and the quark-gluon
plasma

In this chapter first of all the elementary properties of charmonia and how they
are produced on the quark level will be described. Then the initial idea of Matsui
and Satz, that a charmonium suppression in heavy-ion collisions is a signature for a
phase formation, will be introduced, followed by a review of the current status
of the research on charmonia as observables in heavy-ion collisions.

2.1 Elementary properties and production of
charmonia

Mesons built from heavy quark-antiquark pairs, where quark and antiquark have the
same flavor, are called quarkonia, i.c. c¢ <— charmonia, bb +— bottomonia.
With a typical formation time around 0.5 fm/c for quarkonia, top-quarks decay too
fast to form bound states and thus ”topomonia” do not exist. Charmonia are also
called hidden/closed charm mesons since their net charm content is zero. As
complementing counterpart, mesons with one (anti)charm quark and a light quark
(u, d) are called open charm mesons. In 1974 the research group of Sam Ting and
at the same time the group of Burton Richter reported on the measurement of a
narrow resonance state with a mass of 3.1 GeV/c? [27, 28] named ”J” by the group
of Ting and ”v” by the group of Richter. Since it turned out that Ting and Richter
discovered the same state it is now called J/v. In table the quantum numbers,
Branching Ratios (B.R.k) and the feed-down fraction to the J/v¢ are summarized for
the J/4 itself and those charmonia with a decay into a J/1. As a result of the fact
that my/y < 2 Mp_meson the strong decay mode is suppressed due to the OZI-rule
[30]. Hence, the J/¢ has a quite small resonance width and thus a long lifetime in
comparison to other resonances. Not only the small width is induced by this fact,
also the large B.R.J of the leptonic decay channel is a result of the ”forbidden” strong
decay.

In high-energy hadron collisions, there are two leading processes for the heavy
quark production. In figure 2.1 examples for these processes are depicted as Feyn-
man diagrams. The left diagram shows a gluon fusion process and the right diagram

Q q Q

Q q Q
Figure 2.1: Feynman diagrams of the leading order heavy-quark production pro-
cesses in hadron collisions.
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2 Charmonia and the quark-gluon plasma

Charmonium state

J/$(1S) xeo(1P)

Xe1(1P)  Xe2(1P)  9(2S)

JPC 1—— 0++
Mass (MeV/c?) 3096.9  3414.7
Decay width (MeV /c?) 0.093 10.8
Feed-down BR;/y1x/BRiot (%) - 1.4

Binding energy (MeV/c?)
(AE =~ mpp — M)
Average radius (fm) 0.50

638 320

1++ 2++ 1——

3510.7  3556.2  3686.1

0.84 1.97 0.294
34.8 19.0 61.4

224 178 48
0.72 0.90

Decay modes of the J /1

(branching ratio)

J/¢¥ — hadrons
J/p —ete”
J/b — ptp”

(87.7+£0.5)%
(5.94 & 0.06)%
(5.93 4 0.06)%

Table 2.1: Quantum numbers and decay modes of charmonia with a J/1 state in
the decay chain 11} [29)].

a Drell-Yan process. For colliding protons at [LHC| energies and a momentum trans-
fer large enough for heavy-quark pair production, the corresponding Bjorken-z is in
the range of 107* — 1072, Hence, the [PDFlis gluon dominated and the prominent
heavy-quark production process is gluon fusion. To understand quarkonia produc-
tion in heavy-ion collisions, it is important to quantify the production of heavy
quarks. This quantification is provided by the measurement of production cross sec-
tions (o]). Figure [2.2) depicts the charm (left) and bottom (right) quark production

—_~ TTTT T T T T 171717 T T T TTT1T77T T T T T 17177 _ | T T T IIIII|
re) I I I o)
=3 [ —@— ALICE (total unc) ] = 5 @ ALICE, pp Vs=2.76 TeV, lyl<0.8
~ 104 - [ ALICE exr. unc. ) . % 10 E @ALCE pp 15=7TeV, Iyl<09 —
|8 F —&— LHCb (total unc.) L. E 2 r
© L A PHENKX $' B 3 I 4CDF,pp Vs=1.96TeV, lyl<0.6
* STAR ’,«’ -8 - % UA1,pp Vs=0.63TeV, lyl<i.5 .
[] HERAB (pA) . - _ -
B 653 on) " | W PHENIX, pp Vs=0.2 TeV, lyl<0.35 - -
3 V  E743(pA) . — FONLL “
10°F v nazrem . =
F 4 NA16(pA) X 10 -
C O E769 (pA) R C
F ——NLOMNR) /7 C
.
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E F
F ’
b/
L g g _|
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;
[ 2 #ALICE ; A
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L S L L
3
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(s (GeV) fs (GeV)

Figure 2.2: Charm (left) and bottom (right) quark production cross sections as func-
tion of the center-of-mass collision energy, for ppjor [p—A] collisions scaled
to single interactions, disregarding a potential nuclear matter effect.
The dashed lines indicate the uncertainties of the NLO and respectively
FONLL calculations [31].

cross-sections (0., oy,;) as function of the center-of-mass collision energy, measured
in pp and [p—A4] collisions. The measurement in [p—A] collisions is scaled down to
match the result of single pp] collisions, disregarding potential effects. A com-
parison to next-to-leading order calculations is given in form of the drawn
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2.2 The initial idea: ”J /1 suppression by a quark-gluon plasma formation”

band in the figures. For o, an increment of a factor ~ 10 between Relativistic
Heavy-Ion Collider (RHIC)) and [LHC] energies is observed.

After the initial production of a QQ pair either a bound state of the produced
quarks is formed or they couple with vacuum sea quarks. This factorization of the
quarkonium production is part of almost all model approaches, which then differ
in the hadronization part. A detailed description of quarkonium production in
elementary interactions can be found in [31].

2.2 The initial idea: ”J/vy suppression by a quark-gluon
plasma formation”

Even at [LHCl energies, only hard scatterings in the early stages of [A=A] collisions are
able to provide enough energy to produce cc pairs. As a result, the quarks forming a
J /1 take part in the complete evolution of the collision, i.e. they are produced before
a potential phase transition. The formation time (7f) of a J/¢ can be approximated
utilizing the uncertainty principle and the mass splitting between the 1S and 2S
states and it is in the region of 7¢ & (mas —mys) ™! ~ 0.3 —0.4 fm/c. As discussed in
section a phase transition is expected after ~ 1 fm/c, thus it is in the same order
of the formation of charmonia. In 1986 Matsui and Satz proposed the theory of
”J /1) suppression by a quark-gluon plasma formation” [26]. The underlying physics
of their idea is an analogue to the Debye screening mechanism known from
processes. According to Matsui and Satz, in a the color charge responsible for
the binding of the c¢ pair into a J/1 should be screened by other quasi-free moving
color charges of light quarks and gluons. Thus, the general quarkonia production
should be suppressed compared to the production without a phase. The
strength of the screening can be quantified in an effective quark-antiquark potential
which is dependent on the temperature of the medium [32]:

4 o
Vaa(r, T') = _§7eXP(_TND)7 (2.1)

the Debye screening mass (fip)) can be estimated via Lattice calculations, as being
proportional to four times the temperature:

I ~ AT, (2.2)
D
Figure visualizes the temperature dependence of the Debye radius. As function
of [[1in units of [T the Debye radius (red line) and the energy density (blue line) is
shown, with the expected dissociation temperature of a given charmonium resonance
indicated by dashed lines.

An observable that quantifies this potential suppression is the so-called nuclear
modification factor (Baal):

dNaa

Rap = —— 2
AA Ncoll X dep

(2.3)

It describes the ratio of the production of a given particle in [A—=A] collisions (dNxx)
to the production in [pp collisions (dN,p), scaled with the expected amount of
collisions in the observed [A—A] collisions (Neon). The calculation of Ny is based on
the Glauber model [23], a geometrical model which associates the measured particle
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2 Charmonia and the quark-gluon plasma

ry(T)vo

| |
0.5 1.0 15  T/Te

Figure 2.3: Debye radius (rp) (red line) and energy density (¢/7*) (blue line) as
function of the temperature ([Z]) in units of the critical temperature (Tg).
Indicated by dashed lines are temperatures where given charmonia states
should dissociate. [32]

multiplicity of an [A=A] collision via the impact parameter () of the collision with
the number of binary collisions. The determination of the collision centrality
within the [ALICE] experiment will be further discussed in section £.3] In a naive
approach the results of [R5 measurements could be interpreted in the following way:

Raxn =1 —A — A collisions are a superposition of pp collisions,
Rapn > 1 —the nuclear medium produces an excess,

Raa < 1 —a suppression due to the nuclear medium takes place.

Hence, according to Matsui and Satz, a phase transition into a should result
in a RJA/ f below one. However, life is not that simple, for example counteracting
effects could appear, such that even though [R, ] equals one, a nuclear medium could
have influenced the result. Additionally, the existence of nuclear matter around the
hadronic collision is capable to influence the quarkonia production, resulting in the
need of measurements of [p—A] collisions as important baseline to separate effects

from [CNM] and a phase.

2.3 Cold-Nuclear-Matter effects

In comparison to pp collisions the existence of surrounding nuclear matter in [p—A|
and [A—=A] collisions has an influence on the initial ¢¢ pair production (initial state
effects), as well as the charmonium formation (final state effects).

Initial state effects

The [PDEk of nucleons are modified by surrounding nuclear matter. Depending on

the momentum transfer, this leads to the so-called (anti-)shadowing effect. With

Tmaz, min = \/SLTNeXp(j:y) the distorted [PDF5 in nuclear matter cause a change of o
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as function of rapidity () and transverse momentum () from pp)to[p—A]collisions.
As mentioned before, gluon fusion is the dominating process for the QQ production.
However, the modification of the gluon density distributions is quite difficult to
measure since there is no direct probe. Hence, up to now, the quantification of the
(anti-)shadowing effect has large uncertainties due to the imprecise knowledge about
the modifications of the gluon density distributions. [33]

A different approach to describe the influence of nuclear matter on the initial-stage
QQ production is the Color Glass Condensate (CGC) model which incorporates the
gluon saturation effect by accounting for the non-linear x evolution [34]. Multiple
scattering of partons in the nuclear matter can occur either before or after the
c¢ production. Incoming partons are subject to collisional and radiative energy
loss due to interactions with the nuclear matter. Hence, compatible kinematics of
the final states require larger = for the initial partons producing the cc¢ pair in a
hard scattering [35]. In particular the Cronin effect [36] describes a potential
broadening of the distribution of the partons, due to multiple scattering before
the actual cc production. However, the influence of the Cronin effect on the
spectrum of the produced J /1 is not precisely known. Model calculations predict
a potential enhancement of the J/¢{pt| region between 3 and 10 GeV/c due to the
appearance of the Cronin effect [31], 135].

Final state effects

After the initial c¢ pair production, several effects can influence the formation
of a bound charm state. The comowver effect describes a suppression of quarkonium
production based on the excess of light-flavor mesons in nuclear matter. It leads to
a non-negligible probability that the quarkonium state is not formed or dissociated
due to interactions with co-moving light-flavor quarks or mesons. The c¢ quarks
then form open heavy-flavor mesons instead of hidden heavy-flavor bound states.
137, 138]

Furthermore, a reduced o7/ is expected because of inelastic interactions between
the quarkonia states and the nuclear matter. The effect is quantified by the nuclear
absorption cross-section (ogpg) and the distance a given c¢ pair has to pass through
nuclear matter. Based on the Glauber model an average length (L) of nuclear
matter traversed by the cc state can be estimated [23]. Building ratios of o'/¥
measurements with heavy and light nuclei as targets for accelerated protons enable
the extraction of the nuclear absorption cross-section for J/1 (2/*) [39]. Figure

abs
shows aié;p as function of [\/syn|in the left panel. After an initial decrease of aibs
with the increase of |\/snn| it seems to saturate between 2 and 4 mb. Depicted
in the right panel of figure [2.4] is the production cross-section per target nucleon as
function of L. The measured data is fitted by a full Glauber model calculation (line)
and an approximation (dashed line), which describes the thickness of the nuclear
matter based on the average density and length ((pL) approximation). From the
measurements and comparisons to the Glauber model, the following proportionality

can be extracted [23, 40]:

Op—A X Opp * e_aabs<pL> (24)

The absorption due to nuclear matter surrounding the c¢ production and charmo-
nium formation process is also quoted as ” normal absorption”. More information
on effects and results of J/¢ measurements in [p—A] collisions can be found in
[31,139]. As summary of the effects observed at the[LHC, figure[2.5|depicts the

nuclear modification factor for [p—A] collisions (Qf)gﬁ) as function of the estimated
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Figure 2.4: Left panel: the nuclear absorption cross-section for J/ w(aiég’) as function
of the collision energy (y/sxn)) [31]. Right panel: J/4) production cross-

section normalized to the number of target nucleons as function of the
length of traversed nuclear matter [40].
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Figure 2.5: Nuclear modification factor for p—Pb collisions (Qi{;{;) as function of

the estimated number of collisions (NVeon), measured at mid-rapidity in
VSN = 5.02 TeV p—Pb collisions with [ALICE], compared to several
model approaches [41].

number of collisions (Neon), measured at mid-rapidity in y/syy = 5.02 TeV p—Pb
collisions with [ALICEl A slight suppression of the J /1 production is visible over the
full Ngon range. The measured values are compatible with models based on different
combinations of shadowing, [CGC| comovers and parton energy loss due to multiple
scattering [41]. From the measurements of p—Pb collisions a small "normal” sup-
pression due to effects of J /1) production is expected also in Pb—Pb collisions
at the [LHCl Thus, those effects have to taken into account in analyses of the J/v
production in Pb—Pb collisions at the [LHC|
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2.4 J/ib measurements in heavy-ion collisions from SPS to LHC

2.4 J /1) measurements in heavy-ion collisions from
SPS to LHC

2.4.1 Anomalous J/1) suppression at SPS and RHIC

Taking the initial idea of Matsui and Satz and combining it with the correction
for effects, a suppression of J/1 production should be visible in the ratio
of the [Rxa] measured in [A=A] collisions over the estimated based on
the measurements in [p—A] collisions. An anomalous suppression is observed by
experiments at [SPS and [RHIC| for charged particle multiplicities larger than
300 measured at mld rapidity. Figure [2.6| shows the results of those measurements
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Figure 2.6: Ratio of [Raa] measured in [A—A] collisions over the estimated
as function of charged particle multiplicity 1&%} at mid-rapidity. The
results of NA50 and NA60 correspond to /sy = 17.3 GeV while the
Phenix results have been measured at /sy = 0.2 TeV. [42)

in which the suppression is observed. The correlation of the amount of suppression
to the charged particle multiplicity indicates a (expected) dependence on the volume
of the medium. Together with other observables, the suppression of J /¢ production
measured at and [RHIC clearly supports the formation of a in central
Pb—Pb and Au—Au collisions above a certain collision energy. [42]

As follows from equation and figure the suppression of J/¢ production
due to Debye screening should increase with temperature, thus the larger collision
energies at the LHCl (\/sny > 2.76 TeV), compared to [SPS| (\/sxny < 17.3 GeV) and
RHIC (\/sxn < 0.2 TeV), should lead to an even stronger suppression. In figure

R%;p is shown as function of the average number of collision participants (Npar)),
measured in /syy = 2.76 TeV Pb—Pb and /sy = 0.2 TeV Au—Au collisions at
mid-rapidity (left) and forward rapidity (right). Peripheral collisions, represented
by smaller (< 50), seem to be subject to a comparable scale of suppression
independent of the different collision energies. This is in agreement with the normal
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Figure 2.7: Comparison of the R}L/f measured in /sy = 2.76 TeV Pb—Pb
(blue/red) and /sy = 0.2 TeV Au — Au collisions (black) at mid-

(left) and forward rapidity (right) as function of the average number of

collision participants [43-45].

suppression expected due to effects introduced in section 2.3} At more central
collisions, despite the expectation of an increased suppression based on Debye screen-
ing, a significantly larger Ry, is observed at [LHC than at [RHIC] independent of the
rapidity () range of the measurement. Nonetheless, the general trend of a larger
Ri/f at mid-rapidity compared to forward rapidity is still valid. However, this be-
havior was predicted by Braun-Munzinger and Stachel as well as Thews, Schroedter,
and Rafelski in [46] |47] already ten years before the first collisions took place at the
[LHCl Phenomenologically the predictions are based on a (re)combination of
dissociated, or previously uncorrelated cc-quarks enhancing measured J /v yields.

2.4.2 Enhanced J/v production due to (re)combination

Regeneration of quarkonia due to statistical (re)combination of heavy-quarks de-
scribes the probability, that a quasi-free single heavy quark finds another heavy
quark to form a quarkonium bound state, instead of the open heavy-flavor state
expected by the suppression approach of [26]. This effect has a strong dependence
on 0qq. Simplified, the more heavy quarks exist, the more likely it is that they find
each other and form bound states. Thus, the rise of ogq with (see figure
should lead to an increase of the quarkonium production in heavy-ion collisions due
to regeneration with . Within the regeneration picture, a simple approximation
of the total J/v¢ production in heavy-ion collisions is possible [48]:

Nyjy ¢ Neg/Nen. (2.5)

In principle, this assumption should be valid for all heavy quarkonia. However, the
regeneration mechanism does not only influence the number of produced J/v, also
the distribution in phase space and the correlation to collective effects should differ
between directly produced J/1 and those created by (re)combination of c¢ quarks.
Whether the enhancement of the R}L//f at the [LHC compared to [RHIC is really due
to the regeneration mechanism, or maybe something else is happening, should be
visible in more differential measurements of the Ri/f and detailed comparisons to
different model calculations.
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2.4.3 Theoretical models for the J/v production at the LHC

There are several models that try to describe the J/¢ production in heavy-ion col-
lisions. Those presented in comparisons to the data in section [2.4.4] and chapter
will be introduced here. All of them somehow include a production mechanism in
their calculations based on the regeneration effect.

2.4.3a Statistical hadronization model:

Under the assumption that even at [LHC| energies almost all charm quarks are pro-
duced in early hard collisions, and that this initial amount of charm quarks is subject
to conservation during a potential phase, i.e. Nnital o~ Nfinal the Statistical
Hadronization Model (SHMI) calculates the particle yields with respect to NNinitial
at the phase boundary between a chemically equilibrated and a hadron gas.
Based on a grand canonical ensemble the model has [[5] and [z as free parameters
and assumes that particles are produced according to their statistical weights at the
phase boundary [49, [50]. Thus, within the [SHM] all J/¢) are produced based on
the combination of independent cc-quarks, and fully thermally equilibrated charm
quarks should define the kinematical properties of the produced J/v [51]. A
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Figure 2.8: Estimation of the transverse-momentum spectrum of J /¢ modelled with
the Statistical Hadronization Model (SHM]) including the different con-
tributions from J/¢ originating from the ”core” and the ”corona” [52].

spectrum for J/v calculated with the is illustrated in figure . Essentially
it consists of two types of J/1, those produced in the ”core” assumed to be formed
from previously thermally equilibrated cc-quarks and those originating from the
“corona” of the fireball, with properties compatible to those produced in col-
lisions. Accordingly, the corona part of the spectrum is based on a fit to the
measurements in [pp collisions, the g spectrum of the core contribution is the result
of a combination of hydrodynamic velocity profile calculations, propagated with a
blast-wave function to the 7 spectrum, which is scaled with the core fraction from
the SHMI [52]. A clear difference between the two components is visible, while the
corona J /v are distributed over a large range of g}, those from the core and hence
subject to a phase are peaked around py ~ 3 GeV/c? and have a significant
softer distribution. Although the real spectrum might be more complicated,

27



2 Charmonia and the quark-gluon plasma

this approach nicely visualizes the difference between the kinematic properties of
regenerated and direct J /4.

2.4.3b Transport models

Currently there are two transport models that try to describe the quarkonium pro-
duction in heavy-ion collisions at the [LHC |1, 53-55]. Both models are based on
a kinetic rate equation including continuous dissociation and (re)combination of cc
pairs. The models use the measured values of o in heavy-ion collisions as an esti-
mator for the initial amount of c¢¢ quarks in the fireball. While the model by Zhou
et al. explicitly employs gluon dissociation (J/¥ 4+ g — ¢+ ¢) as the dominant dis-
sociation process, Zhao and Rapp dissociate charmonia in light parton (u, d, s and
g) interactions ((J/¥ +p — p+ c+ ¢)), with the partons originating from the
heat bath. Note the difference of the utilized processes, in [55] an inelastic process,
with only the c¢ quarks in the final state, is used, the model of Zhao and Rapp [1,
53, 4] uses a quasi-free approach with the dissociated c¢ quarks and an additional
parton in the final state. The dissociated cc quarks are then transported through
the fireball according to the Boltzmann transport equation taking the mass, width
and binding energy of charmonium states into account. In the model of Zhao and
Rapp for the two-body heavy-quark potential a strong-binding scenario (SBS)) (2
[TJ) and a weak-binding scenario (WBS)) (1.2[T7) is separately assumed, representing
upper and lower limiting cases for the J/1 dissociation temperature. Within the
model, those limiting cases result in a smaller ([SBS)) and a larger (WBS)) fraction of
regenerated J/i¢. The transport model by Zhou et al. explicitly adds the evolution
of the fireball properties based on a hydrodynamical approach as input to the kinetic
rate equation. Both models allow a separated access to the properties of the J /1
produced by different mechanisms. Those J/¢ formed from initial c¢ pairs, with-
out a significant influence of the medium on the spectral distributions, are called
"primordial” J/v in the models. J/¢ produced via the regeneration mechanism,
as introduced in section , are labeled as "regenerated” J/tv. Their kinematic
properties are modified compared to those of the primordial J/v, due to the ex-
tended amount of interactions of the c¢ quarks with the medium. In figure the
estimated RJA% as function of pq for /syn = 2.76 TeV Pb—Pb collisions from Zhou
et al. (left) and Zhao and Rapp (right) is shown. For both models, a separated
estimation for primordial and regenerated J/v of the nuclear modification factor is
given. As expected, the interaction with the medium modifies the distribution.
Regenerated J /v are shifted towards lower g compared to primordial J /.

2.4.3c Comover interaction model

The Comover Interaction Model (CIM]) estimates the J/¢ production based on ini-
tially produced cc pairs interacting with comoving partons or hadrons of the medium,
invoking dissociation and regeneration of J /¢ mesons. It is a non-equilibrium model,
containing, in addition to the comover interaction, initial-state effects like shadowing
[56]. Assuming an equal cross section for dissociation and regeneration by comover
interactions, the influence on the J/1 yields of the medium is mainly driven by the
initial cc density.
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Figure 2.9: Calculations of the nuclear modification factor (Baa)) as function of the
transverse momentum (), performed in the framework of the transport
model by Zhou et al. (left) and Zhao and Rapp (right). In the left plot
the dashed lines represent the fraction of regenerated J/¢ and the dot-
dashed line the fraction of primordial J/v. For the calculation by Zhao
and Rapp the strong-binding scenario ([SBS) of the model was applied
and formation-time effects (fte), as well as B feeddown (Bfd) explicitly
added. [54} 55

2.4.4 Latest results from J/i) measurements at the LHC

In this section, a short review of the latest results on J/¢) measurements will be
given. While the general existence of a regeneration component in the J/¢ pro-
duction as result of the measurements in /sy = 2.76 TeV Pb—Pb collisions is
widely accepted (figure , a more quantitative understanding of the J/¢ produc-
tion is not yet available. For example, the relative strength of the primordial and
the regenerated component of the J/¢ production as function of [ and needs
further investigation. Also, on a microscopic level, as represented by the transport
models (see , there are a lot of open questions that need to be answered, i.e. a
detailed understanding of the in-medium heavy-quark potential is not yet available.
A strong-binding scenario is as compatible with the data from ,/syy = 2.76 TeV
Pb—Pb collisions as a weak-binding scenario for the J/v binding energy in the fire-
ball, within the model by Zhao and Rapp [53, [54]. With regard to the regeneration
picture, a small increase of the Ri/f should be visible between /syn = 2.76 TeV
and /syn = 5.02 TeV collision energy, since the increase of o is expected to be

stronger than the additional anomalous suppression in this energy regime. The RJA/[;#
measurement as function of the average number of participants at forward (left) and
mid-rapidity (right) in /syn = 5.02 TeV Pb—Pb collisions is depicted in figure .
Estimations from the models introduced in are represented by the colored sur-
faces, with the lines representing the minimum and maximum variation based on
the input uncertainties, which are mainly dominated by the uncertainties of the o
measurement. In comparison to the results at /sy = 2.76 TeV, a slightly larger
Ri//;p is observed in both rapidity ranges, at mid-rapidity it exceeds unity for Npar
2 350. However, it is difficult to draw clear conclusions concerning the production
mechanisms from this measurement, especially considering the uncertainties of the
measurement and the models. As introduced in section [2.4.3] the [pq) distributions
of initial and regenerated J/v differ in the given theoretical descriptions, providing
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Figure 2.10: RJA/f measured at forward (left) and mid-rapidity (right) as function
of Npare in y/syn = 5.02 TeV Pb—Pb collisions in comparison to cal-
culations from transport models, the Statistical Hadronization Model
(SHM)) and the Comover Interaction Model (CIM]) (see section
[57, 158].

the opportunity to gain further insights on the J/¢) productions by measurements
of the transverse-momentum distribution of J/.
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Figure 2.11: J/4 transverse-momentum spectrum as calculated from the statistical
hadronization model and measured at forward rapidity in the 20% most
central /syn = 5.02 TeV Pb—Pb collisions [52, 57].

In figure[2.1T]a comparison between the transverse-momentum spectrum measured
at forward rapidity in /syn = 5.02 TeV Pb—Pb collisions and the one estimated
with the framework of the is given. The comparison is done on a selection
of the 20% most central events, which enriches the J/1¢ sample with an abundant
amount of J/¢ matching the core definition of the SHMl Up to pr ~ 5 GeV/c an
agreement between the data and the model is visible, nonetheless, for transverse
momenta above 5 GeV/c, a clear deviation appears.
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To highlight the influence of a potential phase on the transverse-momentum

spectrum, the Ri/ f as function of transverse momentum is being calculated. Simi-
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Figure 2.12: Ri/ f as function of transverse momentum (pg) measured in the 20%
most central /syny = 5.02 TeV Pb—Pb collisions at forward (left) and
mid-rapidity (right) set side by side with calculations from the transport
model of Du and Rapp and the Statistical Hadronization Model [57] 58]

lar to the measurement of the RJA//;# as function of Ny, the transverse-momentum
spectrum measured in collisions is used as baseline, and a deviation from unity
corresponds to more or less produced J/1¢ in the given momentum bin in Pb—Pb
collisions. The Ri/ 1} as function of pg measured at forward (left) and mid-rapidity
(right) together with estimations from the transport model by Du and Rapp and
the SHM] at mid-rapidity is depicted in figure [1, 57, [58]. A fall of Rf&’ from
low to high ] is observed at forward as well as at mid-rapidity. This observation
agrees with the combination of J/v¢ dissociation and (re)combination shifting the
transverse momentum distributions of J/v¢ towards pr ~ 3 GeV /¢, as predicted by
models containing a regeneration component. Also, the more strongly pronounced
growth at mid-rapidity exceeding unity is anticipated, since the rapidity profile of
o rises towards mid-rapidity. At forward rapidity additionally the measurement
at /sny = 2.76 TeV collision energy is shown. Slightly higher values are visible,
for the higher center-of-mass energy in the range of 2 < pr < 6 GeV/c. However,
this excess is not very significant, especially if one takes the global uncertainty into
account. Nevertheless, in the same region also the strongest deviation from the
prediction of the transport model by Du and Rapp in both rapidity ranges is given.
Results extracted from a small sample of Xe—Xe collisions at \/sxy = 5.44 TeV
seem to indicate comparable relative contributions of regeneration and suppression
at similar and Npa [59]. Although clearly supporting the regeneration pic-

ture, the measurements of Ri/ Z) as function of Ny, and [ currently do not provide
strong enough constraints for more detailed conclusions. Multi-differential J /1) mea-
surements are currently being performed at forward rapidity, including the analysis
of the J/1 yield as function of g, and collision centrality. Preliminary results of
these analyses can be found in [60, |61].

Another possibility to provide further constraints on the charmonium production
mechanisms in heavy-ion collisions is the measurement of the elliptic flow of J /4.
A potential chemical and thermal equilibration of charm quarks presupposes a pro-
nounced interaction with the medium and hence the charm quarks should be subject
to collective phenomena like elliptic flow. In chapter 5] the analysis of the elliptic

31



2 Charmonia and the quark-gluon plasma

flow of J/1) measured in \/syn = 5.02 TeV Pb—Pb collision will be discussed and

compared to other existing measurements and calculations from models.
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3 Experimental apparatus

In this chapter, the experimental prerequisites for the analyses presented in chap-
ters [o] and [6] will be presented and discussed. Beginning with an introduction of
the [LHC providing the Pb—Pb collisions, followed by an exploration of the [ALICE]
detector performing the measurement itself, and completed by a review of the data
sample and the software framework the analyses have been performed on and with.

3.1 Large Hadron Collider (LHC)

Developed at the end of the 20th century and successfully performing the first ever
Pb—Pb collisions in the TeV energy regime in 2010, the [LHCl is the world’s largest
particle accelerator and often even called the world’s largest machine. The full

ALICE LHCb
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Figure 3.1: Sketch of the parts of [CERNE accelerator complex responsible for the
and [A—A] collisions induced at the four interaction points of the [LHCL
Figure adopted from

complex needed for the acceleration of protons and ions to collision energies in
the TeV energy regime is sketched in figure Since the dynamical range of
the magnets used to bent trajectories of the accelerated particles has an upper
and lower limit, particles have to a have a minimum velocity when entering the
[LHC and thus they have to go through the chain of smaller accelerators from the
LINear ACcelerator (LINAC) to the before entering the [LHCl Based on the

nominal maximum field of the dipole magnets (B = 8.33T), protons can reach a
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maximum energy of 7 TeV . The nominal top energy for ions can be calculated
via Ex = E, - £, accordingly lead ions (2*Pb**) are accelerated to a top energy
of 2.759 TeV [64]. During Run 2, which is defined as the data taking period from
2015 to 2018, pp, p—Pb, Xe—Xe and Pb—PDb collisions where performed at collision
energies between /syy = 5.02 TeV and /s = 13 TeV. The analyses presented
in this thesis are mainly based on the heavy-ion collision sample collected at the
end of 2015. That sample contains Pb—Pb collisions at /synx = 5.02 TeV collision
energy, taken at interaction rates of 300-400 Hz (low interaction rate, 13 runs) and
1.0-7.5 kHz (high interaction rate, 159 runs) at the interaction point of the [ALICE]
experiment. The low and high interaction rate data samples accumulate together 155

million minimum bias events before individual event selection criteria are applied.

3.2 A Large lon Collider Experiment (ALICE)

[ATICE]is the dedicated heavy-ion experiment at the [LHC| built to measure an abun-
dant variety of observables. Therefore, it was designed to perform precision mea-
surements even in a high track-density environment. The detector system sketched
in figure [3.2] and is divided into two rapidity ranges. While at forward rapidity
(2.5 < y < 4) a muon spectrometer devoted to the measurement of muons is in-
stalled, at mid-rapidity (|y| < 0.9) several subdetectors are combined to the so-called
”central barrel” capable to identify and measure various particle species. At forward
rapidity, J/¢ can be measured in the their dimuon decay channel with the muon
spectrometer providing an excellent signal to background ratio. The central barrel
detectors enable a J /1 reconstruction in the dielectron decay channel. Both detector
configurations allow the measurement of J/i) down to zero transverse momentum,
which is at the [LHCl a particular feature of the [ALICE] detector. In the following,
the detectors used in the analyses presented in this thesis will be introduced, a full
review of the [ALICE] detector can for example be found in [65, [66].

PERREA W Y CRYL

Figure 3.2: Sketch of the A Large Ion Collider Experiment (ALICE]) detector in form
of a 3D model [67].
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Figure 3.3: Cross section of the [ALICE] central barrel detectors .

3.2.1 The central barrel detectors

For the J /1) measurement at mid-rapidity, the central barrel detectors have to deliver
certain information on the measured particles, including a precise measurement of
the trajectory, the transverse momentum, and information on the species of the
particle. To extract the transverse momentum, a magnetic field of Byomina =
0.5 T (Biw = 0.2 T) is induced by a solenoidal magnet surrounding the central
barrel detectors, bending the particle trajectories according to the Lorentz force:

F=qE+vxB). (3.1)

A precise knowledge of the magnetic field and the track curvature (p) allows a
high-resolution [pg] measurement. In units common for high energy experiments (pr
[GeV/c], p [m], B [T], ¢ [e]) the transverse momentum can be calculated based on:

pr=203-¢B.-p. (3.2)

The trajectory is reconstructed from space points, measured by the subdetectors,
with a Kalman filter approach . The trajectories are approximated as a helix
defined by five parameters: y, z, sin(y), tan(A), 1/pr, where A denotes the angle
between the z — y plane and the beam axis . Hence, the resulting trajectory
from the Kalman fit also provides access to the transverse momentum of the particle.
Different techniques are applied to identify the various species of particles. Depen-
dent on the species and the transverse momentum, the techniques deliver varying
performances. For the identification of electrons with pr > 1 GeV/e, as used in
the J/¢ analyses presented in this thesis, the Time Projection Chamber (TPC]) de-
livers a great performance. However, specially in the higher regions, the
can add supplementary information. The detailed techniques utilized by the

subdetectors will be described in the according sections (3.2.1b} |3.2.1¢)).
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3.2.1a Inner Tracking System (ITS)

Placed at the most inner part of the central barrel, the Inner Tracking System
(ITS) provides tracking and [PIDlinformation utilizing silicon detectors. Sketched in

SPD

SDD

87.2 cm

Figure 3.4: Drawing of the [ALICE] Inner Tracking System ([TS]) and its three sub-

systems [69].

figure [3.4] the consists of three subdetectors, the Silicon Pixel Detector (SPDI),
Silicon Drift Detector (SDDI) and the Silicon Strip Detector (SSDI), each consisting
of two layers, with a complete radial extension from 3.9 cm to 43 cm. All six layers
cover a pseudo-rapidity interval of at least +0.9 centered at zero, which corresponds
to the full pseudo-rapidity range of the central barrel detectors (|n| < 0.9). The total
material budget of the (including air) sums to 7.26% of the radiation length.
For the J/1 reconstruction at mid-rapidity, it is the main source for background
electrons from photon conversions. The capabilities of the focus on low
transverse momentum particles (pr < 1 GeV/c).

3.2.1b Time Projection Chamber (TPC)

The main and tracking device at mid-rapidity is the Time Projection Chamber
(TPJ). Starting at about 85 c¢m it extends to 250 cm in radial direction, and with a
length of 500 ¢cm it matches the pseudo-rapidity range of |n| < 0.9. Figure shows
the schematic layout of the [ALICE]I[TPCl It is a large gaseous time projection
chamber, which uses MultiWire Proportional Chambers (MWPCE) for the signal
readout. Ionizing radiation entering the gas volume of the [TPC] releases electrons
from the gas atoms. These electrons then drift towards the readout chambers along
the electrical field between the central electrode and the readout chambers. An
additional field cage along the beam axis is supposed to minimize irregularities of the
drift field. Since, the drift velocity is part of the limiting factors on the readout rate,
the strength of the field is chosen as high as stable running conditions are ensured.
In the case of the [ALICEI[TPC Up,i, = 100 £V, which was an unprecedented value
at the time of the development for large gaseous TPCs. Based on the constant drift
velocity, the z component of a given trajectory can be calculated from the drift
time of the electrons. A precise measurement of the r¢ component is performed
by segmented readout chambers. Three different pad sizes are used starting from
ro X r =4 x 7.5 mm? at the most inner part to 6 x 10 mm? and 6 x 15 mm? in
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Figure 3.5: Illustration of the layout of the[ALICE] Time Projection Chamber (TPC])

70).

the middle and at the outer parts. In radial direction, there are 63 rows of the
smallest pads, followed by 64 rows of middle-sized pads and 32 rows of the largest
pads, adding up to a total of 159 pad rows. The segmented pads and the drift-time
measurement result in a space-point resolution of < 1 mm in both directions, and
a [TPC standalone resolution between 1% and 7%, strongly depending on the
particle’s momentum in the range of 1.5 < pr < 10 GeV/c.

As already indicated, the [TP{ is also capable to perform particle identification
of ionizing particles. Charged particles traversing through the gas deposit energy
according to the "Bethe equation” (often also referred to as ” Bethe-Bloch equation”)

(L2 [71]:
g — K 2§i 11 2m6025272wmax _ ﬁQ 5(ﬁ7)
az /" " AR 2

5 - AN (3.3)

From the Bethe-Bloch equation it is visible that the amount of deposited energy does
not depend on the particle mass. However, since it is a function of the electrical
charge (z) and velocity (5, 7), the combined measurement of the momentum p and
the mean specific energy loss (Kﬁ) provides information to identify particles. A
measurement, of K%ﬂ as function of S+ and an according parametrization is shown
in figure (left). Clean samples of various particles are identified by different
selection schemes and used to cover certain ranges of S to enable a precise

measurement. The special topology of neutral K°, A° and A° decays, due to the
shape of the registered tracks called V[ decays, allow the identification of pions
and protons, without the utilization of information. In a similar manner,
electrons are identified. A v+ X — ete™ decay also leads to a Vj topology, which
allows the selection of the electrons in the decay channel. The muon sample is
recorded without collisions, using cosmic muons traversing through the TPCl Based
on this sample of identified particles, a parametrization of the Bethe-Bloch equation
for the conditions of the [ALICEI[TPC is prepared. Dependent on the momentum,
a separation between, and together with the parametrization, an identification of
particles is possible. The right panel of figure |3.6| illustrates the individual bands
drawn by particles with different masses, due to their divergent S at similar .
To identify particles in physics analyses with the [TPC] the parametrized Bethe-
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Figure 3.6: Left: Parametrization of the Bethe-Bloch equation based on measure-
ments with the [ALICE][TPC [72]. Right: specific energy loss
measurement in y/syy = 5.02 TeV Pb—Pb collisions with the [TP(] as
function of the rigidity , with lines indicating the expected
from the Bethe-Bloch parametrization for different particles [73].

Bloch function is compared to the measured as function of the momentum
measured at the inner radius of the [TPC (prpc) with different mass assumptions:

dF dE\ Particle
(E) measured <pTPC) o (a) param. (pTPC)

Ores. (pTPc)

In equation [3.4] oy corresponds to the resolution of the measurement for
a given track. The deviation between the measured and the expected for
a given particle, based on the Bethe-Bloch parametrization, is then normalized to

the resolution of the measurement and quoted as nopLs .. Several procedures are

performed to calibrate the measurement of the [TPCl The measured
of a particle with a given momentum is dependent on the track’s rapidity and the
track density in the [TPCl A review of the calibration procedures will be given
within the discussion of the applied cuts for the analyses in section [£.6]

no gfrgicle (pTPC) =

(3.4)

3.2.1c Transition Radiation Detector

Since the restart of the [LHC| in 2015, the is finally completely installed and
covers now the full azimuth and a similar pseudo-rapidity range (|n| < 0.84) like the
and [TPCl Transition radiation is created with a certain probability when ultra-
relativistic particles (y > 1) cross boundaries between two materials with unequal
permittivities. The spectrum and yield of the produced transition radiation depends
on the one hand on the configuration of the utilized radiator, and on the other hand
on the v factor of the traversing particle:

B d?S, _ah(wa — wg)’
So—// (dew) d@dw—?—WA_WB . (3.5)

Equation [3.5| describes the calculation of the integrated intensity Sy of transition
radiation as introduced by Cherry et al. in [74]. In the equation, wa and wg denote
the plasma frequencies of the materials the radiator is composed of. The plasma
frequencies of the materials are limited to their permittivity:

W,24,B

€A B = 1-— o.j2 . (36)
P
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3.2 A Large Ion Collider Experiment (ALICE)

Within the relevant momentum range, only electrons reach ~ factors high enough
(v Z 1000) to produce transition radiation with finite probabilities. Hence, the
measurement of transition radiation can be used to identify electrons.

The [ALICE [TRDI is built around the [TPCl It consists of 522 readout chambers,
summing up to a total of 1,150,848 readout channels, arranged in 18 ”supermod-
ules” each divided into six layers and five stacks, as illustrated in figure[3.7 A single

A-side C-side
Layer 5 ¢ 3t
» L
YN
Layer O i it |
Stack 0 Stack 1 Stack 2 Stack 3 Stack 4
B —im

Figure 3.7: Cross-section of an [ALICE][TRDI| supermodule visualizing the arrange-
ment into layers and stacks [75].
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Figure 3.8: Schematic illustration of the structure of a single ALICE|[TRD| chamber
(7).

chamber is built from a combination of a foam/fibre radiator and a [MWPClbased
signal readout. Figure |3.8| sketches a cross-section of such a chamber, including an
example for the different behavior of electrons and pions traversing the chamber.
After passing the radiator potentially producing transition radiation, particles en-
ter the gas volume, currently filled with a mixture of xenon and carbon dioxide
(Xe/CO, ~ 85/15). There they deposit energy according to the Bethe-Bloch equa-
tion in the 3 cm long drift region, in similar processes like in the[TPCl Primary
electrons from the ionization of the gas atoms drift towards the amplification region
forced by the drift field. In the large electrical field around the amplification wires,
they are accelerated and an ionization avalanche occurs. Typically around 3,500
electrons are produced per primary electron in such an avalanche. The resulting
gas ions induce a charge on the cathode planes, which is read out via segmented
cathode pads on the backside of the chamber. If a particle produces transition radi-
ation when traversing the radiator, the combination of the energy of the transition-
radiation photon and the energy deposited via gas ionization by the particle leads
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Figure 3.9: Deposited charge (Qupy) in units of minimum ionizing particles (mipp)
as function of 3y measured with the [ALICE/[TRDI .
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Figure 3.10: Measured mean signal shape of electrons w/ and w/o transition ra-
diation and pions at p = 2 GeV/c recorded with prototype readout
chambers of the [ALICE[TRD]

to an increase of the electron avalanche, compared to a particle without transition
radiation. Hence, the signal induced on the cathode pads is larger then the one
estimated with the Bethe-Bloch equation. For the radiator of the [ALICEITRD] and
a p = 2 GeV/c electron, the energy of transition radiation photons is typically in
the range of 2-40 keV, with a significant peak of the distribution around 8 keV. The
expected difference between tracks producing transition radiation and those only
depositing charge according to the Bethe-Bloch equation in the readout chambers
is clearly visible in figure 3.9 At 8y Z 300, transition radiation starts to modify
the most probable deposited charge, adding almost one time the charge of a at
By Z 10* in average (see [3.9). A special feature of the signal shape of the [ALICE]
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is visible in figure [3.10] Photons from transition radiation are dominantly
absorbed after a very short distance in the gas volume, as indicated in figure [3.8
Thus, the electrons, created by the transition radiation, arrive towards the end of
the signal creation at the amplification region, inducing a second bump about 2
us after the initial rise of the signal. So-called ”multi-dimensional” likelihood ap-
proaches, using up to seven separate time slices of the signal, utilize this feature for
an improvement of the electron identification. With a signal from all six layers and
a two dimensional likelihood approach at 90% electron efficiency, the delivers
a pion rejection factor of up to 410 [75].

Since the signal creation in the and a preliminary and ) estimation,
based on the measured signal, does not need much time (¢gecision < 6 ps), the
can be used as readout trigger for a variety of observables. This includes charmonia
decaying into electron-positron pairs, where a trigger on high [pf electrons/positrons
is applied. Such a trigger configuration was part of pp and p—Pb data taking
campaigns. However, due to the very limited Pb—Pb beam times, such a
trigger was not yet part of the [ALICE trigger schemes during the recording of
Pb—Pb collisions.

A potential contribution of the to the global track reconstruction of the
central barrel detectors is subject to ongoing developments. It is expected that,
based on the segmented readout, the is capable to improve the global tracking
performance, especially in the upcoming data taking campaigns of Run3.

A full review of the [ALICEI[TRD] describing the complete infrastructure and the
detector itself, as well as a discussion of its performance, can be found in [75]. The
analysis presented in chapter [f] introduces the as additional detector to
the J/1 measurement and discusses its performance.

3.2.1d Time-Of-Flight detector (TOF)

The most outer detector of the central barrel, used in parts of the analyses pre-
sented in this thesis, is the Time-Of-Flight detector (TOE]). It is built of Multi-gap
Resistive-Plate Chambers (MRPCk), covering a pseudo-rapidity range of || < 0.9
and the full azimuthal angle, delivering a time-of-flight measurement with a resolu-
tion of about 50 ps. To measure the time-of-flight and hence the velocity of a particle,
the time when a particle arrives at the [TOI]is put in correlation to the event time
measured by the TO detector (see . Together with the measurement of the
momentum, the estimation of the velocity allows to calculate the mass of a measured
particle and thereby identify the particle. Due to the large mass difference between
electrons and kaons, protons, or deuterons, the [TOF] performs well in reducing the
corresponding contamination of electron samples up to p ~ 2—4 GeV /¢, depending
on the mass difference. In a similar procedure as introduced in equation for
the [TPC], probabilities (nofQk ) in units of the time-of-flight measurement
uncertainties are estimated and associated to the tracks [76].

3.2.2 Forward detectors

Important global event properties and trigger decisions are delivered by detectors in
the forward direction. Thus, also for measurements at mid-rapidity those detectors
are required, they provide for example the data for a precise collision-centrality
estimation.
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3.2.2a TO detector

Placed at a radial distance of 6.5 cm from the beam axis and at +375 cm (TO-
A) and -72.7 cm (T0-C) along the beam axis, respectively, the TO detectors are
installed to deliver precise timing information from the collisions and trigger the
data readout. The time information is used as start time for the [TOF| measurement
(At ~ 50 ps (r.m.s.)). Based on the measurement of the collision vertex, the T0
detectors trigger the data readout within 1.2 ps. Additionally, the T0 sends a wake-
up signal in less then 900 ns after an interaction to the Front-End Electronics (FEE])
of the [TRDl To achieve these requirements two arrays of Cherenkov counters,
equipped with fine-mesh dynode photomultiplier tubes, are used [65].

3.2.2b VO detector

Covering the pseudo-rapidity ranges 5.1 > n > 2.8 and —1.7 > n > —3.7, the
VO detector consists of two segmented scintillator counters (VO-A, VO-C). The VO
detector is part of several trigger schemes used for data taking with ALICE. A
Minimum-Bias (MB]) trigger concept, based on a logical "and” combination of a
given minimum amount of hits in the VO-A, V0O-C and the TO, was used for the
recording of the data samples used for the analyses presented in this thesis. Increased
requirements for the measured amplitudes in the VO-A and VO0-C are applied for
semi-central (CT1) and central trigger schemes. To estimate the collision centrality,
the correlation between the measured V0 signal amplitudes and the track multiplicity
of an event is used as input for Glauber model calculations 23| 77, 78]. Also the
luminosity achieved in pp collisions can be measured with a precision of ~ 10% with
the VO detector. Due to the segmentation of the scintillators of the VO detector, it
is also possible to estimate the event-plane orientation with the signal amplitudes
from the 32 individual counters [65].

3.2.2c Zero Degree Calorimeter (ZDC)

The Zero Degree Calorimeter (ZDC]) is composed of three subdetectors. Located
at z = +112.5 m are the Zero degree Neutron calorimeter (ZN)) and Zero degree
Proton calorimeter (ZP]), while the Zero degree Electromagnetic calorimeter (ZEM))
is positioned at z = 7.3 m [66]. To measure the spectator neutrons, the is placed
between the two separate beam pipes. Since the trajectory of spectator protons is
influenced by the magnets of the [LHC| the [ZPlis placed with an offset on one side
of the beam pipes. By measuring the amount of spectator nucleons, the [ZDC] is
capable to estimate the collision centrality via:
EZDC = Egjﬁ%udeon X NSpectators (37)
Ezpc

Beam
per Nucleon

NParticipants =A- NSpectators =A- (38)

However, in the case of very peripheral collisions, the spectator nucleons will most
likely be clustered in large fragments with Z/A ratios compatible to those of lead
ions. Hence, those fragments will stay in the beam pipes due to the magnetic
fields and far too little energy will be measured by the [ZN| or [ZPl To be able
to separate those very peripheral events from very central collisions, where also
almost no spectators are measured by the [ZNl or [ZP| the [ZEM]is installed on both
sides of the beam pipe. Based on the fact that the energy of particles emitted in
forward rapidity increases with the collision centrality, the measurement of the total
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energy enables to distinguish between very central and peripheral collisions. This
information is for example also used to reject background and pileup events.

3.2.3 Detector summary

In summary, the recording of a [MB] event is initialized by a trigger signal from the
combination of the TO and the VO accepted by the [ZDCl Indicating that all four
detectors, i.e. TO, V0-A, VO-C and [ZDC] observed a heavy-ion collision leading
to a valid physics event. For the estimation of the collision’s centrality, the signal
amplitude in the VO detector is correlated to the track multiplicity and thus the
collision centrality via Glauber model calculations. The particle trajectories are
reconstructed with the and the [TPCl To identify the particles correlated to
the measured trajectories, the [TPC], [TOF], and deliver information. For
the J/¢ measurement at mid-rapidity, the main detector is the TPCl In the
analysis presented in chapter |5 additional information for the rejection of hadrons
is used from the [TOEl A study of the potential of the to improve the electron
identification for J/¢ measurements in Pb—Pb collisions is discussed in [6]

3.3 Analysis framework

AliRoot is the offline data analysis framework of the [ALICE] experiment [65]. Of-
fline detector calibration, data simulation, event and track reconstruction, as well as
specific physics analyses are performed with the AliRoot software suite. It is based
on C++ and the "ROOT” framework |79, [80], which itself was developed for the
storage, analysis and visualization of large amounts of data. The central computing
resource available within [ALICEl is the Worldwide LHC Computing Grid (WLCG))
[81]. Tt was developed and installed to provide computing facilities for the [LHC ex-
periments. Worldwide distributed computing centers of different sizes are artificially
clustered to a ”super computer”. To enable user access to the (WLCG] the AliEn
system has been developed [82].

The analysis workflow of AliRoot employs so-called ”analysis tasks” [83]. Within
AliRoot, a base analysis task class is provided, which handles basic functionali-
ties, like event-loops accessing the events of a data storage object. Users configure
analysis specific analysis tasks, derived from the base class, containing the analysis
specific data handling, e.g. event and track selection. This approach has the advan-
tage that the main I1/O operations are identical for all analyses. The Lightweight
Environment for Grid Operators (LEGQ) train system [84] utilizes this advantage
as it allows to bundle analysis tasks accessing the same data. Hence, analysis jobs
set up with the [[LEGOI train system allow several users to access analysis data with
only one read operation of the data. Additional reduction of the amount of data
reading operations is done by a preselection of the data. Events and tracks rejected
by selection criteria, looser then those of the analysis itself, are excluded from the
data used for the analysis. Also, information not needed for the analysis is excluded
from the data. These two procedures reduce the storage size of the analyzed data
by about a factor ~ 500; the full data sample used in this analysis is reduced to
about 250 GB and stored in so-called "nanoAODs”.

To ensure the reproducibility of all results of data analyses, the main parts of the
analysis code are supposed to be part of AliRoot. AliRoot and its components are
stored and organized with the versioning system ”git” [85]. The code for analyses
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investigating J /1) production in the dielectron channel is collected in the ” dielectron”
framework [86].
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4 Measurement of J/v in Pb—Pb
collisions with ALICE

The [ALICE] experiment is capable to measure J/¢ at mid-rapidity in the J/¢ —
et + e~ decay channel. In this chapter, the principles of this measurement with
[ALICE] as well as the data sample, on which the analyses presented in this thesis
are performed on, will be discussed. This includes:

e a review of the collision centrality estimation, based on charged track multi-
plicities and Glauber modeling;

e a discussion of the event and track selection criteria;

e an explanation of the methods used for the J/v signal extraction.

4.1 LHC’s 2015 heavy-ion run

In the end of 2015, the first heavy-ion data taking period of the [LHC| with Pb—Pb
collisions at /sy = 5.02 TeV collision energy took place, within the [ALICE] col-
laboration marked as "LHC150”. An integrated nucleon-pair luminosity (£)) of
L ~ 19 pb~! has been achieved at interaction point 2 - position of the [ALICE] exper-
iment - during 18 days of physics data taking [87]. This corresponds to 154,774,896
[MB| interactions recorded with [ALICE] distributed over 194 data taking runs. As
mentioned in section [3.2.2D] the trigger, for this period, was defined by a com-
bination of signals in the VO-A, V0O-C and TO detector. However, the event sample
as selected with the given [MBI trigger condition, still contains events not usable for
physics analyses. After an additional event selection, discussed in section [4.2] the
data sample contains about 90 - 10® minimum bias events. Based on a event
cross-section of o = 4.72 b, as quoted in [88], this number of events corresponds
to an integrated luminosity of Ly ~ 17 pub~!. A run-by-run quality assurance (QA]
ensures the quality of the data bundled in different runs and investigate whether
the data recorded in the various runs can be merged or not. It compares mid-level
quantities of the analyses, e.g. the event-plane resolution. More details and results
on the performed checks will be given in the analysis specific chapters.

Several Monte Carlo (MC) simulations were prepared for the LHC150 data
sample. For the analyses in this thesis two productions were used, a [MBl production
("LHC16g1”) and one production with injected J /1 signals ("LHC16j1”). The latter
one has the advantage, that, even though it contains only 1.6 M events, it allows a
statistically precise analysis of the behavior of J/v in the simulations.

4.2 Event selection

Every time the signal amplitudes of the VO-A, VO-C and the T0 exceed given thresh-
olds in coincidence, an event is recorded. These events can contain pileup contam-
inating the event and influencing the properties of the track sample related to the
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event. The so-called physics selection identifies, in a first offline selection step,
events contaminated by pileup or of low reconstruction quality and removes them
from the event sample. For the given data sample, the physics selection applies an
offline reevaluation of the information from the VO detectors. This reevaluation is
based on a detailed analysis of the raw data from the VO detectors. The criteria for
the signal amplitudes and the time correlation of the signals of the VO-A and V0-C
signals are revisited and adjusted in comparison to the online trigger configuration.
If the three ZDC subdetectors are available, a rejection of pileup events, based on
the relative time information of them, is applied. To reject events with a bad qual-
ity in terms of the [TPC] data reconstruction quality, the actual high voltage of the
readout chambers is compared with the nominal values.

After the physics selection is applied, the events have to pass additional analysis
specific selection criteria.

Event vertex: A successful reconstruction of an event vertex, with at least one
global track as contributor, is required. Additionally, the position of the measured
vertex has to be within +10 cm of the center of [ALICE] along the beam axis (2,1, =
+10 cm), for an event to be selected. This requirement ensures a symmetric detector
acceptance and hence builds the foundation for a symmetric track reconstruction
quality.

Event-plane: Since the detector acceptance and performance is not perfectly sym-
metric over the full azimuth, a successfully reconstructed event-plane (see sec-
tion {4.4)) is required for a correct background estimation via the mixed-event tech-

nique (see section 4.7.1)) in every event.

Collision centrality: The uncertainties on the measurement of the collision central-
ity rise strongly for very peripheral collisions. To avoid inconveniences due to these
uncertainties, only collisions with a measured centrality in the range of the 90%
most central collisions are part of the analyzed event sample. Additional collision-
centrality selections are applied for the analysis of the J/v elliptic flow and will be
discussed in chapter [5

Out-of-bunch pileup: Due to the high bunch-crossing rates during the 2015 heavy-
ion run a not ignorable amount of out-of-bunch pileup occurred. Detectors with a
short signal collection time, like the or the VO detectors, are able to distinguish
between tracks from the actual event and those from out-of-bunch pileup. However,
in the [TPC the signal collection is long enough, that particles emerging from out-
of-bunch pileup can appear in the same track sample as particles from the physics
event. These tracks are not part of the global track sample, since the rejects
them. But as they strongly influence the measurement of the [TPCl, events
highly contaminated by out-of-bunch pileup are rejected. This rejection is based on
the comparison of the measured track multiplicity in the VO detectors, which is fast
enough to separate the tracks correlated to the event from those of the out-of-bunch
collisions, and the track multiplicity measured by the [TPCl Figure illustrates
the correlation between the amplitudes of the VO detectors (x-axis) measured in an
event and the number of tracks registered in the [TPCl in the same event. The color
scale on the z-axis represents the fraction of the total number of events. Most central
collisions correspond to the highest VO amplitudes VOM,,,. = 35, 000. Without out-
of-bunch pileup such a collision leads to NIPC = 12,000, indicated by the upper

tracks
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Figure 4.1: Amount of [TPC tracks correlated to an event as function of the ampli-
tude of the VO detectors in the same event. The red dash-dotted lines
represent the selection criteria. All events, below the bottom line or
above the upper line are rejected.

end of the highly populated band between the dash-dotted lines. Thus, events
in which the TP registered about 12,000 additional tracks, when compared to the
band of events without out-of-bunch pileup, correspond to an increment in the track
density in the TP due to out-of-bunch pileup of an additional full central collision.
Obviously such an increase of the track density in the [TPC| has a strong influence
on the measurement in the [TPCl Represented by the dash-dotted red lines
are the selection criteria used to reject those events. All events above the top line
or below the bottom line, respectively, are excluded from further analysis steps.
The mathematical functions, given in equations and corresponding to these
criteria, are tuned on data samples with a low interaction rate and thus almost no
pileup occurrences.

fup(® = VOMpp ) = 10> +0.44 - 2+ —1.5-107% - 22 (4.1)
fiow(® = VOMypp ) = —10° + 0.4 - 2+ —1.5-107% - 22 (4.2)

As a remark: for the analysis presented in chapter 5 a predecessor of the selection
criteria discussed above was applied, since at the actual time of the analysis not
all values, utilized in the criteria, were available in the data prepared for analyses.
However, an integrity check of the correlation between the used quantities in both
versions of the pileup rejection was done and did not show any conspicuous behavior.
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Figure 4.2: Percentage of events passing the selection criteria. Every step represents
a combination of the criterion indicated by the label, and the criteria of
the previous steps.

Influence on the number of events in the data sample: The percentage of
events passing the selection criteria is depicted in the given values represent the
percentage of accepted events from all events. Each step represents the cumulative
action of the indicated selection criterion and all previous criteria. As expected for
a well performing physics selection, almost all events have a reconstructed event
vertex with at least one contributor. Approximately 8% of events are rejected, since
they do not fulfill the condition of |z, < £10 cm. In the next step, the 10%
most peripheral events are excluded. From this exclusion, one would intuitively
expect a further reduction by 10% of the event sample. However, the previously
applied selection criteria seem to bias the centrality distribution by rejecting more
events in the range of 90%-100%, than in other centrality ranges. Nevertheless, for
the analyses presented in this thesis, which are performed on the remaining event
sample, this should not represent an issue due to the small size of the bias. The
pileup selection criterion rejects almost 20% of the events, although they passed
all other criteria. Currently some effort is made to reestablish the usability of the
rejected events via a special offline calibration. However, this will unfortunately
still take some time and is not available on the time scales of this thesis. Hence,
the only option for the analyses presented in this thesis was to reject these events,
even-though they represent a statistically relevant amount.
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4.3 Collision centrality estimation

4.3 Collision centrality estimation

The collision centrality (Cl) is an important information required for several stages
of the analyses presented in this thesis. It provides access to an estimation of the
geometrical volume of the fireball. Within [ALICE] a common framework for the
centrality estimation is established, which classifies the centrality of an event based
on the track multiplicities [89]. In detail, all centrality values presented in this thesis
are calculated based on the measurement of the amplitudes in the VO detectors. The
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Figure 4.3: Number of events as function of the measured VO amplitude (blue cir-
cles), with the corresponding centrality class indicated. The red line
corresponds to the Glauber Monte Carlo approximation based on a neg-
ative binomial distribution [89).

approximation of the event distribution as function of the measured VO amplitude
with a Glauber Monte Carlo calculation allows the estimation of (Np) and (Neon)
for a given VO amplitude. Hlustrated in figure 4.3|is the number of events as function
of the VO amplitude (blue circles), together with the approximation by the utilized
Glauber Monte Carlo model (red line). Indicated by vertical lines are the actual
centrality classes as defined by the given VO amplitudes. In the bottom part of the
figure the ratio of the measurement and the model is shown. Only for the most
central events (VOump. 2 32,500) a slight deviation appears. In addition to (Npa)
and (Ncon), the Glauber model provides an estimate for the impact parameter ({)
of the collision. It represents the distance between the centers of both lead ions. An
illustration of Ny and [l is sketched in figure Based on [l an approximation of
the eccentricity of the fireball can be made.
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Figure 4.4: Sketch of a heavy-ion collision, as approximated by the Ultrarelativistic
Quantum Molecular Dynamics model 91]. The left side
represents the status before the collision with the impact parameter ([
indicated. On the right side the status after the initial collision is given,
with all participating nucleons (Npa) marked with colors. Figure origi-

nates from adopted in [93].
4.4 Event-plane angle estimation

4.4.1 Ansatz

The overlap of the colliding nuclei and hence the initial geometrical shape of the
fireball, can be approximated by an ellipse, with its eccentricity depending on the
impact parameter. In the case of a vanishing impact parameter the overlap is repre-
sented by an ellipse with equal short and long axis, i.e. a circle. Figure[4.5|illustrates

' Q
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Figure 4.5: Sketch of a heavy-ion collision with a non-vanishing impact parameter

[93).

the process of two colliding nuclei with b > 0, resulting in an almond shaped fireball
[93]. During the evolution of the collision, the initial geometric anisotropy trans-
lates into an anisotropy in the phase space during the expansion of the fireball. For
collisions in the energy regime of the [LHC| an increase of the hydrodynamic pres-
sure along the long axis towards the center of the ellipse is expected. This pressure
gradient induces a higher particle flow in the direction of the short axis compared
to the direction of the long axis. A simulation of the hydrodynamical evolution
of the energy density in a heavy-ion collision with b = 7 fm in the x-y plane as
function of the time is shown in figure 93], [94]. As discussed before, the initial
geometric anisotropy leads to a more pronounced expansion of the energy density
along the short axis of the initial ellipse. Based on this phenomenon an estimate for
the reaction plane can be made, which defines a reference angle for the azimuthal
orientation of the collision. The reaction plane represents the plane spanned by the
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Figure 4.6: Evolution of the energy density (color-coded z-axis) in the x-y plane of
a non-central heavy-ion collision as function of the time [93, 94].

impact parameter and the beam axis, as sketched in figure [£.5] Unfortunately, the
space coordinates of the impact parameter are not directly accessible. To estimate
the azimuthal orientation of the reaction plane (Ugp), the so-called azimuthal event-
plane angle is calculated from the measurement of the event flow vector

[95]:
>, cosng;
Qn = (Zi i ndn) , (4.3)
U, ep :% arctan(%). (4.4)

In equation [4.3] and n represents the harmonic of [Q,] for an elliptic flow mea-
surement n = 2. The particles (¢) used for the summation of azimuthal orientations
(¢;), correspond to a subsample of all particles from the given event. For example,
particles with a large g, e.g. correlated to a jet occurrence, are excluded from those
subsamples, since they probably were not affected by the pressure gradient of the
energy density and hence, do not carry information about the azimuthal reaction-
plane orientation. The subsamples are composed of all particles, which fulfill the
following requirements:
|dcayy| < 0.3 cm,
|dca,| < 0.3 cm,
70 < Nfpe < 159,
2 4.5
02 < XZEC < 4, (4.5)
NTpe
] <0.8,
0.2 <pp <5 GeV/e.

In a second iteration, all J /1) electron candidates are recursively excluded from the
event-plane calculation to avoid autocorrelations. The measured vector has to
be corrected for non-uniformities in the detector efficiencies, to ensure a flat and
thus unbiased distribution over the complete azimuth. Those corrections are
performed with the ”"QnCorrections framework”ﬂ it applies a calibration of the
according to the procedures proposed by Selyuzhenkov and Voloshin in [95] and is
integrated into AliRoot. The following section discusses the correction procedures
and the resulting event-plane distributions.

Thttps://github.com /FlowCorrections/Flow VectorCorrections
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4 Measurement of J/1p in Pb—Pb collisions with ALICE

4.4.2 Calibration

Several calibration steps have to be performed in order to minimize the bias of
detector inefficiencies on the azimuthal event-plane angle estimation. A flat event-
plane distribution ensures an unbiased measurement of the elliptic flow, despite
anisotropic detector efficiencies along the azimuth.

Since the estimation with the VO detectors is based on the signal amplitude
distribution over the detector, anisotropies in the single-channel response introduce
biases to the event-plane distribution. Hence, the first calibration step for the VO-A
and VO-C is the equalization of the single-channel gain. Within this first calibration
step two iterative corrections are applied:

o V0un(©)
VO (€) =775, @)
V(€)1 4 YOO~ (VOuny €)

OV0amp. (C)’

For the [ TPCIno gain equalization procedure is required, because the estimation
with the[TPClis based on the reconstructed track sample. After the gain equalization
step, the calibration of the event plane estimation is based on the rewritten definition
of the average event flow vector, which takes potential detector inefficiencies along
the azimuthal angle into account:

Xugp) = X, A3 (cos(nWgrp) + A5 sin(nWgp
Qo = (( ) + A3, (cos( ) + ( ))) (46)

(Yoge) = Yo + Az, (sin(nWrp) + A5, cos(nUrp))
Here the index ”"Wgp” denotes that (Q,) corresponds to the hypothetical average of

the for a fixed reaction plane angle (Ugp). The correction coefficients A3, and
ASE represent:

S <Y2n>
ASE = e (4.8)

In the case of a perfect detector without inefficiencies these two coefficients vanish.
For the TP the acceptance coefficients (Af) and the smallness parameters (A5)
can be calculated directly from the measured distributions. Due to the high
segmentation of the VO-A and VO0-C, it is not possible to directly calculate the
coefficients in a similar manner as for the [TPCl However, they can be estimated
with the sub-event method, utilizing the [TPCI[Q,] after its calibration and the
of the VO-A and V0-C. Symmetry implies that:

A3 A5y = Ag sy (4.9)
Together with the following equations based on the sub-event technique:

$(XLX0) = (A3.)*(1+ (A5))?),
S(YIY)) = (A,) (1 + (A3,)?), (4.10)
8<X761LY7§)> = A;rnAZn(AS:Lr + A2n)7
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4.4 Event-plane angle estimation

the correction coefficients can be estimated via:

4B — (XX (XAXE)
A XeX(XEXE) + (XeY (X))
a b
Ay <X§”Y2,?> : (4.11)
< 2nX2n>
Agi < 2?1X§n>
(Y YS)

All coefficients and calibration steps are calculated and applied in dependence of
the collision centrality and the position of the collision vertex along the beam-axis.
In the first applied calibration step, after the gain equalization of the VO detectors,
the distributions of the event flow vectors are re-centered around zero:

Q' = Q. — (Qu). (4.12)

The re-centering step shifts the X,, and Y,, component of with a constant value,
based on the offset from zero of the input distributions. In the next step, the width
of the now centered distributions is ”equalized”, to ensure that it is independent of
the collision centrality and the vertex position:

Q",=Q,./oq,. (4.13)

The alignment correction handles an effective misalignment, visible in the cross
terms between the X- and Y-component of different event-plane estimators:

(XpY)) # (XY, (4.14)
To correct for this effect, is rotated:

Q”/n — Q//n + Q”,m ¢ (415)

After these three calibration steps, the higher order ”twist” and "rescale” corrections
are applied. They are based on the mixed terms between the X- and Y-component,
visible in the acceptance coefficient and the smallness parameters [4.8 The twist
correction accounts for these mixed terms with a diagonalization procedure:

X/”>\11 A <Y/”>\I/
X//// — < n 2n n
A Vi S
(Y vw — A5 (X)) w
L—ASTAS,

(4.16)

¥ =

(4.17)

Finally, the following equation describes the rescale calibration step, which scales
the components according to the acceptance coefficient:

xm

(xme = a2, (118)
ym

<Yn/,/”/>‘1/ _ < n7>\1" (4'19)
A2n

As mentioned in the previous section, the corrections are applied within the Qn-
Corrections framework, which utilizes the techniques presented in [95]. The review
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Figure 4.7: Left panel: Measured TPC event-plane angle distribution for different
calibration passes. The polar angle corresponds to the measured event-
plane angle and the radial axis gives the event probability. Right panel:
Fully calibrated TPC event-plane angle distributions as function of the
event centrality.

by Selyuzhenkov and Voloshin also contains a detailed discussion of the theoretical
principles, on which the calibration procedures are based.

In figure a comparison between the azimuthal event-plane angle estimation
with the TPC (¥, “|) before and after the calibration is depicted (left panel), and
the distribution of |¥ . ~|as function of the collision centrality after the calibration is
given (right panel). The left panel of ﬁgure demonstrates the improvement of the
distribution with each calibration step. It shows W' in polar direction and
the percentage of the event probability in radial direction. Only minimal anisotropies
below the per mill level are observed after the second calibration step. As the
right panel of figure depicts, the distribution of (y-axis) is well calibrated
for all event centralities (x-axis). A comparison of the fully calibrated event-plane
angle distributions measured with the TPC and the VO detectors is presented in
figure[d.8 As in figure .7} the polar angle corresponds to the measured and the
radial axis gives the probability of a measurement with the given azimuthal event-
plane angle. Unfortunately, the distributions of the azimuthal event-plane angle
estimation with the VOA 1) and azimuthal event-plane angle estimation with
the VOC are not as uniform as the one of . The distributions fluctuate
between a probability of 1.8% and 2.2% for a given azimuthal event-plane angle,
what corresponds to a maximum variation of ~ 20%. However, the deviations are
of a clearly visible n &~ 4 harmonic and thus compensate themself almost completely
in a elliptic flow (3) measurement.

4.4.3 Resolution

The measurement of the elliptic flow of J/v is based on the measurement of
the strength of the correlation between the azimuthal distribution of the measured
J /¢ and A resolution below unity of the estimation weakens the measured
correlation compared to the true correlation. Thus, a correction for the resolution of
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Figure 4.8: Azimuthal event-plane angle distribution measured with the TPC (black
crosses), VOA (blue circles) and the VOC (red diamonds), in the final
calibration step. The polar angle corresponds to the measured event-
plane angle and the radial axis gives the event probability.

the event-plane angle measurement has to be applied. To determine the resolution
of the measurement a data driven approach, analyzing the correlation of event
planes estimated with independent detectors, is utilized [96]. In this case, three
independent measurements are compared:

" \/ (cos(n( W — WE))) (cos(n(W — ¥E))) 420)

" (cos(n(Wy] — W)

While the nominator in equation represents the deviations of the detector of
which the resolution is calculated, the denominator corrects for the uncertainties of
the two reference detectors. The resolution of the second-order event-plane mea-
surement with the TPC, VOA and the VOC as function of the event centrality is
given in figure .9 As expected, a clear dependence on the collision centrality is
observed. While for central events no initial anisotropy from the collision shape
exists, for the more peripheral events (C > 60%) fluctuations in the initial collision
geometry of higher orders become more relevant and thereby reduce the precision of
the second-order event-plane measurement. As correction factor for the m mea-
surement a weighted average of the resolution in the utilized event-centrality range
is used. Measurements at forward rapidity provide a high resolution J/1 yield dis-
tribution as function of the collision centrality. This distribution is utilized to weight
the resolutions, when the averages are calculated, resulting in the following factors:

RyPC =0.88, (4.21)
RY* = 0.68, (4.22)
Ry =0.77. (4.23)
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Figure 4.9: Resolution of the second-order event-plane determination as function of
the event centrality.

A run-by-run quality-assurance analysis based on the resolution of the event-plane
determination with the [TPCl was done for the utilized data sample. In order to
ensure a comparable quality of the estimation in all analyzed events, runs in
which large deviations of the resolution compared to the overall average have been
observed are excluded from further analysis steps.

4.5 Track selection

Several criteria are applied in the selection process of electron and positron track
candidates for the J /1 reconstruction. These criteria are supposed to reject tracks
outside of the kinematic range of tracks resulting from J/1-decays and ensure the
reconstruction quality of the remaining track candidates, such that the kinematic
information, as well as the information, is reliable.

Transverse momentum: Based on the kinematics of J/i¢) — ete™ decays and the
prrdistribution of potential background tracks, the following track{py] selection is
applied:

pr > 1 GeV/e. (4.24)

The left panel of figure depicts the distributions of the track sample be-
fore (black crosses) and after (blue circles) the track selection. In addition, the
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4.5 Track selection

distribution of electrons from J /1) — eTe™ decays estimated with Monte Carlo simu-
lations (red diamonds) is shown. Below 1 GeV /¢ the amount of electrons originating
from J/1) — ete™ decreases, while the amount of electrons from other sources still
increases (see for example [97]). As a remark, the g distribution of the simulated
J /1 spectrum is not completely realistic. However, this does not effect the drop of
the single electron distribution below pr &~ 1.75 GeV /c. After the application of the
track selection the distribution is steeper, indicating that more tracks at higher
are removed. This is a result of the fact, that the track curvature decreases with
and in average a reduced curvature leads to less clusters in theTPCl Stronger bend
tracks pass more different areas of the [TPCl readout chambers, whereas straighter
tracks can be "stuck” in "dead zones” without good reconstruction capabilities.

Pseudorapidity range: To ensure a good track reconstruction, the track itself has
to be within the pseudorapidity () range of all utilized detectors. Thus, all track
candidates have to fulfill

In] <0.9. (4.25)

Number of clusters in the TPC: As baseline for a good track reconstruction with
the[TP{, a minimum amount of track-correlated charge clusters along the trajectory
is required:

N5 > 70. (4.26)

The distributions of N5, measured before (black crosses) and after (blue circles)
the track selection, as well as the distribution for electrons from J/i¢» — ete™ decays
estimated with Monte Carlo simulations is given in the right panel of figure [4.10]
Before the track selection criteria are applied, the distribution between N&5. = 50
and N, = 130 is almost flat. After the application of the track selection criteria
the distribution rises towards a value of N¢5. ~ 140. Thus, the other criteria select
preferably tracks with a higher amount of N5, what corresponds to tracks of a high
reconstruction quality. In the Monte Carlo simulation, electrons from J/¢ — ete™
decays tend to be reconstructed with high values of N5, > 140. This observation

supports a minimum requirement of N5, for the track reconstruction.

Trajectory and space point agreement: After the reconstruction of a particle’s
trajectory its deviation (x?) from the space points assigned to the particle is mea-
sured and normalized to the number of clusters of the track:

2 Ncls
X 1 Yicls — Yitrjy Ricls — Ritrjy
= . 4.27
Ncls Ncls - 02 0‘2 ( )
i=0 7Y 1,2
For the I'T'S| the normalized deviation has to be within
X%TS
0< T <o (4.28)
Nirs
For the [TPC it is required to be within
Y2
0 < 2IPC <975, (4.29)

— cls
NTPC

As reference, the number of degrees of freedom (nger) for the measurement with
the [TPC is ngof = 2 - Ngs — 5. The reduction of ng.¢ by five results from the five
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Figure 4.10: Left panel: Track-pr distribution of the data track sample before (black
crosses) and after (blue circles) the track selection and of electrons from
J/1 — eTe™ decays in Monte Carlo simulations (red diamonds). Right
panel: Distribution of N, measured before and after the track selec-
tion in experimental data and measured for electrons from J/1) — ete”
decays in Monte Carlo simulations(red diamonds).

parameters used by fit in the Kalman filter (see [3.2.1). Thus, the selection crite-
rion in the [TPC corresponds to % < 1.5. The left panel of figure [4.11

illustrates

2 2
Xits and XIEc - The track selection

the behavior of the track sample as function

Nirs Npe” ,
shifts the most probable values of the distributions of ;fflTlS (black crosses) and X,{EC
ITS TPC

(green stars) towards lower values (blue open circles and full circles). Hence, prefer-
ably tracks with a better agreement between the reconstructed trajectory and the
assigned space points, compared to the most probable values before the track selec-
tion, are selected. The clear majority of electrons from J /1) — eTe™ decays in Monte

2
Carlo simulations are reconstructed with values for ;ITIS (pink open diamonds) and
ITS
2
;\([Zﬁc (red full diamonds) within the applied selection criteria. Their distributions

TPC
show a steeper falling slope towards larger values, than the track sample before the

application of the track selection.

Number of shared clusters in the ITS: Due to the small opening angle of di-
electron pairs from photon conversions, they have a significantly higher probability
to share a cluster in the in comparison to dielectron pairs from J/i) — eTe™
decays. Thus, rejecting tracks that have a high ratio of shared clusters over their
total amount of clusters in the reduces the contamination of the electron can-
didate sample with electrons from photon conversions. In the presented analyses,

only tracks with

Shar. cls
NITS

“IS <04 (4.30)
Nirs
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4.5 Track selection

are accepted. The simulated number of shared clusters for electrons from J /1) — eTe™
decays clearly supports this criterion. The distribution is shown in the right panel
of figure (red diamonds). More than 90% of the electrons are reconstructed

Shar. cls
without any shared clusters. In data already below the threshold of % <04
ITS

an increase of the steepness of the distribution is observed, when comparing the
distributions before (black crosses) and after (blue circles) the application of the
track selection. This change is a result of the required hit in one of the SPD layers

(see eq. [4.31)).

Kink rejection: Track candidates are rejected, if a "kink” in their trajectory
through the detector is observed. Such kinks point to an interaction, e.g. a weak
decay, of the electron candidate preventing a correct reconstruction of the original
J/1-decay kinematics.

First hit in the SPD: Electrons from photon conversions (y+ A — eTe™ + A) are
a potential background source. An efficient way to reject electrons from conversions
is the requirement of at least one track-correlated hit in any of the three [SPDIlayers:

Hit ( )
N > 4.31
—_ 4 3 —~ 2
5 10?H‘\H‘H\T‘P(\:\\‘\H‘\H‘H\‘H\‘H\‘\HE e\o’ 10?:1\‘\H‘H\‘\H‘H\‘\H‘H\‘H\‘H\‘H%
o F * )(ZINcIS - Before track selection B 0 £ .
X - | X
§ 10° o - After track selection - § L + Before track selection i
= E _ i E! = )
5 g . s MC incl. J/\p decay electrons g ® ol o After track selection N
. : E 3
/N Before track selection E < . 3
10° X Nais ) = F o + MC incl. J/y decay electrons 7
E o - After track selection 3 I E
- ) | L
- - MC incl. J/y decay electrons r ; o5 7
105", %, E = o - E
Ete 3 E 4+ E
i ] : - ]
e E r +++ - b
£ 0 3] -1 e
o 0t oy ] 107 . E
N . +‘ m“*ﬁfk&%c;o E ., 3
. Bt o0 _ C ul
107g 0 sz E - ]
g * B [ T
Fo "0 L 4
* *,
102 1072 —
S) E 3
b (AU E E
107 " SRR = E B
E MRS 3
E 4T an A 7 -3
F PR e 107 = =
- RN c - ]
1074 = C —— 7
E E - — i
10757\\\‘\\\‘\\\‘H\‘\H‘\H‘H\‘H\‘H\‘Hf 10—4H\‘\H‘H\‘\H‘H\‘\H‘H\‘H\‘H\‘H\
2 4 6 8 10 12 14 16 18 20 0 02 04 06 O. 1 12 14 16 18 2
2 ITS ITS
X/ N Nohar.cis/ Nois

Figure 4.11: Distribution of x? normalized to the number of measured track clusters
in the given detector (left panel) and of the fraction of NPE™ < over
N (right panel) measured in experimental data before (black crosses)
and after (blue circles) the track selection and measured for electrons
from J/1) — eTe” decays in Monte Carlo simulations(red diamonds).

Track impact parameter: Since a J/v¢ has a very short lifetime, selecting only
those tracks originating from small distances around the event vertex for further
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4 Measurement of J/1p in Pb—Pb collisions with ALICE

analyses, reduces the background contamination of the track sample. The distance
between the event vertex and track origin is called distance of closest approach (dcal).
Tracks originating from outside of:

—1.0 cm < dcay, < 1.0 cm, (4.32)
or
—3.0cm <dca, < 3.0 cm (4.33)

are rejected. In figure the distributions in the x-y plane (left panel) and the
z-axis (right panel) are depicted. Both panels show that the track sample before the
application of the track selection (black crosses) has the widest distribution. The
distributions for electrons from J/1) — e*e™ decays (red diamonds), estimated with
Monte Carlo simulations, are significantly peaked within £0.2 cm (dcayy) and £2 cm
(dca,). This indicates that most electrons from J/¢ — eTe™ decays fulfill the applied
selection criteria for dcay, and dca, and vise versa rejected tracks mainly originate
from other sources. Between the distributions before (black crosses) and after (blue
circles) the track selection a steeper decrease towards the borders of the selection
criteria is observed after the track selection was applied. Thus, the majority of
tracks selected by the other selection criteria also fulfills the track impact parameter
criteria.
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Figure 4.12: Track dca distribution in the x-y plane (left panel) and the z-axis (right
panel) measured in experimental data before (black crosses) and af-
ter (blue circles) the track selection and measured for electrons from
J/1 — eTe™ decays in Monte Carlo simulations(red diamonds).

ITS and TPC refit: The reconstruction of a particle’s trajectory through the mid-
rapidity detectors of is based on a Kalman filter algorithm [65]. The so-called
"refit” flag for a given tracking detector is set, if the final inward fit of the Kalman
filter algorithm inside the detector was successful.
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4.6 Particle identification

After the application of all track selection criteria, about 4% of the initial track
sample remains. Further track selection criteria, applied in those cases where [P1D|
informations from the [TRDI are used, are discussed in the chapter [0]

4.6 Particle identification

4.6.1 TPC

The goal of the particle identification in this analysis is the selection of electrons
and positrons out of the remaining track sample after the track selection.

Based on the parametrized specific energy loss of electrons, pions and
protons in the TP (see equation , a selection of electrons and positrons, as well
as a rejection of protons and pions, is applied:

—2.5 <noltC <3, (4.34)
no, "¢ > 3.5, (4.35)
noitC > 3.5. (4.36)

At first order, the estimation of the expected is based on a parametriza-
tion of the Bethe-Bloch equation (see equation and figure . However, to
achieve the needed precision for a successful [PID] an additional calibration of the
parametrization for each individual data taking period is required. After a first
global calibration, a second so-called ”post-calibration” is applied. This calibration
step accounts more specifically than the global calibration for the characteristics
of the selected track sample used in the analysis. The post-calibration uses infor-
mation gathered from the analysis of topological selected electrons. In this case,
so-called ”VO0 electrons” from gamma conversions are selected, mainly utilizing the
fact that they appear "off vertex” and have vanishing invariant mass. The mean of
the measured parametrized specific energy loss for electrons maeIiI ) distributions
corresponds to the deviation between the measured [d£/dz| and the expected value
from the parametrization of the Bethe-Bloch function (see equations , . Thus,
correctly calibrated, the mean of the distributions should be at zero for all
centrality intervals. Since is normalized to the resolution of the mea-
surement a width of one is targeted for the acnSigmaTPCele distributions. Demon-
strated in figure is the deviation of the mean (left panel) of the dis-
tribution from zero and of the width (right panel) from unity for VO electrons as
function of the collision centrality before the post-calibration is applied. The two
different markers indicate two separately reconstructed sub-periods of the LHC150
data sample. The evolution of the mean as function of the centrality corresponds to
a decrease of the average per track in more central collisions, due to a higher
track density in the [TPClL Due to the smaller signals that are measured in more
central collisions, the influence of fluctuations on the measurement rises. Thus, the
width of the naPIiI C| distributions increases. Post-calibration maps, correcting the
values of the expected [dF /dx| for their deviations, are produced containing correc-
tions as function of [ and centrality. A more detailed discussion and the applied
calibration maps can be found in [98].

The influence of the selection criteria listed in the equations [.34], [4.35] and [£.36] is
visualized in figure |4.14] From left to right, the electron selection, and proton and
pion rejection criteria are applied. The proton rejection is visible below ~ 1.5 GeV /¢
particle momentum, where the expected proton as function of momentum
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4 Measurement of J/1p in Pb—Pb collisions with ALICE
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Figure 4.13: Mean (left panel) and width (right panel) of the parametrized specific
energy loss for electrons , measured with a selected V0-electron
sample, as function of the collision centrality. The different markers
correspond to two different sub periods of the LHC150 data sample.
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Figure 4.14: Distribution of the parametrized specific energy loss for electrons
as function of their momentum measured at the entry of point
into the [TP{ for the track sample after track selection. From left to
right, the electron selection (eq. |4.34)), and proton (eq. |4.35) and pion
(eq. 4.36)) rejection criteria are added to the track selection.

crosses the electron With increasing momentum, the separation capability
between electrons and pions of the [TP( is reduced, since the pions also approach
the relativistic rise of the Bethe-Bloch equation. Thus, the pion rejection interferes
with electron selection and particles inside the —2.5 < na;r PC < 3 electron selection
are rejected.

4.6.2 TOF

In the same manner as for the measurement of the [TPC| a deviation from
the expected time of flight for a given particle is calculated and normalized to the
resolution. Accordingly, an electron selection based on

lnoXOF| <3 (4.37)
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4.7 J /i reconstruction

is applied. This allows to rejects hadrons, mainly entering the track sample in
the crossing regions of the electrons and the hadron bands in the [TPCl However,
the [TOF] delivers an efficient separation of electrons and hadrons only up to pr &
4 GeV/c. Thus, the selection described in equation is only applied for tracks
with pr < 4 GeV/c. Another difficulty that appears using the information from the
is the relatively small track-matching efficiency to the [TOFlL To ensure that
only tracks identified as hadrons by the [TOE] measurement are rejected, and not
additionally those where simply no [TOFl information is available, the [TOF] selection
criteria has only to be fulfilled by tracks that actually have been measured by the
[TOEl This approach is also called an ”if available” selection criteria. Already the
itself, but especially in the 7if available” mode of the selection criteria, is
difficult to calibrate correctly for reconstruction efficiencies based on Monte Carlo
simulations. Hence, the above discussed criteria are only applied in the analysis,
which is not corrected for reconstruction efficiencies.

4.7 J /1 reconstruction

After the preparation of an electron/positron candidate sample by the track selection
and particle identification, a pair reconstruction algorithm combines electron and
positron candidates and calculates the pairs properties. The energy-momentum
four-vectors of the electron and positron candidate are added, to reconstruct the
kinematic properties of the J/v candidate:

pP{™d = P{ + PS .

With P§2d one can calculate the invariant mass of the J/¢ candidate:

Miny. = \/(Eef + Ee+)2 — (pef + pe+)2 = ng + Q(Eef E. — pe*peJr)- (4.38)

The so-called opposite sign (OS) spectrum is derived from all possible pair
combinations of the electron and positron sample. A recursive rejection of electron
and positron candidates from conversions is applied within the first iteration of the
pairing algorithm. Tracks forming any pair with:

Miny. < 0.05 GeV/c (4.39)

and thus showing a high probability to originate from a photon conversion instead
of a J/1, are excluded from the track sample to reduce the background.

The random combination of all electron and positron candidates into a dielectron
pair in a given event introduces a combinatorial background to the pair sample. To
retrieve the number of reconstructed J/i from the spectrum, the background
has to be subtracted from the spectrum.

4.7.1 Background estimation

The spectrum contains two different sources of background: an uncorrelated part
due to the pairing of random electron-positron combinations, and a correlated part,
for example from open-charm decays. For the given data sample and detector con-
figuration, the most prominent background source is the combinatorial background.
The shape of the combinatorial background is dominated by the single electron and
positron phase-space distributions. However, the global properties of a given event
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4 Measurement of J/1p in Pb—Pb collisions with ALICE

and their influence on the track reconstruction, e.g. elliptic flow and track multiplic-
ity, lead to a small but not vanishing correlation between decay-wise uncorrelated
tracks of the same event. Several approaches are possible to estimate the shape
and size of the combinatorial background with varying advantages and disadvan-
tages [99]. In the analyses presented in this thesis, the benchmark method for the
background estimation is the event-mixing (ME) technique. To investigate a
potential systematic influence of the technique on the results, a comparison to
the like-sign (LS) technique is utilized.

Event mixing: The event-mixing technique pairs electrons and positrons from dif-
ferent events in order to estimate the combinatorial background. This approach has
two major advantages:

- it allows to reduce the statistical error of the background estimation to a
minimum;

- it ensures that there are no correlations between the paired tracks.

To include the above mentioned influence of the global event properties on the same-
event background spectrum, event categories are defined in which the tracks are
mixed. Depending on the analyzed event centralities (0%-90% Ri/ 1) : 20%-40%
different categories are needed to reproduce the background correctly. For both
analyses the events are categorized in eight intervals, to account for angular
correlations, introduced into the same-event background by the global elliptic flow.
In the elliptic flow analysis presented in chapter [5, the azimuthal event-plane angle
estimated by the VOC is used for the categorization to minimize non-flow effects.
However, since should describe the event properties that induce correlations

in the background more precisely, it is used for the RJA/X’ measurement presented in
chapter[6] Correlated variations of the track behavior induced by the track density of
the event_are taken care of by sorting the events into collision-centrality categories.
For the measurement 10% wide intervals are utilized and 5% wide intervals
for the Ri ;f measurement, respectively. For the RJA/ f measurement presented in
chapter [0 the events are additionally subdivided into groups of z,, positions. A
summary of the used mixing categories is given in table [4.1]

Category n intervals range
8 —1/27...1/27
9 (18-RY?) 0%. .. 90%
Zux [om] (RYY only) 14 [~10, =7, =5, —4,..., 4, 5, 7, 10]

Table 4.1: Summary of event-mixing categories.

A peculiarity of the Pb—Pb data measured at high interaction rates in 2015 is
the out-of-bunch pileup discussed in section [4.2l It also influences the background
estimation with the event-mixing technique. Without the rejection of the events
containing out-of-bunch pileup, the shape of the estimated background does not
match the shape of the background in the measured spectrum. Most probably
this occurs due to the varying track reconstruction between the events with and
without out-of-bunch pileup. For example, an increased pion contamination in out-
of-bunch pileup events can lead to additional correlations in the [OSspectrum, which
can not be reproduced by the event-mixing background estimation. As mentioned
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4.7 J /i reconstruction

previously, a detailed investigation of the out-of-bunch pileup events is still ongoing
and for the presented analyses they are excluded from the event sample.

The statistical precision of the background estimation with the event-mixing tech-
nique depends on the amount of mixed events per category. Limited by the amount
of random access memory (ram) per analysis node, up to 150 events per category are
mixed per bin, in the case that nanoAODs are used. Since more tracks are combined
for the background estimation than in the creation of the spectrum, it has to
be scaled to match the height of the spectrum. Therefore, the ratio between
the spectrum and the [MEl spectrum in regions without a dielectron-resonance
signal, e.g. 2.5 GeV/c < my,,. < 2.8 GeV/e & 3.5 GeV/e < myy,. < 3.8 GeV/e, is
utilized as scaling factor.

Like sign: The[LS method estimates the background contribution to the [0S spec-
trum based on the combination of tracks with identical electric charge. Electron-
electron and positron-positron pairs do not contain correlations. Hence, the
spectrum depicts the combinatorial part of the background spectrum. It has the
advantage that it naturally contains the correlations introduced to the track sample
by the global event properties. Thus, it reproduces the shape of the background
spectrum without additional corrections, like event-mixing categories. However, it
is limited in its statistical precision by the amount of electron-positron pairs per
event:

B=N,-N_—y/N,.N_. (4.40)
In this equation [Bl denotes the number of background pairs and Ny the correspond-
ing number of electrons or positrons. It is only valid in the case of solely combinato-
rial background and the successful reconstruction of every signal pair. To estimate
the number of signal pairs (S]) under realistic conditions, the following equations
can be used:

S=Ny—R-2/N. . N__ (geometric mean), (4.41)
S=Ny—R-(Nyy +N__) (arithmetic mean). (4.42)

While the geometric mean is the preferable method for the estimation of the back-
ground, in a situation of vanishing same-sign pairs and simultaneously occurring
charge asymmetries the utilization of the arithmetic mean becomes necessary. A
mass-dependent correction for charge asymmetries is introduced as R factor. It
can for example be estimated from the comparison of the spectrum to the [ME]
spectrum:
. N_ILAP(minv.)
2\/N++<minv.)N77(minv.)
Nevertheless, significant deviations from unity appear mainly in the low-mass re-
gions, while in the mass region of the J/1, for the given data sample, the R-factor
can be assumed to be close to unity [100]. Presented in figure[d.15are the background
spectra from the (black crosses) and [LS (blue circles) technique, corresponding
to an inclusive J /v spectrum for the 90% most central events. In the bottom panel,
the ratio of both spectra is given. As discussed before, significant deviations from
unity are only observed in the mass region below 1 GeV/c?.

R(Miny.) (4.43)

4.7.2 Signal extraction

Based on the background subtracted [OS] spectrum, the signal yield, i.e. the amount
of measured J /1, can be extracted. To retrieve the J/v yield, two different methods
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Figure 4.15: Background estimations for the inclusive J /v dielectron spectrum from
the event-mixing (MEI) (black crosses) and the like-sign (LI) technique
(blue circles), measured in the 90% most central events. Both esti-
mations are scaled with a constant, estimated outside the J/1 signal
region, to the opposite sign (OS] spectrum individually. The bottom
part shows the ratio of the [[.S over the [MEl estimation.

are employed. The ”bin counting” method is a quite intuitive and simple approach
to extract the signal yield:

S= > w (4.44)

Miny. range

It sums up the bin content (w;) of all bins in a given mass window. As shown in
table 2.1} the decay width of the J/¢ (< 0.1 MeV/c?) is far below the measured
resolution of the invariant mass [OS] spectrum (40 MeV /c?). Thus, one could expect
the resonance peak in only one single mass bin. However, due to the resolution of
the measurement and also energy losses of the electrons due to ” Bremsstrahlung”, of
which the recovery is difficult, the width of the measured resonance is wider. Hence,
the mass window used for the bin counting method is 2.92-3.16 GeV/c?, and as a
systematical variation, a width of 2.85-3.20 GeV/c? is used.

A different approach to extract the J/1 signal yield is the integration of a fitted
J /1 signal shape, estimated beforehand with Monte Carlo simulations. The Monte
Carlo simulated shape contains the low-mass tail due to Bremsstrahlung of electrons.
This fixed shape is then scaled to the background subtracted spectrum and
integrated over the same mass windows as used in the bin counting method.

66



4.7 J/ip reconstruction

Depicted in figure is the spectrum for the 90% most central events to-
gether with the corresponding background estimation from the (left) and the
(right) technique. In the bottom panes of both panels, the corresponding background
subtracted spectrum is given. Extracted with the bin counting method, yields
of S = 12553 &+ 802.5 (MEl background) and S = 12020 + 944.4 (LS background)
J /1 are observed. Based on a signal-over-background of S/B = 0.0284 4+ 0.00181
(ME]) and S/B = 0.0271 £ 0.00213 (LS)), respectively, a significance of

S
vVS+ B

is observed. A discussion on the calculation of the statistical uncertainties and the
definition of the significance can be found in the appendix [A]

—18.641.17 (ME) (17.8 +1.38 (LS)) (4.45)

)

3

x10 x10
~ A e ~ A e e
L 140 * Neyeye = 7406407 » S = 12553+802.5 (2.92-3.16 GeV/c?) ] L 140 ¢ Neyeye = 7406407 » S = 12020+944.4 (2.92-3.16 GeV/c?)_]
> I Events > I Events
% L« S/B=284e-02+1.81e-03 « S/ S+B = 18.6+1.17 B g L+ S/B=271e-02+2.13e-03 « S/{S+B = 17.8+1.38 —
P 120; 0= Centrality (%) <90 &0 <p_<12(GeV/c) &-095y <09 { P 120; 0= Centrality (%) <90 &0 <p_<12(GeV/c) &-095y <09 {
N L e OS spectrum ] N [ e OSspectrum ]
= o X = = X 4
8 100 © ME spectrum*0.428 7 8 100 ¢ LS spectrum*0.987 7
1) c ] 1) c ]
c - — c - —
3 8= -3 3 8= | | -3
3 C ".“mg.. ] 3 C o ..”ooom,m : ]
L ge0*® ] [ ee** "o2ge ]
60 ge®’ — 60 gae ! “ —
L ] L %, ]
L 7
- - [ 0. -
40— — 40— *o, —
C . C v, .
C ] C oo, ]
C ] C o, ]
20— : : oal 20— e O
o Bt 1}1H}‘111}1H:MHMHMH}H[ o ’11}1H}H1}1H}H:}MH:MHMHMH}M}’
L - ] o - ]
> r e OS spectrum - ME spectrum*0.428 B > 8000; e OS spectrum - LS spectrum*0.987 4
g 8000~ MC shape (x%/dof=0.7) - g [ — MC shape (x¥dof=0.5) i
2 H B 2 L ]
r i 6000— —
3 0000 ] 5 N ]
o L _ o L ]
j2) L - 1]
z £ 4000 -
5 4000~ 7 5 r ]
<] <]
o B i o B i
r q 2000— —
2000— — C b
L ] 0 Ftt p A5 C IR, § J
0 = o
7w§w\www\*ww\www\www\www\ww*\?*w\www\ww’wf C \\‘\*\‘\\\‘\\\‘\\\‘\\\‘\\*\‘\*\\‘\\\‘\\\7
2 22 24 26 28 3 32 34 36 38 4 2 22 24 26 28 3 32 34 36 38 4
2 2
m,., (GeVic?) m,., (GeVic?)

Figure 4.16: Demonstration of a J/i-signal extraction. The top panes of both panels
show the opposite sign (OS)) spectrum together with the event-mixing
(ME]) (left panel), like-sign (L)) (right panel) background estimation.
The bottom parts show the corresponding background-subtracted sig-
nal spectrum.

In similar manner, the signal and background yield and the significance have been
extracted for subsamples of the data set for further analyses. The signal extraction
as function of the azimuthal orientation with respect to will be discussed in

chapter . To measure ¢?/% and Ri/ff respectively, the signal extraction has to be

corrected for its efficiencies. The applied efficiency correction to measure Ri/f with
the [TRDI as additional [PID] detector will be discussed in the chapter [6]
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5 Elliptic flow of J/

In this chapter the phenomenological concept, why J/v originating from a
could inherit a non-zero elliptic flow, will be shortly introduced, followed by the
presentation of the measurement itself and a comparison of latest model calculations
with the results of the measurement.

5.1 Phenomenology

If thermalization of heavy-quarks, i.e. ¢ or ¢ quarks, takes place in the [QGP] they
should be subject to collective effects like elliptic flow. In the case of the J/v, this
leads to significant differences of the kinematic properties of direct J/¢ and those
originating from a (re)combination of quasi-free c¢ quark pairs out of the collective
medium. The g of inclusive charged particles as function of [pr, measured in the
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Figure 5.1: Ellitpic flow (vs) of inclusive charged particles as function of the trans-
verse momentum (), measured in /syy = 5.02 TeV Pb—Pb collisions
with [ALICE] [101].

centrality range 30% to 40% in Pb—Pb collisions at \/syny = 5.02 TeV, is given in
figure 5.1} A significant g is observed especially for transverse momenta above 2
GeV/c. The pressure gradient, responsible for the development of the observed g,
should influence quasi-free ¢ or ¢ quarks in a similar manner and result in a non-
Zero for J/1 from regeneration processes. Hence, the measurement of is
capable to put further constraints on the models that contain a description of the
J /v production. Especially a comparison to transport models, like those introduced
in section [2.4.3D] is of interest. Those models contain a full kinematic evolution of
the fireball and are able to separate the kinematics of primordial and regenerated
J/¢. Thus, comparisons between measured data and theoretical predictions should
be able to shed further light on the details of the J/1 production.
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5 Elliptic flow of J /4

5.2 Measurement

The elliptic-flow measurement of J/v is based on the measurement of the difference

between (see section and the azimuthal orientation of the J/v (777):
Ap =iy — Yep. (5.1)

As already shortly introduced in section [£.4] azimuthal correlations in heavy-ion
collisions can be expressed in form of a Fourier expansion [96, (102} [103]:

pEN _ 1 &N (1 +3 20, cos(n(e — \p>>> | (5.2)

d3p B ﬁppoTd?/

Starting from the equation above, two different approaches give access to , both
are based on the measurement of Ag.

In- and out-of-plane: This approach is based on a J/i¢-yield measurement in
dependence of A¢. The integration of equation leads to the following expression
for :
T Sin — Sout
2 4+ Ry Sin + Sout”
Here Ry denotes the resolution of the azimuthal event-plane angle measurement
(introduced in section as correction factor and Sy, /o represents the signal
yield measured in two A¢ ranges:

(5.3)

Ad| < T and
Sin ’3 ¢l < g an , (5.4)
T <|A¢| <
3
St % < |Ag| < Iﬁ (5.5)

While the range defined in equation corresponds to the range of azimuthal angles
with in the center and thus, S;, denotes the yield measured ”in-plane”, Sou;
represents the yield measured ”out-of-plane”.

Fit method: For the measurement with the "fit method”, the dielectron-pair
3 is measured as function of Mmy,y.:

V5 (Miny.) = (€OS(2(¢" (Miny.) = Pep.)))- (5.6)

This dielectron-pair g]is composed out of and the artificial flow of the combina-
torial background v%, weighted with the number of signal (background) dielectron
pairs [104]:

S (Miny.) - V53" (Miny.) + B(Miny.) - VB (Miny.)
S(minv.) + B(minv.) .

V5 (Miny.) = (5.7)
The signal and background spectra as function of my,,. are measured with the stan-
dard signal-extraction procedure, as introduced in section |4.7.2, From these spectra
then the values for [S] and [Bl as function of (my,,.) are extracted. Thus, only
and v? are left as unknown components. To estimate v2, selected parts of the vs
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distribution as function of my,,. are fitted with a polynomial function. For the se-
lection of the fitted parts, the v$® data points in the J/¢ mass range, as used for
the signal extraction, are excluded. The shape of the combinatorial background of
the o3 measurement depends on the kinematic composition of the dielectron pairs.
Thus, at different bins polynomial-functions of different orders (2nd, 3rd and
5th) have to be used to estimate the v% distribution. In the last step, the func-
tion representing the full v§® composition, given in equation [5.7, is fitted to the
. . I/ : J/
data points, with as free parameter. A demonstration of th measurement
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Figure 5.2: Right panel: Dielectron pair_invariant mass spectrum, used as input
for the elliptic flow of J/v extraction. Left panel: Elliptic flow
of dielectron pairs (v5¢) with 2 < ppr < 6 GeV/c as function of their
invariant mass (mj,y ). Measured in semi-central events (20-40%), with

the VOC detector as event-plane estimator.

based on the fit method is given in figure 5.2} In the left panel the J/1-yield ex-

traction is shown, it provides the signal and background yield as input for the
extraction via the fit method, which is depicted in the right panel of the figure. The
measured v5® is represented by the blue, full circles, the red, open circles indicate
those data points, used to constrain the second order polynomial function, utilized
to estimate v¥. The resulting function for v5¢ (v¥) after the respective fit is drawn
as green, dashed (black, solid) line. In addition a 1o confidence level around the fit
is shown in orange, to visualize significance of the difference between v¥ and vs¢,

which corresponds to .

5.3 Dependence on A¢ of the J/1 reconstruction
efficiency

Both introduced methods to measure rely on the assumption that the J/4
reconstruction efficiency does not depend on the relative azimuthal orientation of the
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J /1 with respect to (A¢). Potential inhomogeneities of the detector acceptance
along azimuth are accounted for by the calibration procedures ensuring a flat
distribution. However, a correlation of the reconstruction efficiency to A¢ would
artificially in- or decrease The only variation as function of A¢ that could
influence the J/v reconstruction significantly is the particle density. As a direct
result of the existence of elliptic flow of charged particles in heavy-ion collisions,
the track density along A¢ shows large variations. These variations are clearly
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Figure 5.3: Electron and positron candidate distribution as function of A¢ in the
centrality interval from 20-40%. The vertical blue dashed lines indicate
the in- and out-of-plane bin borders.

visible in the electron and positron track distributions as function of A¢, depicted
in figure[5.3] Indicated by blue, dashed lines are the borders between the in- and out-
of-plane regions. Between the maximum and the minimum amount of tracks, a factor
~ 1.5 — 2 is observed. This variation of the track density could induce differences
in the track reconstruction and the particle identification performance as function
of A¢. As a first check whether further corrections have to be applied to the data
before the extraction of 3’ |is done or not, the track reconstruction quality variables
of the TP and [nop. %, | have been measured as function of A¢. The average of
the number of clusters in the [TPCl per track (left), (center) and x? over
the number of clusters in the [TPCl (right) as function of A, is given in figure [5.4]
There is no significant systematic variation visible between the in- and out-of-plane
regions and the absolute values of the measured averages correspond to expected
numbers. In the given case does not correspond to the post calibrated
value (see section [4.6.1)), hence, the dev1at10n from zero is expected. The width of
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Figure 5.5: From left to right: the width (o) of the distributions of the number

of clusters per track in the [TPC] and x? over the number of
clusters in the [TP( as function of Ag.

the distributions presented in [5.4] is depicted in figure [5.5] Similar to the averages
of the distributions, no significant dependence on A¢ is observed. In conclusion,
the measured distributions do not show any significant indication that the J/4
reconstruction efficiency should vary in a relevant manner as function of A¢. Next
to the track reconstruction quality in the TPCl the track density could influence the
matching efficiency between the [TPCl and the and by that influence the J/4
reconstruction efficiency. To identify a potential variation of the track matching
efficiency between the in- and out-of-plane regions of an event is measured. In this
case the efficiency is defined as the ratio of all tracks successfully reconstructed in
the [TPC] and the over those successfully reconstructed in the [TSE

NglleJrITS ‘ (58)

€match =
NITS
trk
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Figure 5.6: Ratio of the tracks successfully reconstructed in the [TPCl and those suc-
cessfully reconstructed in the [['I5S as function of the collision centrality
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Figure 5.7: Ratio of the tracks successfully reconstructed in the [TPCl and the TS
and those successfully reconstructed in the [[TS] as function of the colli-
sion centrality

The results are depicted in figures[5.€]for thepranges: 0-1 GeV/c, 1-2 GeV /c and 2-
3 GeV/c and 5.7| for the prranges: 3-4 GeV/¢, 4-6 GeV/c and 6-12 GeV/c. The top
part of the figures show the track matching efficiency (see equation as function of
the collision centrality for the in-plane (black crosses) and out-of-plane (blue circles)
region. In the bottom part of the figures, the ratio of the efficiency measured in-plane
and out-of-plane is given. For allprjand centrality regions, the variation between the
in- and out-of-plane track matching efficiency is below 4%. An even smaller variation
of the matching efficiency is observed in the semi-central events, especially in the
region between 2 and 4 GeV/c (€ou/€in < 2%). With respect to the statistical
and systematical uncertainties of the results (see section from the analysis, this
variation should be negligible and thus no additional correction is applied. This
can be underlined by calculating the artificially induced elliptic flow due to varying
J /1 reconstruction efficiencies between the in- and out-of-plane regions: under the
assumption that the difference of the matching efficiency translates one-to-one into
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the J /1 reconstruction efficiency, a 5% difference (€qu /€ = 5%) would lead to an

artificially created of:

UJ/w . m Sin - Sout . m 100 — 105
2 T 4Ry Sp+ Sows 4-Ry100+ 105

= —0.022. (5.9)

This value is already small compared to the statistical and systematic uncertainties
of the measurement. However, since the majority of J/¢ decay electrons lead to
better reconstructed tracks than those from electrons of background sources (see
Monte Carlo simulation results in section , presumably a larger part of the
difference of the matching efficiencies between the in- and out-of-plane A¢ regions
is driven by tracks not originating from J /1 decays. Thus, probably less then 50% of
the difference between the matching efficiencies translate into varying reconstruction
efficiencies. Combined with a more realistic value of 2% for the variation itself, this
leads to an artificial elliptic flow of vg/ Y= —0.0044, which corresponds to about 3%

of the observed values and their statistical and systematic uncertainties.

5.4 Results

The highest significance for a non-zero J /1 elliptic flow is expected in semi-central
collisions. To prove that a non-zero J/v elliptic flow exists, events in the range of
the 20-40% most central collisions are selected. As discussed in chapter [2] different
distributions are expected for direct and regenerated J/v. To improve the access

to the predicted distinctions for between regenerated and direct J/1¢ , the

variations of the [pq) distributions are utilized by measuring as function of ] in
three different g intervals:

bin —1:0<pr<2GeV/e, (5.10)
bin —2:2 < pp <6 GeV/c, (5.11)
bin — 3a: 6 < pr < 100 GeV/c and (5.12)
bin —3b : 4 < pr <12 GeV/c. ( )

Based on the [pp] measurements and theoretical calculations, the largest amount of
regenerated J/v¢ and therefore J/¢ which should inherit elliptic flow, are expected
in the range from 2 (GeV/c) < pr < 6 (GeV/c). Unfortunately, the statistical
precision of the analyzed data sample does not allow a meaningful signal extraction
in the pg range from 6 (GeV/c) < pr < 100 (GeV/c), see figure for example.
Therefore, for the final measurement with the ”fit method” a small variation of
the last [pg range was applied. As a result bin-2 and bin-3b (see eq. and
have a small overlap. Nevertheless, the elliptic flow, as measured with the fit method,
is quoted with respect to the mean of all J/1 used for the m extraction and
hence, bin-3 still provides valuable information.

5.4.1 In- and out-of-plane method

Due to the division into subsamples the in- and out-of-plane method suffers stronger
than the fit method from the limited statistics of the analyzed data sample. Depicted
in the figures and are the invariant mass spectra in- (left panels) and
out-of-plane (right panels) in the three pg bins. The spectra are based on the event,
track and pair selection procedure introduced in chapter [l From those spectra, the
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counts per 40 MeV/c?

counts per 40 MeV/c?

Figure 5.8: Left panel: In-plane dielectron invariant mass spectrum in the J /4 trans-
verse momentum (pg) range of 0-2 GeV /c. Right panel: Out-of-plane di-

counts per 40 MeV/c?

counts per 40 MeV/c?

Figure 5.9: Left panel: In-plane dielectron invariant mass spectrum in the J /4 trans-

J /1 yield to calculate the elliptic flow is extracted. Especially for bin-3, it is difficult
to correctly extract the yield from the given spectra. Already for bin-1 and bin-2
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Figure 5.10: Left panel: In-plane dielectron invariant mass spectrum in the J/1
transverse momentum (pg) range of 6-100 GeV/c. Right panel: Out-
of-plane dielectron invariant mass spectrum in the J/v transverse mo-
mentum (pg) range of 6-100 GeV/c.

the significance for the J/1 resonance measurement is below 50, for bin-3 it is even

below 30 for the out-of-plane spectrum. Thus, the reliability of the results of the
measurement, based on the given data sample and in the given collision centrality
range, is difficult to evaluate. Nevertheless, for completeness m measured in the
ranges 0-2 GeV/e, 2-6 GeV/c and 6-100 GeV/c with the in- and out-of-plane
method is presented in figure [5.11 Due to the large statistical uncertainties, the
measurement does not allow a conclusive statement on the question, whether the

produced J/ show any elliptic flow or not.

5.4.2 Fit method

Since the fit method, in contrast to the in- and out-of-plane method, extracts an
integrated signal over the full A¢ range its statistical precision does not suffer from
an additional binning. Thus, it is the preferred method for the extraction of a final

result.

5.4.2a Systematic uncertainties

To estimate the quality and reliability of the results extracted with the fit method,
those parts of the analysis, where a systematic influence might be introduced, were
explicitly studied. Table summarizes the parts, of which a systematic influ-
ence on the results was reviewed. The upper panel of figure depicts for
the systematic variations introduced to the signal-extraction method. Each labeled
block, limited by the tick marks, in the lower panel corresponds to the results of
all signal-extraction alterations for a given modification of the track sample. The
study does not give any clear indications for a preferable approach between the
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Figure 5.11: Elliptic flow of J/v measured in three different transverse mo-
mentum (pg) ranges with the in- and out-of-plane method. Based
on the yield extraction from the invariant mass spectra shown in fig-

ures and

different alterations. The systematic influence of the different modifications of the
signal-extraction method seems to be similar for all track samples in first order.
Nevertheless, the influence on the results is still significantly smaller than the sta-
tistical uncertainty. A variation of the pion-rejection criterion towards a looser
criterion seems to systematically influence the result towards lower values for .
The looser criterion probably introduces a larger pion contamination, which could
lead to an overestimation of the elliptic low of the background and hence, artificially
decrease the observed value for . At first glimpse, a tighter pion-rejection also
seems to systematically decrease the results for . However, under application
of the tight rejection criterion, also values on the upper edge of the total variations
for are observed. Hence, a clear recognition of a systematic behavior is not
given. Taking into account that a tighter criterion implies a further decrease of the
statistical precision, it is most likely that the differences of the results are due to
the enlarged statistical fluctuations. Except for a few outliers, all results from the
systematic variations for agree within their given statistical uncertainties.
Such a study of the systematic behavior was performed for all ranges of the
analysis with the [TPC] and also the VOC detector as event-plane estimator. To esti-
mate the systematic uncertainty of the final result, a value for was extracted for
each modification of the signal-extraction method on every track sample alteration.
Since the variation between the extracted values could also simply originate
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5.4 Results

Description \ Variations

Event selection
Out-of-bunch pileup:
NIPC < 513-107%- VOM2,, + 0.5 VOMump +p | p = {750, 1000, 1500}
NIPC > 8131075 VOMZ, + 0.3+ VOMypp. + p={-750, —1250}

tracks amp.
Zytx-position difference:

SPD _ Global Tracks| ~ ()2 mm required

2 2z :
| vix not required

vtx

Track selection
TPC track reconstruction quality:
0 < XFpc/NfSc <p p={2.5, 2.75, 3}

Particle identification

Electron selection:
={-2, —2.5, =3}
< TPC < P { ) )

P1 > nog = P2 Dy = {25’ 3}
Post calibration active/not active
Pion rejection:

p < nortC p1 = {3.5, 4.5}

J /4 signal extraction

Event mixing

Background estimator Like sign

Bin counting
MC fit integration
2.92 < My, < 3.16 GeV/c?
2.85 < My, < 3.20 GeV/c?

Signal determination method

Signal determination range

: 40 MeV /c?
Resolution of my,, measurement 80 MoV /c?
vg/ ¥ extraction
vP estimation function 3rd or 4th order polynomial
2.6 < Miyy. < 3.5 GeV/c?
v® estimation range 2.32 < Myny. < 3.76 GeV/c?

2 < Myyy. <4 GeV/c?
2.92 < My, < 3.16 GeV/c?
UQB width of signal exclusion range 2.88 < My, < 3.26 GeV/c?
2.84 < My, < 3.26 GeV/c?

Table 5.1: Systematic variations of the extraction.

from statistical fluctuations, a check of the statistical significance of the variation
with the so-called ”Barlow criterion” is done [105]. If a variation does not exceed a
significance of one o:

|<v‘2w’>

|stat. uncert.(< vg/w >)? — stat. uncert.(vi/f)z\

J/
—Uy

> 1, (5.14)
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5 Elliptic flow of J /4
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Figure 5.12: Elliptic flow of J/v as function of the systematic variations indi-
cated by the bin label. Upper panel: signal-extraction variations per-
formed on the baseline track sample. Lower panel: signal-extraction
variations performed on the varied track sample, as indicated by the
bin label. The dash-dotted lines correspond to the systematic uncer-
tainty estimated from the variations, with their center of gravity on the

I/ .
average of all variations.

it is labeled as statistical fluctuation and removed from the distribution of the results.
The final value for the systematic uncertainty corresponds to the standard deviation
of the distribution of results accepted by the Barlow criterion.

5.4.2b J /v elliptic flow as function of pt

The quoted elliptic flow corresponds to the average of all systematic variations,
accepted by the Barlow criterion, weighted with their statistical significance. Hence,
a result with a smaller statistical uncertainty has a larger influence on the quoted
result compared to a result with a larger uncertainty. As mentioned before, the
placement of the quoted along the [prraxis corresponds to the measured mean

of all reconstructed J/v in the given g bin. The mean [pg]is extracted with the

¥

same methodical approach as the vy Y| measurement based on the fit method.
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5.5 Comparison to theory and other measurements

The results of the measurement as function of [p are presented in figure m

Unfortunately, the statistical uncertainties are quite large also for the fit method.
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Figure 5.13: Elliptic flow of J /¢ as function of the transverse momentum ([pq),
extracted via the fit method, based on the [TP(] (black crosses) or the
VOC (red circles) as event-plane estimator.

Nevertheless, in the prange from 2—6 GeV /¢, a hint for a non-zero J /4 elliptic flow
with a significance of 2.7 ¢ is observed based on the [TPC] as detector providing the
event-plane estimation. Actually, the measured value for @ in this pp range, with
the event-plane estimation from the VOC, is even larger. However, due to the slightly
worse event-plane resolution, the statistical significance for a non-zero elliptic flow
is smaller. The larger from the measurement with the VOC also supports the
statement that non-flow effects due to auto correlations in the measurement with
the [TPC] are negligible.

5.5 Comparison to theory and other measurements

In similar manner like the measurements presented in this thesis, the elliptic flow
of J/1 was measured at forward rapidity in /sxy = 5.02 TeV Pb—Pb collisions.
Hence, an obvious comparison of the elliptic flow of J /1) measured at mid-rapidity
is the one with the measurement at forward rapidity. In the left panel of figure|5.14
measured at forward (green diamonds) and at mid-rapidity (black crosses)
is presented |106]. Both results are reconstructed from the 20-40% most central

events and correspond to the of inclusive J/¢. While at mid-rapidity the
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Figure 5.14: Left panel: elliptic flow of J /4 measured at forward (green dia-
monds) and mid-rapidity (black crosses) [106]. Right panel: D-meson
(blue squares) and J/¢ (black crosses) elliptic flow measured at mid-
rapidity [107].

largest is observed for (pr) ~ 3GeV/c, at forward rapidity it between around
(pr) =~ 5GeV/c and (pr) ~ 7GeV/c. However, due to the size of the statistical
uncertainties, the reliability of the determined peak position at mid-rapidity is small.
At mid-rapidity, o is larger compared to forward rapidity, which seems to result
in a larger RJA /f) (see figure for central events at mid-rapidity. Based on the
regeneration approach and the predicted distribution of regenerated J/1v, the

observed larger v;‘]g¢ at mid-rapidity in the range of 2 — 6 GeV/c is plausible.
However, it is not clear why the absolute value for at forward rapidity, at
pr ~ 6 GeV/c goes up to the same level as observed at mid-rapidity at lower

o1 In the right panel of figure , a comparison of the results for at mid-
rapidity with the pg measurement of D-mesons |107] is given. Compatible values

are observed within the statistical uncertainties. Clear interpretations of the results
are difficult due to the large uncertainties of the measurement. Still, a slightly
steeper increase of g at low [pr] might be visible in the results from the D-meson
measurement. Due to the mass difference of J/¢- and D-mesons, and under the
assumption that the cc quarks forming J/1- and D-mesons are subject to the same
collective effects, such a behavior would be expected. However, a detailed analysis
of the shift of the spectra could offer further information on the collective behavior
of heavy quarks, but is not possible due to the uncertainties. The thermalization
time of charm quarks (TGram) estimated from the comparison of model calculations
with the D-meson o3 measurement is Teparm ~ 3 — 14 fm/c. This allows a full charm
thermalization during the phase [107]. Thus, the compatibility of the maxima
of the measured [z values for D-mesons and J /1 hint towards a J/i regeneration
from fully thermalized charm quarks.
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5.5 Comparison to theory and other measurements

Finally, a comparison of the measured results at forward and mid-rapidity with
estimations from both transport models introduced in section is presented
in figure [106]. The model calculations are able to separate the primordially
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Figure 5.15: Elliptic flow of J /4 as function of pg measured at forward (red
circles) and mid-rapidity (blue crosses) compared to transport model
calculations provided by Du and Rapp and Zhou et al. |1, |55]. [106]

produced J/1¢ from the regenerated J/i, as introduced in the description of the
models in section In the figure, the primordial J/1 are represented by a red
dotted and yellow dash-dotted line, while the inclusive J/¢ (red, blue and yellow
bands) represent the combination of primordial and regenerated J/¢. The result
of this separation follows the theoretical expectation that primordial J/¢ are not
significantly subject to collective effects and show an almost vanishing g On the
other hand, regenerated J/1) which represent the difference between the inclusive
and primordial calculations of the models show a significant elliptic flow in the low
region. This is in agreement with the concept that those cc quarks (re)combining
to a J/1 at later stages of the collision interacted heavily with the collective medium
during the phase. In addition, a non-collective component is introduced to the
J /¢ production in the model by Zhou et al. This component generates additional
elliptic flow of the J/v¢ over a wide range of pg, due to modifications of the J/¢
production induced by a strong magnetic field in the early stages of the collision.
Unfortunately, only Du and Rapp provided a calculation at mid-rapidity. In the low
P area both model calculations for the inclusive J /¢ production agree well with the
experimental data. However, at higher transverse momenta pr 2 6 GeV /c the model
calculations and the data measured at forward rapidity diverge, which might hint
towards a missing production mechanism in the models. Analyses of p—PDb collisions
at /syn = 5.02 TeV and /sxy = 8.16 TeV, with particle multiplicities compatible
with semi-central Pb—Pb events, show a comparable in the higher area,
where the divergence from the model calculations is observed [108]. The results of
those analyses are given in figure m The similarity of the observed at higher
brings up the question whether the potentially missing production mechanism
is correlated to a phase or to [CNM] effects. However, it is not clear that the
must have the same origin in p—Pb and Pb—Pb collisions, even though it is
observed at similar [pg In addition, several measurements in p—Pb collisions give
results which have been interpreted as signature of collectivity up to now (e.g. [109]).
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Figure 5.16: Elliptic flow of J/4¢ as function of the transverse momentum ()
measured at forward rapidity in Pb—Pb collisions at /syn = 5.02 TeV
(black circles and green diamonds) and p—Pb collisions at /sy =
5.02 TeV and /sxy = 8.16 TeV (blue circles and red squares) [108].

Thus, the clear separation of p—Pb collisions, collective effects, a phase and
the correlated interpretation of the results appears to be difficult at [LHC collision
energies. Comparing the results in p—Pb collisions to those in Pb—Pb collisions
at mid-rapidity a different course of is visible, especially around a transverse
momentum of 3 GeV /¢, where the J/¢ production in Pb—Pb collisions should be
dominated by the regeneration component. Hence, a more precise measurement of
at mid-rapidity should be able to shed further light on the J/¢ production
mechanisms. Hopefully, already the Pb—Pb data sample recorded with [ALICE] in
the fall of 2018, amongst other setups with a semi-central collision trigger, will be
able to provide a higher statistical precision. It should contain up to a factor ~ 2
more semi-central collisions, compared to the data sample used for the analysis
presented in this thesis.
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6 J/v measurements and the ALICE
TRD

Clearly, multi-differential high precision measurements of J/1 are able to put strong
constraints on models that try to describe the quarkonia production in heavy-ion
collisions. However, at mid-rapidity, the precision of the J /1) measurement is limited
due to systematical and statistical uncertainties. Whereas for the first Pb—Pb data
taking in 2010 and 2011 only ~ 50% of the Transition Radiation Detector (TRDI)
was installed, the installation of the was finished before the restart of the [LHC|
in 2015. Hence, in first order, full azimuthal acceptance from the[TRDlis available in
the Pb—Pb data sample recorded late 2015. Up to now, the information from
the [TRD] has not been included into J/¢ reconstruction strategies at mid-rapidity
for this data sample.

In this chapter, a fully efficiency-corrected measurement of the nuclear modifi-
cation factor of J/1 (RJA/f ) as function of the number of participating nucleons
(Npart), utilizing the additional information from the [TRD] will be presented.
This includes a description of:

the strategy how the is included,

e the influences on the reconstruction efficiencies as function of [prj,

e a comparison of the resulting reconstructed yields and the according signifi-
cance of the signal

e and a comparison of the R%f and its statistical uncertainties with and without
the [TRDI

6.1 Strategy to include the TRD

The principles of particle identification with the are described in section[3.2.1d
Up to now, the[TPClis utilized to identify electrons for inclusive J /v analyses at mid-
rapidity (see section [4.6.1)). Additional information from the can help to
increase the purity of the electron sample selected with the[TPCland enable to access
those electrons rejected by the hadron exclusion criteria of the[TPCl As mentioned in
section[3.2.1¢] a special feature of the[ALICEITRDIis the variation of the signal shape
between tracks with and without transition radiation (see figure [3.10). To utilize
the time dependence of the variations of the signal shape, likelihood calculations
for up to seven time slices, referred to as dimensions, of the signal are prepared.
The pion efficiency (gz), defined as e, = ]\ﬁ%ﬁ, for the different signal analysis
methods of the as function of the track momentum is depicted in the left
panel of figure[6.1] Presented are values, measured at a fixed electron efficiency (&),

defined as €, = NACJZAW, of 90% and based on tracks that produced a signal in six

layers of the [TRDl The smallest 7] is observed with the 7D likelihood (LQ7D) or
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Figure 6.1: Pion efficiency as function of the track momentum (left panel) and as
function of the number associated layers with hits (right panel), for the
different particle identification methods of the [TRDI [75].

a neural network (NN) calculation, although towards large momenta the difference
to the other methods decreases and the performance of the 2D, 3D, 7D likelihood
and the neural network becomes comparable. Above track momenta of 3 GeV/c,
the loss of time slices in the readout signal reaches a relevant level. Hence,
the advantage in terms of pion suppression of those methods utilizing several time
slices to provide informations decreases. Based on the given performances
and their dependence of the track momenta and quality, for this initial study the
2D likelihood method is used as compromise between performance and stability.

7 as function of the number of layers with a hit associated to a given track,
further on referred to as tracklet, is given in the right panel of figure [6.1 A similar
decrease of gz) with the increase of the number of tracklets is observed for all presented
methods. For the 2D likelihood method g below 10% is achieved with three and
more tracklets associated to a track. To ensure a lower limit of the achieved purity
of the electron sample selected with the [TRD] the information is only
used for tracks with at least three associated tracklets:

NagP > 3. (6.1)

This criterion corresponds to a pion-rejection factor of at least 10. Additionally,
before the information is utilized, it is required by a selection on the x? that
the reconstructed track from the global tracking algorithm is well matched to the
tracklets:

XgI‘RD
0< TED < 5. (6.2)
tr

In the left panel of figure the electron candidates selected by the [TPC (black
crosses) and those of them that satisfy the[TRDItrack quality criteria (blue circles) as
function of their momentum are given. In the bottom pane of the left panel the ratio
of the two electron samples is presented. About 45% of the[TPC electron candidates
meet the track quality criteria. The right panel of the figure shows the average
number of tracklets per track as function of the tracksjand ¢ orientation. Along ¢
the structures of the 18 supermodules and along [ the segmentation into five
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Figure 6.2: Left panel: number of electron track candidates selected with the [TPC]
(black crosses) as function of the track momentum and those electron
track candidates fullfilling the track quality criteria given by the
equations [6.1] and The bottom part shows the ratio of both track
samples. Right panel: average number of tracklets for a general
track sample as function of n and ¢ .

stacks per supermodule are visible. The gap around 1 ~ 0 and ¢ ~ —1 corresponds
to the so-called ”PHOS hole”, where no chambers are installed to increase the
data quality of the [ALICEl PHOS detector. Large variations between the average
number of tracklets are visible between the stacks and supermodules. For some
stacks the average number of tracklets, even in the center of the stack, is already
below four. The figure in the right panel partly explains the low number of tracks
satisfying the track quality criteria, compared to the TPClonly track sample in
the left panel. The rather low efficiency is not a principle problem of the [TRD] but
strongly effected by local inefficiencies, i.e. single chambers not working properly.
Obviously, the low track efficiency is an issue which has to be taken into account
by any method including the into the particle identification for J/¢ — ete”
analyses.

To ensure that no electron candidate selected by the [TPC is lost due to the
[TRD| an approach was developed which does not apply any selection on
the track sample selected with [TPCl information. Tracks within the 3o electron
band of the [TPC, but rejected due to the hadron exclusion criteria of the [TPCl
(see section and equations {4.35 and 4.36)), are reevaluated taking the
information into consideration. Therefore, the probability for a track to be an
electron as calculated from the TRD 2D likelihood based on the
of the particle deposited in the [TRD] is utilized. The distribution of
for the electron candidate sample selected with the [TPC| as function of the track
momentum (left panel) and the number of tracklets in the [TRDI (right panel) is given
in figure(6.3] First of all, the peak at an electron probability of 0.2 corresponds to the
fact that tracks without information are set per default to a probability
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Figure 6.3: Percentage of tracks of the electron sample selected with the Time Pro-
jection Chamber (TPC]) as function of the momentum and the 2D
likelihood electron probability (left panel) and number of [TRDI tracklets
and the 2D likelihood electron probability (right panel).

of 0.2. Over the full momentum range, the primarily measures tracks with
P(TRDgiD) either close to 1 or close to 0. Thus, a selection criterion based on the
electron probability close to 1 should lead to a clean electron sample without loosing
many electrons. With more associated tracklets the separation power of the
improves. Less tracks are measured with vague information, i.e. either a track
is measured with P(TRDSiD) ~ 1 or P(TRD;E) ~ 0. This observation is in full
agreement with the measurement of the pion efficiency as function of the number of
layers (see figure and supports the requirement of at least three tracklets
associated to track for the utilization of Depicted in the three panels of
figure [6.4] are the tracks with:

P(TRDjp,) > 0.99 (6.3)

for different [TP(] selection and rejection criteria. The left panel shows all tracks
satisfying equation [6.3] the electron track sample. Based on the [ TPClmeasure-
ment, it has to contain a relevant amount of misidentified particles which are found
outside the black dashed lines, indicating a three sigma selection of . Thus, a

high value of |[P(TRD5,)|is required to achieve a clean enough electron sample from

the As a baseline for the analysis, the criteria given in equation [6.3] is used.
However, due to the potential contamination, not all tracks fulfilling this criteria
are kept, only those tracks within no"’® < £3 are used for further analyses. Their
distribution is given in the center panel. The composition of the standard [TPC]
selected track sample and those tracks in principle rejected by the hadron exclusion
of the [TPC], but recovered by the [TRD]| represents the complete track sample and
is shown in the right panel of figure [6.4 To summarize the track selection with

additional [TRD] information:
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Figure 6.4: Track distributions as function of parametrized specific energy loss
for electrons and the track momentum, for all tracks with

P(TRDS;) > 0.99 (left), all tracks previously excluded by the MPC] with
P(TRDgiD) > 0.99 and [noFC] < 3 (center) and these tracks combined
with the standard [TPC electron track sample (right).

e All tracks have to satisfy the track selection criteria given in section [4.5]

o All tracks satisfying the particle identification criteria of the [TPCl (see sec-

tion [4.6.1)) are selected.
e All tracks within |noF°| < 3 and P(TRDS;) > 0.99 are selected.

In a logical description:

Track selection : (6.4)
pr>1GeV/eN0.9 < |n| A
—1.0ecm <dcay, <1.0cm A —3.0cm < dcag, < 3.0 cm A
NIS’I}}éar. cls
Nirs
Xt Xt
5 <5n0< 2EC <275,
ITS Ntpe
Particle identification : (6.5)

(=25 <noPC <3Ano, "¢ >35Ano, "¢ > 3.5)
\

<04ANZEL>T0 A

0<

TRD

2
(|na;fPC| <3ANIEP >3A0< ;ffﬂ < 5A P(TRDS,) > 0.99) .
trkl

A comparison of the resulting electron candidate sample with the[TPClonly standard
electron candidate sample as function of the track momentum is given in figure |6.5|
In both panels of the figure, the distributions of the black crosses represent the
[TPClonly track sample as reference. The steep increase at low momenta is due to
the proton exclusion criteria which has a strong influence at low momenta. The
small kink at p ~ 2 GeV/c is a result of the deuteron band which is not excluded,
crossing the electron band. Also, for both panels, the bottom pane represents the
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Figure 6.5: Electron candidate distribution as function of the track momentum. In
the left panel, the black crosses represent the electron sample selected
with the [TPC[PID] and the blue circles additionally contain those elec-
trons "recovered” by the [TRDL The bottom part shows the ratio of the
combined sample over the [TPClonly sample. In the right panel, the
black crosses are again the electron sample selected by the [TPC| and
the blue circles represent those electrons satisfying the [TPCl criteria and

if they fulfill the conditions of NgﬁD >3and 0 < ])\(/?%%% < 5, they have
trkl
to satisfy P(TRDS) > 0.99.

ratio of the candidate sample variation over the [TPC] electron sample. In the left
panel, the track distribution shown with blue circles represents the result of the
application of the selection criteria shown in equation[6.1] The rise of the ratio above
one corresponds to the recovery of previously excluded tracks based on the
information. Due to the principles of the approach, the electron candidates
are recovered in the region of the proton and pion exclusion criteria of the [TPCL
Thus, a clear excess at p ~ 1 GeV /¢ (proton exclusion) and an increasing rise with
momentum from p ~ 3 GeV /¢ (pion exclusion) of the ratio is visible. As a reference,
the right panel of the figure shows with blue circles a candidate sample, of which the
tracks satisfy the combination of the standard [TPC selection requirements, and if
the tracks satisfy equations and , they also have to fulfill P(TRDSiD) > 0.99.
Here, the introduction of the reduces the sample over the full momentum
range by about 25%. The dip at p ~ 1 GeV/c is due to the worse performance
of the in this area which leads to a smaller amount of electrons achieving
high electron probabilities in the likelihood calculation. Around p ~ 2 GeV/c the
rejection of deuterons by the leads to the small dip. Hence, in this small
region, it is ensured that the addition of the selection purifies the electron
candidate sample. However, since the [TPClonly sample does not indicate issues
due to a high contamination by particles misidentified as electrons, a loss of 25% is
too large compared to the gained purity.
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6.2 J /4 signal extraction

The electron candidate sample, collected by the selection criteria described in the
previous section, is passed to the same signal extraction mechanisms as intro-

duced in section [£.7.2] In figure invariant mass spectra for two different [TPCl
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Figure 6.6: Dielectron invariant mass (my,,.) spectra, based on electron candidate
samples, containing candidates recovered by the [TRDl Left panel: loose
[TPC proton and pion rejection (nol"® > 3.5 & not"® > 3.5). Right
panel: tighter [PC|proton and pion rejection (nog "¢ > 4 & noyF¢ > 4).

hadron exclusion criteria of the [TPC (left: nagPC > 35 & naEPC > 3.5, right:
nagpc >4 & noEPC > 4) are depicted. Both are based on electron candidate
samples that include tracks recovered by the information, which where
previously not selected by the [TPCl The backgrounds are well described by the
mixed-event spectra, and the Monte Carlo signal shape fits well to the extracted
signal. Both spectra enable a reconstruction of the J/1 resonance with a significance
of 0 = 19.5 which is 5% larger than for the measurement without the recovered elec-
trons (see figure . The looser hadron exclusion criteria provide a larger amount
of reconstructed signal pairs, but also worsen the signal over background ratio com-
pared to the tighter criteria. No indication is visible that the signal extraction is
systematically influenced by the inclusion of the information.

6.2.1 Comparison with and without TRD

An increased significance of the inclusive measurement of the J/1 resonance was
achieved by including the information. However, more relevant is the
investigation of the performance in terms of differential spectra, e.g. the significance
as function of the collision centrality or the transverse momentum (). Comparisons
of [S], [Bl and the resulting significance as function of the collision centrality and J /4
are presented in the figures and The ratio of all variations over
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Figure 6.7: Number of signal pairs (S])(left) and number of background pairs (B))
(right) as function of the collision centrality, for different Particle IDen-

tification (PIDI]) setups.
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Figure 6.8: Number of signal pairs (S])(left) and number of background pairs (B])
(right) as function of the J/¢ transverse momentum (pg), for different
Particle IDentification (PID]) setups.

the tight hadron exclusion setting without recovered electron candidates is given

in the bottom part of each figure.

For almost every collision centrality and

region, the lalj“[gest [Sl and [Bl yield is observed with the loose hadron exclusion setting
and P(TRD3,) > 0.99 required for the recovery of electron candidates. A similar
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Figure 6.9: J/v resonance extraction significance as function of the collision central-
ity (left) and the J/1¢ transverse momentum (pg) (right) for different
Particle IDentification (PID]) setups.

behavior is visible in the comparison of the results with and without recovered
electrons, independent of the detailed setting. Whether the increased signal also
leads to an increased significance can be extracted from figure [6.9f The left figure
presents the significance as function of the collision centrality and the right figure as
function of pr} As function of the collision centrality, the highest significances are
achieved in all bins, except for the most peripheral region, with a setting including
the [TRDL In central and semi-central collisions the "best” results are observed
with an electron probability requirement of P(T RDSiD) > 0.99, the "best” hadron
exclusion criteria vary from bin to bin. For the most peripheral collisions, the highest
significance is observed without electron candidates recovered by the[TRDL However,
almost no loss in significance is observed when recovered candidates satisfying the
P(TRDg,) > 0.99 requirement are added to the track sample. As function of [,
the results are not as significant as for the collision centrality dependent signal
extraction. Still, for most of the ] intervals, a gain in significance is observed when
the is included. A prrdependence of the gain in significance is expected, since
the recovery of electrons with the has several aspects inducing a track g+
dependence. The results point to the fact that further tuning of the application of
the electron recovery with the as function of pj could increase the performance,
e.g. by excluding the low track momentum region where the is not able to
provide an optimal separation between electrons and protons.
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6 J/1p measurements and the ALICE TRD

6.3 Monte Carlo simulations

6.3.1 Quality assurance

For the measurement of R;L/f a complete efficiency correction of the J/v yield is
required. A standard approach to extract the J/i reconstruction efficiency is based
on Monte Carlo simulations. To ensure that the Monte Carlo simulations repro-
duce the real data well enough, the behavior of low-level variables, like track quality
variables, is compared between the simulations and the data. Therefore, the distri-
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Figure 6.10: x3gp/NonP (left panel) and NIEP (right panel) distributions measured

in real data (black crosses), Monte Carlo (blue circles) and selected
Monte Carlo J/v electrons (red diamonds).

butions for real data and Monte Carlo of both variables used to ensure the track and
quality of the measurements are compared. Depicted in the left panel of
figure are the distributions of x2xp/NEILP in real data (black crosses), Monte
Carlo (blue circles) and selected Monte Carlo J/v electrons (red diamonds). The
bottom part shows the ratio of the Monte Carlo distributions over the data distribu-
tion. A steeper evolution of the distribution is observed in Monte Carlo simulations
compared to real data. In the Monte Carlo simulations for inclusive J/v, the spec-
trum peaks around YAgpp/NEnP = 2 which supports a selection criterion rejecting
tracks with large values. Compared to all reconstructed tracks, the Monte Carlo
spectrum contains ~ 10% more tracks in the region below the applied selection
criterion of XAgrp/Non? < 5. The steps visible in all three distributions towards
larger values are a result of the finite number of tracklets that can be assigned to a
track. In combination with the correlation between the number of tracklets assigned

to a track and the xAgpp/NERP, it is more likely for certain tracks to have higher

Xarp/NARP than others. The right panel of the figure shows the distributions of
NIBD for real data (black crosses), Monte Carlo (blue circles) and selected Monte

Carlo J/v electrons (red diamonds). In Monte Carlo, a significantly larger amount
of tracks is reconstructed with six [TRD] tracklets. In the interval of NIRP > 3,
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corresponding to the applied the selection criterion, again ~ 10% more tracks are
observed in Monte Carlo than in real data, with respect to the complete track sam-
ples. The electrons from inclusive J/v, identified with Monte Carlo informations,
are dominantly reconstructed with three and more tracklets. For both distri-
butions it seems that in Monte Carlo ~ 10% more tracks are measured with a high
track quality compared to data. This might hint to the fact that some ineffi-
ciencies of the are not included in the Monte Carlo simulation. An analysis of
the [TPC] track variables can be found in [100].

Assuming that the efficiencies of the [TPC] electron sample are well enough mea-
sured, only the representation in Monte Carlo of those electrons recovered with
the information has to be additionally checked. Given in the left panel
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Figure 6.11: Data and Monte Carlo track samples (left and center panel) as function
the transverse momentum (pg). Ratio of the [TPCl & [TRDI sample over
theTPClmeasured in real data and Monte Carlo as function of g (right
panel).

of figure are the track distributions with (red diamonds and green stars) and
without (black crosses and blue circles) recovered electron candidates as function of
Pt} measured in real data (black crosses and red diamonds) and Monte Carlo (blue
circles and green stars). Both Monte Carlo samples show a comparable behavior,
they slightly undershoot the data at lower and overshoot it at larger pg} The
center panel of the figure shows the comparison between the data (black crosses)
and Monte Carlo (blue circles) distribution of the recovered electrons as function
of Both distributions are separately scaled to the number of electrons in the
standard [TPC| sample in real data and Monte Carlo. Within the statistical un-
certainties the distribution are in agreement. However, with increasing [pp, more
electrons are recovered in the Monte Carlo sample which is in agreement with the
observation that ~ 10% more electron candidates fulfill the selection criteria
in Monte Carlo than in real data. The right panel of the figure presents the ratio
of the TP & electron candidates over the [TPClonly electron candidates as
function of g, for data (black crosses) and Monte Carlo (blue circles). The ratio
of data and Monte Carlo is in good agreement with unity although, towards larger
p1, the Monte Carlo results start to overshoot the data slightly. The given ratios
represent the influence of the recovered electrons on the complete track sample. The
good agreement between real data and Monte Carlo supports the assumption that
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6 J/1p measurements and the ALICE TRD

the recovered electrons are reproduced well enough in Monte Carlo, with respect to
their statistical relevance in the full electron candidate sample. Due to the good
representation of the ratio of recovered electrons over the standard [TPC| sample,
it is feasible to perform a data-driven efficiency correction for the recovered elec-
tron candidates in future analyses, based on the calculation of the efficiencies of the
standard [TPC] sample with Monte Carlo simulations.

6.3.2 Acceptance X efficiency estimation

To calculate the J/1) reconstruction efficiencies an iterative process was employed,
giving access to the efficiencies of several more or less independent selection steps:

e Kinematic selection (J/¢ pq and ),
e Track selection (section [4.5]),

e Particle identification (section [6.1)),

e Mass window for the yield extraction.

Since the analysis is performed on an AOD data sample, the accessible track sample
has already passed a preselection, based on loose track selection criteria. The influ-
ence of these criteria on the efficiency is part of the kinematic efficiency calculation,
because it is the first selection applied in the iterative process. The reconstruc-
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Figure 6.12: J/4 reconstruction efficiency as function of the transverse momentum
(1) (left) and the rapidity () (right).

tion efficiencies as function of g (left panel) and [ (right panel), separated for the
kinematic selection (black crosses), track selection (blue open circles), (red di-
amonds), mass window range (green stars) and the corresponding total efficiency
(blue full circles) are illustrated in figure [6.12] The dependence on [pf] and [ of the
extracted efficiencies including recovered electrons is compatible with the behavior
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6.3 Monte Carlo simulations

of the standard [TPC] sample (see [100]). Since the Monte Carlo simulation does
not contain a realistic J/y-{pg distribution, the extraction of the acceptance times
efficiency as function of the collision centrality has to be based on
as function of the collision centrality and [pp In a second step, the bins are
merged, weighted by a function previously fitted to the measured J/¢{pt spectrum
at forward rapidity. Here the spectrum measured at forward rapidity is used due
to the higher statistical precision of the measurement. Depicted in figure [6.13| is
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Figure 6.13: Acceptance times efficiency as function of the collision central-
ity (left) and the transverse momentum (pg) (right).

as function of the collision centrality (left panel) and (right panel), for
the previously introduced tight and loose hadron exclusion settings and with and
without electrons recovered via information, respectively. As expected from
the comparisons of the measured raw yield (see figures and , the highest
is observed for the loose hadron exclusion setting together with the
based candidate recovery. The bottom parts of both figures show the ratio using
the tight hadron exclusion setting as denominator. For as function of a
rise of the ratios with increasing is observed. At highest pg, the combination
of a tight hadron exclusion and recovered candidates surpasses the loose hadron
exclusion setting in terms of [A xe This is compatible with the fact that preferably
electrons with higher momenta are correctly identified by the and recovered.
Hence, more electrons from J/¢ — eTe™ decays are recovered by the than lost
due to the stronger pion rejection criterion.
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Centrality 0-10% | 10-20% | 20-40% | 40-60% | 60-90%

(Tap) (mb™') | 23.26 | 144 | 6.927 | 2.049 | 0.3072
(Npart) 357.3 | 262.0 | 159.4 | 70.74 | 17.88

Table 6.1: Mean nuclear overlap (Taa) and mean number of collision participants
(Npart) for a given collision centrality range.

6.4 RJA/f as function of Nyt

The calculation of Ri/ f is based on equation and expanded with the values
relevant for the J/¢ — ete™ decay as follows:

S
RYY = oy (60
(A X € - Nivents * Ay ’ B'R'J/l/)_>€+e_) ' <<TAA> x dO'pp /dy)

To extract Ri/ﬁ as function of N4, the signal as function of the collision centrality,
as given in figure [6.7] is used. For as function of the collision centrality the
values presented in figure [6.13] are utilized. The rapidity range is Ay = 1.8 and
the used value for the branching ratio is B.R. = 5.971% |11]. (Taa) denotes the
mean nuclear overlap. The values for (Taa) are taken from [89] and summarized in
table together with the corresponding values for the mean number of collision
participants (Npat). Both variables are extracted with Monte Carlo Glauber calcu-
lations, based on the collision multiplicity. For the J/¢ production cross section in
collisions dopb? /dy = 5.64 & 0.22 ub is used [110].

Finally, Ri/f (left panel) and the according statistical uncertainty (right panel) as
function of (Npat) is presented in figure for the previously introduced different
settings. Within the statistical uncertainties the results for the different
settings agree well. A slight systematic variation between the tight and loose hadron
exclusion settings is visible in the first two (Npart) intervals ((Npare) < 100). Whereas

in the most peripheral collisions a higher RJA/f is observed with the tight setting, in
the next (Npat) interval the loose setting is systematically higher. Concerning the
usage of the [TRD], no significant systematic difference is visible between the results
with and without the [TRDL In the right panel of the figure, an explicit comparison
of the statistical uncertainties as function of (Np¢) for the different settings
is given. The bottom part depicts the ratio of a given setting with respect to the
tight hadron exclusion setting. All three variations of the criteria decrease
the statistical uncertainty of the R}L/;f measurement in all bins. Except for the
most peripheral bin, the statistical precision of both settings including the
succeeds the precision without the Especially in the most central collisions,
the electrons recovered with the increase the statistical precision. Over the full
(Npart) range, about 5% smaller statistical uncertainties are achieved by including
the to recover electrons that were previously excluded by the hadron rejection

criteria of the [TPCL
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Figure 6.14: Ri/Aw (left) and the statistical uncertainty of Ri/f (right) as function of
the collision centrality, for different particle identification settings with
and without the utilization of [I'RDI information.
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7 Summary and outlook

More than 30 years after Matsui and Satz published their idea of ”J /1) suppression by
a quark-gluon plasma formation”, understanding the J /¢ production in high-energy
heavy-ion collisions is still a topic of high interest. It is able to grant access to the
behavior of matter under extreme conditions. The second running period of the LHC|
provided Pb—Pb collisions at an unprecedented collision energy of \/syn = 5.02 TeV.
[ALICE] the dedicated heavy-ion experiment at the [LHC] was able to collect data of
about Ly, ~ 17 ub~! in [MB] Pb—Pb collisions at mid-rapidity, which provides the
possibility to explore J /1 production mechanisms with unequalled precision.

In this thesis, the current status of the experimental and theoretical knowledge
about charmonium production in heavy-ion collisions is summarized in chapter [2|
The so-called regeneration mechanism which describes J/v production at later col-
lision stages via (re)combination of previously (un)correlated c¢ quarks seems to
play an important role at collision energies in the [LHCl regime. An observable able
to put more constraints on the theoretical models is the elliptic flow of J/¢. In
chapter [3| and [4] the basic principles of J/¢ measurements at mid-rapidity with the

experiment, together with those specific for the 2015 Pb—Pb data sample,
are described. Followed by the presentation of the measurement of the elliptic flow

of J/¢ in \/syy = 5.02 TeV Pb—PDb collisions at mid-rapidity in chapter . In the

J/ range of 2 < p%/ v <6 GeV/c a non-zero elliptic flow is observed with a

significance of 2.7 o at mid-rapidity. This corresponds to the first observation of
a hint that J/¢ produced at mid-rapidity in /sy = 5.02 TeV Pb—Pb collision
are subject to elliptic flow. Predictions of transport models, containing a regener-
ation component, are in agreement with the observation of a non-zero J/v elliptic
flow. Nevertheless, the measurements at forward rapidity diverge from the model
predictions towards larger prp Hence, the transport models might not contain all
production mechanisms. In chapter [0 a fully corrected, centrality dependent mea-
surement of [Raa] of J/1 is presented. The analysis is based on a scheme that
additionally utilizes information from the to further increase the statistical
precision of the measurement. An improvement of the statistical precision of about
5% is observed. With further investigations and a detailed tuning of the application
of the information an even larger improvement can be expected.

A measurement of the elliptic flow at mid-rapidity, with enlarged statistical preci-
sion, should be able to put strong constraints on the theoretical model descriptions.
Thus, it contains the potential to shed further light on the J/v production in heavy-
ion collisions. Already the Pb—Pb collision data sample recorded in 2018 should
provide, due to the applied trigger conditions, enough statistical precision to reduce
the statistical uncertainties of the measurement by a factor ~ 2. Also the in-
clusion of the in the scheme of the elliptic flow measurement can improve
the statistical precision.

Currently the preparation for the next data taking period with the [LHC] the so-
called Run3, is ongoing. Several supermodules of the are being reworked to in-
crease the stability of the high voltage. This rework will increase the acceptance and
performance of the and thus, reduce the loss of electrons from J/¢ — ete™ de-
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cays. Independent of the performance of the [TRDI| the new data taking approaches,
using a free-streaming concept developed for Run3, should be able to record data
samples from Pb—PDb collisions by a factor 50-100 larger than those recorded during
Run2. The difference in luminosity between the Run2 forward and mid-rapidity
data sample is approximately of the size of: ~ 10: Eﬁ"ﬁ S = 10X E?}iij:fidity.
Hence, the Run3 data sample should allow a high precision measurement of the
elliptic flow of J/¢ at mid-rapidity. Based on the measurement at forward rapidity
with the Run2 data sample, this should allow a measurement with more than five
bins in several centrality ranges.

Next to the developments in the high energy regime, many developments are on-
going in the high baryon-density area of the phase diagram. Projects focussing
on high baryon-densities in heavy-ion collisions, like the Compressed Baryonic
Matter experiment (CBM) at the future Facility for Antiproton and Ion
Research (FAIR), are able to deliver plenty of important measurements. Sub-
threshold J /v measurements at the SIS-100, possible at the first expansion phase of
the FAIR accelerator facilities, have not been performed up to now. In later stages,
with larger collision energies, may be even measurements of the J/v elliptic flow at
high net-baryon densities can be extracted. Such measurements in high precision are
important pieces needed to solve the puzzle of quarkonium production in heavy-ion
collisions 111}, [112].
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Appendix A

Statistical uncertainty and
significance of the signal

Statistical uncertainty of the signal yield: the quoted statistical uncertainty is
calculated from the bin-by-bin uncertainties of the background-subtracted signal
spectrum. For each bin, the statistical uncertainty is calculated via Gaussian error
propagation from the uncertainties of the opposite-sign and the background spec-
trum:

AS(miEr) = \/ (AN, (mii))? + (AB(mbir ) (A1)

mv mv mv
Within equation AN, _ denotes the statistical uncertainty of the opposite-sign
spectrum. It is calculated via AN, _ = /N, _. In similar manner the statistical
uncertainty for the background (AB) is calculated. However, it is important to
note that the calculation is based on the unscaled background spectrum AB =

\/ NS . f-L - Hence, for the mixed-event technique AB < v/B. The statistical

scale”
uncertainty of the integrated signal (AS) is calculated from the quadratic sum of

the single-bin uncertainties [113]:

AS = > (AS(mbi))2. (A.2)

inv

Miny. range

Hence, the uncertainty of the yield is independent of the method utilized for the
signal extraction, i.e. ”bin counting” or integration of a fitted Monte Carlo J/1
signal shape.

Significance of the signal: the significance is suppose to evaluate the statistical
certainty of a given hypothesis. In the concept of hypothesis testing, the so-called
p-value gives a measure that the difference of a given result from the defined null
hypothesis is statistically reliable [114]. The significance (Z) is than defined as:

7 =& Y1 -p), (A.3)

where ¢! denotes the cumulative distribution function of the unit Gaussian [114].
Hence, the definition of significance is coupled to the definition of the hypotheses
tested. Based on a test statistic that follows a Gaussian distribution and can be
described with a likelihood ratio (), the significance can be estimated as:

Z=+-2hQ. (A.4)

In the high-energy physics community a view different hypotheses are utilized to
test against [115, [116]. For J/i¢ — eTe™ analyses within [ALICE] it is common, to
test the signal yield against fluctuations of the inclusive dielectron spectrum. In
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other words, the significance gives a measure how certain the signal is not a result
of a fluctuation of the dielectron spectrum. A simple approximation of the signal
significance, which is used by J/1 — e*e™ analyses within [ALICE] is than given by:

7 =S/VS+B. (A.5)

This and similar approaches, e.g. Z = S/v/B or Z = S/+/S + 2B, simplifying the
estimation of the significance are also often referred to as pseudosignificances [116].
They allow an easy estimation whether the signal extraction was successful and the
results of it can be trusted for further analyses. A more sophisticated approach is
to plug in the likelihood ratio of a given test scenario into equation In the case
of a test against fluctuations of the dielectron spectrum where Q = Lg p/Lp this
results in:

Z =+/2(S + B)In(1+ S/B) — 28S. (A.6)

However, to keep the comparability with previous results, it is favorable to stick to
the definition from equation

A discussion of the different behaviors of the definitions for the significance at
given signal and background yields can be found in [116]. It is important to note,
that neither of the definitions takes the variations of the statistical uncertainties due
to different background and signal extraction methods into account, e.g. even though
the mixed-event technique leads to a smaller AS than the like-sign technique, it will
result in the same significance. Also, for a more realistic significance estimation
want would need to account for the systematic uncertainties within the signal and
background yield extractions.
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