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'In den Experimenten tiber Atomvorgange haben wir
mit Dingen und Tatsachen zu tun, mit Erscheinungen,
die ebenso  wirklich sind wie irgendwelche
Erscheinungen im téglichen Leben. Aber die Atome
oder die Elementarteilchen sind nicht ebenso wirklich.
Sie bilden eher eine Welt von Tendenzen und
Moglichkeiten als eine von Dingen und Tatsachen.'
Werner Heisenberg: Physik und Philosophie 1959






Zusammenfassung

107% Sekunden nach dem Urknall. Elementare Materie unter hohem Druck und ho-
her Temperatur. Thr Zustand, ein Plasma aus stark wechselwirkenden Elementar-
teilchen - ein Quark-Gluon-Plasma (QGP), das am Large Hadron Collider (LHC)
des Kern- und Teilchenforschungszentrum CERN! in Genf erforscht wird. Aller-
dings werden die Erkenntnisse dort nicht durch Himmelsbeobachtungen gewonnen.
Vielmehr wird dieser spezielle Materiezustand kiinstlich zu erzeugen versucht: Der
LHC beschleunigt Blei-Kerne (Pb-Kerne) auf (fast) Lichtgeschwindigkeit und lasst
sie kollidieren, wodurch sehr viel Energie auf sehr kleinem Raum konzentriert wird.
Somit werden &hnliche energetische Bedingungen wie wenige Mikrosekunden nach
dem Urknall (Big-Bang) hergestellt, in sogenannten 'Little-Bangs'. Da das Kolli-
sionssystem innerhalb von 10723s in viele Teilchen zerfillt, ist jedoch eine direkte
Verfolgung der verschiedenen Systemstadien, die Ausbildung des Plasmas und seine
Expansion mit anschlieBendem Erkalten und Bildung von neuen Teilchen (in Analogie
zur Expansion des Universums nach dem Urknall), experimentell nicht méglich. Die
Detektoren, die das Kollisionszentrum umgeben und beobachten, nehmen lediglich die
Signale auf, die von den Produkten der Kollision generiert werden. Die Untersuchung
der Little-Bangs ist daher ein komplexer Prozess bestehend aus der Auswertung der
Detektor-Signale, ausgelost durch die erzeugten Teilchen, der darauf aufbauenden
Rekonstruktion der Teilchenspuren und der abschlieBenden Analyse der Teilchenei-
genschaften. Die vorliegende Arbeit dokumentiert die Auswertung von Messungen
der Teilchen K? und A(A) in Pb-Pb und Proton-Proton Kollisionen bei einer Schwer-
punktenergie von /sy = 2.76 TeV, die von der ALICE Kollaboration am CERN
aufgezeichnet wurden.

Einleitung

Das QGP besteht aus nicht gebundenen, quasi-freien? Quarks und Gluonen (Par-
tonen). Letztere sind die elementaren Bausteine unserer Materie - von Protonen,
Neutronen -, aber auch von vielen anderen, wenn auch kurzlebigen Teilchen. Um
einen solchen Zustand von elementarer Materie in Teilchenkollisionen zu erzeugen,
wird eine hohe Anzahl an Protonen und Neutronen (Nukleonen) auf engstem Raum
benotigt, was bei der Kollision von Pb-Kernen mit 208 Nukleonen erfiillt ist.

Wahrend die Gluonen die bindende Kraft zwischen den Quarks vermitteln, sind
die Quark-Typen entscheidend fiir die Teilchensorte. Bisher sind sechs verschiedene
Quarks bekannt und gemessen, die sich in ihrer Masse und Ladung unterscheiden.
Protonen und Neutronen bestehen aus u- und d-Quarks. Die in Kollisionsexperi-
menten erzeugten Teilchen konnen auch die schwereren s-, ¢- und b-Quarks enthalten.
Das zusétzliche t-Quark ist das schwerste aller Quarks und das d-Quark das leich-
teste. Schwerere Quarks konnen sich in leichtere umwandeln, was erklart, warum
unsere stabile Materie aus Teilchen geformt ist, die ausschliefilich u- und d-Quarks
enthalten. Die elektrische Ladung der Quarks ist drittelzahlig. Hinzu kommt noch
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die sogenannte Farbladung, die dazu fithrt, dass immer jeweils drei Quarks oder ein
Quark und ein Anti-Quark miteinander gebunden sein miissen. Diese Zustidnde aus ge-
bundenen (Anti-)Quarks nennt man allgemein Hadronen. Teilchen, die wie Protonen
aus drei Quarks bestehen, werden als Baryonen bezeichnet, Quark-Anti-Quark-Paare
heiflen Mesonen.

In einer Pb—Pb Kollision werden demnach die Bindungen zwischen den Quarks der
Nukleonen durch die hohe Temperatur und Dichte aufgelost und ein Plasma formt
sich - so die Idee. Allerdings ist das QGP nicht wechselwirkungsfrei. Die sogenannte
starke Kraft - eine der vier Naturkrafte neben der Gravitationskraft, der elektromag-
netischen und der schwachen Kraft -, die mit Hilfe der Quantenchromodynamik (QCD)
beschrieben wird, ist trotz der aufgelosten Bindungen zwischen den Quarks prasent.
Um nun Prozesse im QGP, die Effekte wiahrend der Expansion und der anschlieenden
Abkiihlungsphase berechnen zu kénnen, miissen komplexe mathematische Zusammen-
héange gelost werden, die sich aus der QCD herleiten. Da dies analytisch nicht moglich
ist, gibt es prinzipiell zwei Berechnungsanséitze. FErstens, die sogenannte Gitterthe-
orie, die sich semi-analytisch mit dem Niederenergie-Bereich der Prozesse beschaftigt
und zweitens die Storungstheorie der QCD (pQCD), wobei hochenergetische Prozesse
behandelt werden. Die Methode der Storungstheorie kann dort eingesetzt werden,
wo die Kopplung der starken Kraft kleiner als 1 wird. Neben der Trennung in hoch-
und niederenergetische Prozesse spielt die Komplexitit des Kollisionssystems bei der
Losbarkeit- und Vorhersagbarkeit von theoretischer Seite eine entscheidende Rolle.
Fiir Kernmaterie kann ein Phasendiagramm konstruiert werden, dessen genaue Er-
forschung das Hauptanliegen der Schwerionenphysik darstellt. Dazu zdhlen insbeson-
dere die Lokalisierung der QGP-Phase, die Bestimmung ihrer thermodynamischen
Eigenschaften (Zustandsgleichung) sowie die Charakterisierung der Ordnung ihrer
Uberginge zu anderen Formen der Materie. Ein umfassendes Verstéindnis des QGP
wiirde bedeuten, dass sowohl das Phasendiagramm als auch die Impulsspektren, die
Héufigkeitsverteilungen und die Korrelationen der erzeugten Teilchen theoretisch be-
schreibbar waren. Dafiir miissten allerdings die verschiedenen Stadien des Kolli-
sionssystems verstanden sein, was deren Lebensdauer, Zustandsgleichung und Trans-
portkoeffizienten beinhaltet. Allgemein wird unterschieden zwischen Anfangseffekten
und deren Fluktuationen, die durch die Geometrie der Kollision und der Struktur der
Kollisionspartner festgelegt werden, sowie Endzustandseffekten, die nach der Ausbil-
dung des QGP auftreten und die Teilchenspektren festlegen. Erst wenn diese Effekte
verstanden sind, kénnen sie von den Messungen der Teilchenspektren "abgezogen'
werden, um die Eigenschaften des QGP zu studieren, denn die Teilchenspektren stel-
len eine Integration iiber die gesamte Entwicklung der Kollision dar. Direkte Fragen,
wie zum Beispiel nach der Temperatur des QGP, lassen sich bisher nicht mit direkten
Messungen kldren. In der Praxis beinhalten Modellrechnungen bereits die Anfangs-
und Endzustandseffekte zusétzlich zu den Annahmen iiber das QGP. Allerdings stellt
sich hier das Problem, dass die Effekte moglichst gut beschrieben werden miissen,
damit durch Vergleich von Daten und Modell, die Eigenschaften des QGP extrahiert
werden konnen.

Problemstellung

Um theoretische Vorhersagen zu bestétigen, zu verwerfen oder freie Parameter eines
Modells festzulegen, sind experimentelle Messungen notwendig. Die Berechnungen auf
Grundlage der pQCD sind in der Regel mit grofien systematischen Unsicherheiten be-



haftet, so dass nur Messungen helfen konnen, die Anzahl und die Variation der freien
Parameter weiter einzugrenzen. Aufgrund der Komplexitit der Prozesse in Schwer-
ionenkollisionen werden als Referenzprozesse elementare Kollisionen, d.h. Elektron-
Positron (e~e™) oder Proton-Proton (pp) Kollisionen, betrachtet. Diese lassen sich
fiir hohe Impulse einfacher berechnen, da weniger freie Parameter vorhanden sind
und der direkte Vergleich mit Messungen moglich ist. In Kombination mit den Be-
sonderheiten in Schwerionenkollisionen, wie das Entstehen eines Mediums und seiner
Expansion, ergibt sich mit Hilfe der Referenzprozesse ein Modell, womit sich ent-
sprechende Teilchenspektren berechnen lassen. Dafiir ist es erforderlich, die Beson-
derheiten einer Schwerionenkollision zu kennen und zu quantifizieren. Eine einfache
Moglichkeit zur Quantifizierung des Unterschieds in pp und Kern-Kern (AA) Kolli-
sionen stellt der sogenannte nukleare Modifikationsfaktor Raa dar. Zur Berechnung
dieses Faktors wird ein Transversalimpulsspektrum (pp-Spektrum) in AA Kollisionen
auf die Anzahl der bindren Kollisionen der Target- und Projektilnukleonen normiert
und anschlieBend durch das pp-Spektrum in pp Kollisionen dividiert. Falls Raa= 1,
wiirden AA Kollisionen der Superposition von einzelnen Kollisionen der Nukleonen
entsprechen. Bisherige Beobachtungen haben ergeben, dass Raa bei hohen Impulsen
Werte kleiner als eins annimmt, wenn es sich um Spektren von Hadronen handelt, die
der starken Wechselwirkung unterliegen. Fiir elektromagnetisch oder schwach wech-
selwirkende Teilchen wird keine Modifikation beobachtet, was darauf schlielen l&sst,
dass das Medium in AA Kollisionen stark wechselwirkend ist und die Produktion
dieser Teilchen mit der Anzahl der bindren Kollisionen skaliert.

Das Medium beeinflusst somit die Hadronenproduktion im Vergleich zu pp und/oder
verdndert das pp-Spektrum derart, dass eine Unterdriickung fiir hohe Impulsbereiche
entsteht. Diese Beeinflussung durch das Medium bzw. das QGP wird hauptséchlich
dem Energieverlust der Partonen zugeschrieben, die das heifle System durchqueren.
Dabei handelt es sich um Partonen mit hohen Impulsen, die am Anfang der Kolli-
sion in harten Stofiprozessen entstehen. Das Medium selbst besteht aus Quarks und
Gluonen mit niedrigen Impulsen. Nach Verlassen des Mediums oder sogar noch im
Medium fragmentieren die harten Partonen und bilden hochenergetische Hadronen.
Somit reflektiert die Unterdriickung in AA Kollisionen gegeniiber pp bei hohen pr
den Energieverlust der Partonen im Medium. Bei niedrigeren Impulsen wird ebenfalls
ein Unterschied zwischen den beiden Kollisionssystemen erwartet, der insbesondere
in zentralen AA Kollisionen durch den kollektiven radialen Fluss des thermalisierten
Mediums hervorgerufen wird.

Es schliefit sich die Frage an, ob der vom Medium induzierte Energieverlust fiir alle
Quarksorten gleich ist. Um diese Frage zu klaren, wird Ra, fiir Hadronen mit un-
terschiedlichem Quarkinhalt bestimmt. Die Aufgabenstellung dieser Arbeit enthélt
die Bestimmung von Raa von K% und A(A), die zusitzlich zu u- und d-Quarks,
d.h. zu "normaler" Materie, auch s-Quarks enthalten. Daneben soll die Produk-
tionshaufigkeit (Rapiditétsdichte) dieser Teilchen sowohl in Pb—Pb als auch in pp
Kollisionen bestimmt und verglichen werden. Alle Ergebnisse werden auch im Ver-
gleich mit denen anderer Hadronen bei gleicher Schwerpunktsenergie sowie mit den
Resultaten bei einer niedrigeren Kollisionsenergie betrachtet.

ALICE am LHC

Der ALICE-Detektor befindet sich am Interaktionspunkt 2 (Point 2) des LHC am
CERN. Er ist speziell fiir die Messungen von Pb-Pb Kollisionen konstruiert worden,




in denen etwa 100-mal mehr Teilchen entstehen als in pp Kollisionen. Daher ist
das konzeptionelle Design von ALICE unterschiedlich zu dem der beiden anderen
groflen Experimente ATLAS und CMS, die hauptséchlich pp Kollisionen untersuchen.
Eminent wichtig ist die Bestimmung des Kollisionsvertex, um die Bruchstiicke der
Teilchenspuren in den verschiedenen Detektor-Subsystemen richtig zusammenzufi-
gen und Teilchen aus Zerféllen, d.h. solche mit einem Sekundarvertex, herauszufiltern.
Insbesondere in Pb—Pb Kollisionen ist die Vertex-Rekonstruktion eine anspruchsvolle
Aufgabe, da durch die vielen Spuren die Auflésung negativ beeinflusst wird. Durch ein
hochauflésendes Tracking-System kann dem jedoch entgegengewirkt werden, was bei
ALICE mit einem 6-lagigen System von Silizumdetektoren (ITS) erreicht wird. Zur
Teilchenidentifikation wird eine Spurendriftkammer (TPC) eingesetzt. Letztere ist
ein groffvolumiger, gasbetriebener Spurdetektor, worin geladene Teilchen mit unter-
schiedlicher Geschwindigkeit unterschiedlich viel Energie durch Ionisation verlieren.
Uber diesen Energieverlust und die Spurkriimmung im Magnetfeld, das parallel zur
Strahlachse die zentralen Spurdetektoren durchdringt, kénnen Masse, Ladung und
Impuls der Teilchen bestimmt werden.

Die Zentralitit einer Pb-Pb Kollision gibt an, wie grof§ der geometrische Uberlappbe-
reich der beiden Kerne bei der Kollision ist. Sie kann weder experimentell eingestellt
noch direkt gemessen werden. Daher muss die Zentralitat einer Kollision durch die
Messung der Kollisionsprodukte erfolgen, denn je nach Zentralitdt werden mehr oder
weniger Teilchen produziert. Fiir die vorliegende Arbeit wurden pp-Spektren in pp
Kollisionen sowie in sechs Zentralitatsklassen in Pb—Pb Kollisionen gemessen und
analysiert.

Analyse

K% und A(A) werden auch als sogenannte VO-Teilchen bezeichnet, bezugnehmend auf
die Topologie ihres Zerfalls und ihrer Beobachtung im Detektor. Das "V" deutet auf
die V-féormig angeordneten Spuren der Tochterteilchen hin und die "0" auf die elektro-
magnetische Neutralitdt des Mutterteilchens, das aufgrund dessen nicht vom Detektor
"gesehen"’ wird. Das Messprinzip fiir diese VO-Teilchen basiert auf der Rekonstruktion
der invarianten Masse. Hierbei werden jeweils zwei entgegengesetzt geladenen, im
Detektor gemessenen Teilchen, die Massen der Tochterteilchen eines VO zugeordnet
und damit die invariante Masse berechnet. Nur wenn die geladenen Teilchen wirk-
lich die angenommene Masse haben und aus einem Zerfall des V° stammen, ergibt
sich eine Uberhéhung (Peak) im Spektrum der invarianten Masse. Solche Messungen
wurden fiir alle Impulsbereiche mit ausreichender Statistik wiederholt und die ent-
sprechenden Peaks extrahiert. AnschlieSfend wurden die daraus resultierenden Trans-
versalimpulsspektren auf die Anzahl der analysierten Kollisionen normiert und auf
Detektorineffizienzen korrigiert. Im Fall von A und A sind zusitzlich die sogenannte
Feed-Down-Korrektur und die Absorptionskorrektur notwendig. Erstere ergibt sich
aus dem Beitrag zum gemessenen Spektrum von hauptsichlich Z~, die zu 99% in A
(2 in A) zerfallen. Dieser pr-abhingige Beitrag wurde mit Hilfe der bereits pub-
lizierten Resultate von =~ pp-Spektren und unter der Verwendung von Simulationen
berechnet. Die Absorptionskorrektur war erforderlich, um die in der verwendeten
Simulation berechnete Absorptionsrate von Anti-Protonen aus dem A-Zerfall zu kor-
rigieren, da diese dort nicht richtig bestimmt wird. AbschlieBend wurden die syste-
matischen Unsicherheiten der Analyse durch umfangreiche Studien abgeschétzt.



Ergebnisse

Die Ergebnisse dieser Arbeit sind die Transversalimpulsspektren von K? und A(A) in
Pb-Pb und pp Kollisionen bei einer Schwerpunktsenergie von /syy = 2.76 TeV fiir
Impulsbereiche von 0.3 < pr < 20GeV/c fir K sowie 0.6 (0.5) < pr < 16GeV/c
(pp) fiir A und A.

Die Spektren verschiedener Zentralitatsklassen in Pb—Pb Kollisionen unterscheiden
sich nicht nur in der Amplitude sondern auch in ihrer Form. Mit zunehmender Zen-
tralitit entsteht eine gréfier werdende Uberhohung im Niedrigimpulsbereich bis zu
pr < 5GeV/c¢, die hauptsichlich mit dem eingangs erwihnten radialen Fluss zusam-
menhangt. Letzterer ist auch dafiir verantwortlich, dass der mittlere Transversalim-
puls in zentralen Kollisionen am grofiten ist. In pp Kollisionen dagegen wird eine sol-
che Uberhéhung, wie erwartet, nicht beobachtet. Stattdessen wurde ab pr = 3GeV/c
fiir KY bereits eine Spektrenform festgestellt, die mit einem Potenzgesetz beschrieben
werden kann, was auch fir das Spektrum der fragmentierenden Partonen zutrifft.
Fiir die Berechnung des nuklearen Modifikationsfaktors Raa wurden die Spektren in
pp Kollisionen mit Hilfe eines Fits mit einem Potenzgesetz extrapoliert, um sie dem
Impulsbereich der Spektren in Pb—Pb Kollisionen anzupassen. Der nukleare Modifika-
tionsfaktor zeigt in zentralen Pb-Pb Kollisionen im Vergleich mit pp Kollisionen eine
starke Unterdriickung von K? und A bei hohen pt. Diese Unterdriickung entspricht der
von geladenen Hadronen, die hauptséichlich aus Pionen bestehen, die aus "normaler”
Materie aufgebaut sind. Da K° und A(A) jedoch s-Quarks enthalten, scheint diese
Modifikation in Pb—Pb Kollisionen vom Quark-Typ unabhéngig zu sein. Bei niedri-
geren pr wurde eine starke Unterdriickung von K2, nicht jedoch von A festgestellt. Im
Vergleich der pr-Spektren von A mit denen von K? wurde eine Uberhohung in zent-
ralen Pb—Pb Kollisionen gegeniiber peripheren Pb—Pb und pp Kollisionen gefunden.
Gegenwértig wird diese Beobachtung mit dem sogenannten Rekombinationsmecha-
nismus erklart, der durch den Einfluss des radialen Flusses Baryonen, in diesem Fall
A, relativ gesehen héufiger bei einem bestimmten pr produziert als Mesonen. Da in
pp Kollisionen kein radialer Fluss erwartet wird, ist die Unterdriickung von K? bei
niedrigeren pr grofer als die von A.

Neben Raa wurden auch die Rapiditétsdichten, d.h.die Teilchen-Héufigkeiten inte-
griert tiber pr, fir mittlere Rapiditaten extrahiert. Es konnte ein linearer Anstieg der
Rapiditéatsdichten von K und A mit der Zentralitit, ausgedriickt durch die mittlere
Anzahl der Partizipanten der Kollision, beobachtet werden. Das Haufigkeitsverhéltnis
von A/KY dndert sich nicht mit der Zentralitit und hat in pp Kollisionen den gleichen
Wert innerhalb der Unsicherheiten. Die Werte fiir A entsprechen denen fiir A sowohl
in Pb—Pb als auch in pp Kollisionen, was auf Grund des sehr kleinen baryochemischen
Potentials (ca. 1MeV in Pb-Pb) - einem Mafl der Balance zwischen Baryonen und
Anti-Baryonen - am LHC erwartet wurde.

Diskussion und Zusammenfassung

Der Vergleich von Raa der hier untersuchten Hadronen Kg und A mit Modellrech-
nungen von BAMPS (Boltzmann Approach to Multi-Parton Scatterings) hat gezeigt,
dass auch von theoretischer Seite die Annahme des gleichen Energieverlustes von u-,
d- und s-Quarks, den sogenannten leichten Quarks, zuzutreffen scheint. Da aller-
dings auch die von ALICE gemessenen D-Mesonen, die ein viel schwereres c-Quark
enthalten, mit der gleichen Stérke in Pb—Pb Kollisionen unterdriickt sind, kann zu
dem Schluss gelangt werden, dass der Energieverlust vom Quark-Typ unabhéngig ist.



Die Messung von B-Mesonen durch die CMS Kollaboration widerlegt diese Schlussfol-
gerung, denn dort wurde eine geringere Modifikation fiir die b-Quarks enthaltenden
Mesonen festgestellt. Die Masse des b-Quarks ist jedoch nur drei Mal grofler als die
des c-Quarks. Aus Sicht der betrachteten Modelle (BAMPS, MC@sHQ + EPOS2)
ist allerdings die erhohte Masse dafiir verantwortlich, dass QCD-Strahlungsprozesse
(analog der Bremsstrahlung in der Quantenelektrodynamik) fiir b-Quarks etwas mehr
unterdriickt werden als fiir die leichteren Quarks, wodurch der Energieverlust im Me-
dium reduziert wird.

Beztiglich der Teilchenhaufigkeiten wurde im Vergleich mit Messungen am Relativ-
istic Heavy Ion Collider (RHIC) (USA) bei einer kleineren Schwerpunktsenergie von
Vs = 0.2TeV festgestellt, dass sich die Produktion von Hadronen, bestehend aus
leichten Quarks, d.h. von Protonen, Pionen und K? und A, am LHC sowohl in pp als
auch in Pb—Pb Kollisionen etwas mehr als verdoppelt. Jedoch trifft dies nicht ganz zu
fiir Hadronen, die mehr als ein s-Quark enthalten, wie z.B. =7, denn trotz der grofien
Messunsicherheiten zeigt sich ein Trend zu einer zusatzlich erhéhten Produktion dieser
Teilchen in pp Kollisionen. Diese Beobachtung wird derzeit im Sinne einer Annéher-
ung der Eigenschaften des pp Systems an AA bei hohen Energien diskutiert. Somit
stellt sich die Frage, ob bei LHC Energien pp Kollisionen eine optimale "medium-
freie" Referenz fiir die Teilchenproduktion, bei der hauptséchlich die Haufigkeiten bei
niedrigen Impulsen eingehen, darstellen, um die Eigenschaften von Pbh—Pb-Kollisionen
zu studieren und zu quantifizieren.

Zusammenfassend kann festgestellt werden, dass sich bei LHC Energien die Ei-
genschaften von K? und A(A) und von Hadronen bestehend aus u- und d-Quarks im
Vergleich zu pp Kollisionen weder bei hohen Transversalimpulsen, im Hinblick auf die
Modifikation der pp-Spektren in Pb—Pb Kollisionen, noch bei niedrigen Impulsen, im
Bezug auf die Teilchenproduktion, unterscheiden.



Abstract

Measurements of the transverse momentum (pr) spectra of K¢ and A(A) in Pb-Pb
and pp collisions at /sy = 2.76 TeV with the ALICE detector at the LHC at CERN
up to pr = 20GeV/c and pr = 16 GeV /¢, respectively, are presented in this thesis.
In addition, the particle rapidity densities at mid-rapidity and nuclear modification
factors of K and A(A) are shown and discussed.
The analysis was performed using the Pb-Pb data set from 2010 and the pp data
set from 2011. For the identification of K and A(A), the on-the-fly VO finder was
employed on tracking information from the TPC and ITS detectors. The A and A
spectra were feed-down corrected using the measured published =~ spectra as input.
Regarding the rapidity density at mid-rapidity, a suppression of the strange par-
ticle production in pp as compared to Pb—Pb collisions is observed at all centralities,
whereas the production per pion rapidity density stays constant as a function of
d Ny, /dn including both systems. Furthermore, the relative increase of the individual
particle species in pp and AA collisions is compatible for non- and single-strange
particles when going from RHIC (\/sxy = 0.2TeV) to LHC energies. On the other
hand, in case of multi-strange baryons, a stronger increase in the particle production
in pp is seen. The A and A production in Pb-Pb and pp collisions was found to
be equal. Concerning the nuclear modification factors, at lower pr (pr <5GeV/c),
an enhancement of the Ras of A with respect to that of K and charged hadrons is
observed. This baryon-to-meson enhancement appearing in central Pb—Pb collisions
at RHIC and LHC is currently explained by the interplay of the radial flow and re-
combination as the dominant particle production mechanism in this pr sector. The
effect of radial flow is thus also seen in the low and intermediate pr region of Raa,
where a mass hierarchy is discovered among the baryons and mesons, respectively,
with the heaviest particle being least suppressed. When comparing the results from
RHIC and LHC, the Rcp is found to be similar at low-to-intermediate pr, while a
significantly smaller Ry of K? and A in central and peripheral events at the LHC is
observed in this pr region as compared to the RHIC results. This can be attributed
to the larger radial flow in AA collisions and to the harder spectra at the LHC. At
high pr (pr > 8 GeV/¢), a strong suppression in central Pb—Pb collisions with respect
to pp collisions is found for K? and A(A). A significant high-pr suppression of these
hadrons is also observed in the ratio of central-to-peripheral collisions. The nuclear
modification of K and A(A) is compatible with the modification of charged hadrons at
high pr. The calculations with the transport model BAMPS agree with these results
suggesting a similar energy loss for all light quarks, i.e.u, d and s. Moreover, a com-
patible suppression for c-quarks appears in the ALICE measurements via the D meson
Raa as well as in the BAMPS calculations, which hints to a flavour-independent sup-
pression if light- and c-quarks are regarded. Within this consideration, no indication
for a medium-modified fragmentation is found yet.
To summarize, for the particle production in Pb—Pb collisions at the LHC relative
to pp neither at lower pr (rapidity density) nor at higher pr (nuclear modification
factor) a significant difference of K? and A(A) carrying strangeness to hadrons made
of u- and d-quarks was found.
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"Six quarks, six leptons, together with the gluons of QCD and
the photon and the weak bosons [and the Higgs boson], are
enough to describe the tangible world and more, with remark-
able economy.”

Robert Cahn and Gerson Goldhaber (2009)

Introduction

The Large Hadron Collider (LHC) at CERN! is currently the most powerful particle
accelerator. Since the start of data taking in 2009, the LHC achieved collision energies
ranging from 900 GeV up to 8 TeV for protons (pp) and 2.76 TeV for lead ions (Pb—Pb).
These energies outreach those of earlier built machines as for example the Tevatron
at FermilLab (USA) or the Relativistic Heavy Ion Collider (RHIC) at Brookhaven
National Laboratory (BNL) (USA) by a factor 4 to 10. In 2015, the design collision
energies of 13 TeV for protons and 5.1 TeV per nucleon for lead ion collisions (Pb—PDb)
are planned to be realized [1].

The spurring scientific motivations of the four main LHC experiments, ATLAS,
CMS, LHCb and ALICE are very different. Though these experiments all look for-
ward to testing and expanding the understanding of the Standard Model of particle
physics, a wide spectrum of physics topics is covered by the individual collaborations.
This spectrum contains the following research questions:

e Where does the mass of particles originate from?

What is the origin of the invisible matter in our universe, called dark matter?
Is super-symmetry an explanation? What does dark energy consist of?

Why is matter preferred to anti-matter in the universe, although it should have
been produced in equal amounts from the available energy after the big-bang?

e What were the properties of matter a few microseconds after the big-bang when
neither nucleons nor atoms had yet been formed?

While ATLAS and CMS address the first two research problems by the investigation
of the famous Higgs boson? and the search for super-symmetry particle candidates,
LHCb is dedicated to the study of a potential matter-antimatter asymmetry via the
determination of the mixing relation of particles and anti-particles [5]. These phenom-
ena are expected to be best visible in pp collisions, because in this case the background
is much smaller as compared to Pb—Pb and the feasible collision energies are larger by

!Conseil Européen pour la Recherche Nucléaire
2The Higgs boson or more precisely its Higgs field is supposed to give mass to the particles, which
makes them distinguishable. It was recently discovered by ATLAS and CMS at the LHC, see [2—4].

—17—-
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a factor of three. Furthermore, for pp, a sufficiently high luminosity for high enough
statistics in the data can be provided. To summarise, the main task of these three
experiments is to measure the reaction products of pp collisions.

The ALICE (A Large Ion Collider Experiment) apparatus, however, was principally
designed for the investigation of relativistic Pb—Pb collisions. There, the particle mul-
tiplicity is around 100 times larger than in pp collisions. Not only the observables to
be measured but also the detector structure/set-up, which is discussed in chapter 3,
differs strongly from that of ATLAS or CMS. By the means of heavy-ion collisions,
ALICE addresses questions about the state of dissolved nuclear matter during the
first microseconds of the big-bang and the characteristics of matter under extreme
conditions. In the following, the motivations and goals for the analysis of heavy-ion
collisions are reviewed.

1.1 Heavy-ion collisions

The LHC is capable of accelerating protons as well as lead ions to velocities exceedingly
close to the speed of light. The apparent difference between the two collision systems
pp and Pb—Pb is the fact that a lead nucleus consists of 82 protons and 126 neutrons (=
208 nucleons). Hence, whereas during a Pb—Pb collision the nucleons of the accelerated
lead nuclei are surrounded by other nucleons, the collision of two single protons can
be regarded as a collision in the vacuum, not only for the protons but also for the
elementary constituents of the protons, the quarks and gluons. While pp collisions are
studied in order to acquire knowledge about specific particle production mechanisms
from elementary reactions, heavy-ion collisions are the tool for investigating the nature
of nuclear matter at high temperatures as well as high energy densities. At very high
energies or densities, a transformation of nuclear matter to a dissolved state of its
elementary constituents is expected. This state of quasi-free quarks and gluons is
called quark gluon plasma (QGP). In fact, the QGP first postulated in 1975 by Collins
and Perry, is a hot and dense state that presumably occurred during the evolution
of the universe a few microseconds after the big bang before nuclei were formed [6].
Thus, the relativistic heavy-ion collisions at LHC can be regarded as little bangs,
which allow to study the nature of elementary matter and the natural forces acting
on them in the laboratory.

The QGP is not a stationary medium but subjected to dynamical evolution. The
expansion of the system leads to a cooling followed by the final formation of hadrons,
which are particles built from the available quarks and gluons. These newly created
particles, consisting either of three quarks (baryons) or of a quark and an anti-quark
(mesons) are eventually measured by a detector. In addition to the hadrons, leptons
(i.e. electrons, photons) are produced, which will be further discussed in the following
section. Since the whole collision evolution with a duration of 107235 is technically
not possible to be followed, observables are vital that reveal the characteristics of the
medium and the underlying processes during the different evolution phases.

The evolution of the QGP in the laboratory is thought to be similar to its evolu-
tion in the big bang model [6]. Whereas in collider experiments, the story ends with
the measurement of the newly created particles by the detectors, the evolution of the
universe continued - as we obviously can assume. Of the created particles mainly pro-
tons and neutrons (nucleons) survived while the others decayed after their creation.
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Figure 1.1: Temperature and pressure scales of extreme quantum matter. Ultra-cold
quantum gases are the coldest matter produced to date, while the QGP is the hottest,
together spanning about 19 orders of magnitude in temperature and about 44 orders
of magnitude in pressure. [...] We include two other well-known quantum fluids, liquid
helium and hot proto-neutron star matter, as well as a classical fluid, water and a
classical plasma, the Coulomb plasma in the sun. Figure and caption taken from [8].

During the continuing expansion and cooling of the system, the nucleons gathered
and formed atomic nuclei (nucleosynthesis). When the temperature was decreasing
further, the nuclei eventually caught electrons (also created during the big bang evol-
ution) and finally atoms were formed. Afterwards, blocks of matter were accumulated
and finally stars were created. The whole process lasted nearly 400 million years [7].
The clustering of matter of any kind (subatomic, atomic, molecules) is driven by the
natural principle of energy minimization or by populating the energetically lowest
state respectively.

In order to shed light on the characteristics of matter in a QGP state, a lot of
energy is needed to crack the nuclei and their nucleons into their elementary particles,
the quarks and gluons. Until now, the critical temperature of the phase transition to
the QGP has not yet been determined exactly. Nonetheless temperature estimates
yield values of 100 - 200 MeV (see section 1.2), roughly corresponding to 10'% K, which
is a hundred thousand times hotter than the core of the sun. Moreover, the spatial
scale of a heavy-ion collision is about a few femtometer leading to extremely high
energy densities (pressures) as compared to ground state nuclear matter. Figure 1.1
summarizes the temperatures and pressures of different matter systems ranging from
ultra-cold quantum gases over sun to the QGP. After these considerations, the usage
of the phrase "nuclear matter exposed to extreme conditions" seems to be appropriate,
putting the research subject in a nutshell.

1.2 Nuclear matter

From experimental observations at RHIC, where the QGP "was created well above
the transition temperature for the first time [...] in 2000" [9], it is known, that if
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force or relative | range (m) | exchange particle || Higgs
interaction strength / gauge boson boson
gravitation 1073 00 graviton ?
weak 1077 <1071 W= 79 H
electromagnetic 1072 o0 y
strong 1 ~ 1071 gluon

Table 1.1: The four natural forces. The last three of them are the basis of the Standard
Model of particle physics [10] extended with the recently discovered Higgs boson [2].

nuclear matter is exposed to extreme conditions such as extremely high temperatures
in this case, a strongly interacting medium is created. The underlying interactions are
mediated by the so-called strong force, one of the four natural forces listed in table
1.1. The weak force, the electromagnetic and the strong force form the basis of the
so-called Standard Model of particle physics.

Whereas the electromagnetic and gravitational force are commonly well known from
daily life due to their infinite range, the weak and the strong force are part of the
atomic and subatomic world. Radioactive decays of nuclei as well as changes of ele-
mentary particle types are caused by the weak interaction. The strong force confines
the quarks in hadrons and basically holds together the nucleons in nuclei. The follow-
ing paragraph illustrates the properties of the strong force acting between the quarks
and gluons.

The bricks of hadronic matter: the quarks

According to the Standard Model of particle physics all hadronic matter is built from
six fundamental quarks. The quark type is referred to as "flavour'. These six different
quarks listed in table 1.2 are grouped in three generations containing one quark of
electrical charge +2/3 and one of charge —1/3. The first generation forms the basis of
the "common material of the present universe'[10]: the protons and neutrons. They
are built from the lightest quarks u and d. Hadrons containing heavier quarks are un-
stable and decay to particles made from u and d. In order to study the characteristics
of matter containing quarks of the 2nd or 3rd generation, they need to be produced.
This can happen either naturally in cosmic ray events or artificially by the utilisation
of particle accelerators. The heavier the hadron or the heavier the quarks it consists
of, the higher the energy of the colliding particles must be according to E = mc%.
The top quark, for example, was discovered in pp (proton - anti-proton) collisions
at a centre of mass energy of 1.8 TeV at Fermilab (USA) in 1995 [11, 12]. The gen-
erations are completed by the same amount of leptons - elementary particles, that
only interact via the electromagnetic (if they carry electrical charge) and the weak
force. The corresponding lepton pairs in each generation are the electron e~ and the
electron neutrino v, (1st generation), the muon =~ and its neutrino (2nd generation)
and finally the tau 7~ and its neutrino (3rd generation). Whereas the neutrinos seem
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1. | m (GeV/c?) || 2. | m (GeV/c?) || 3. m (GeV/c?) electr. charge
u | 234351073 || ¢ | 1.275 £0.025 || t | 173.21 £0.51 +£0.71 +2/3
d |48 £331073 || s | 95 4+51073 b 4.18 £0.03 -1/3

Table 1.2: The three quark generations represented by quarks of six different flavours
of mass m grouped to pairs. The u-, d-, and s-quark masses are estimates of so-called
current-quark masses, the c¢- and b-quark masses are the 'running" masses [13]. In
case of the t-quark, the mass was directly measured.

to have either no or a vanishing low mass, the electron, the muon and the tau can
be ordered according to their mass with the electron being the lightest particle. Also
here, transitions from the heavier leptons to the lighter ones are possible. In case
of the neutrinos, a change of type is possible for all generations. Latest results have
shown, that neutrinos even change their type many times while moving distances of
kilometres [14].

As a final remark to the particle "zoo" it is necessary to allude that the above-
mentioned quarks and leptons are categorized as fermions whereas the gauge particles
as bosons. The difference between fermions and bosons is given by the special char-
acteristic called spin, which is an additive quantity either being of integer value in
case of bosons or of n times 1/2, with |n| > 0, in case of fermions. Consequently,
combinations of three quarks, i.e. baryons, are thus fermions (3 - 1/2) and bound
states of a quark and an anti-quark, i.e. mesons, form bosons.

Characteristics of the strong force

Regarding the theoretical perspective, the interactions between the quarks and the
exchange particles of the strong force, the massless gluons (see table 1.1), are de-
scribed by Quantum Chromo Dynamics (QCD) [15], which represents a relativistic
gauge field theory [16]. In analogy to the electric charge as conserved quantity in the
corresponding gauge theory of Quantum Electro Dynamics (QED), QCD also con-
tains a charge, the so-called colour charge. This is not only carried by the quarks
but also by the gluons that can thus self-interact, contrary to the photons in QED.
The colour charge appears in three charge states®, red, green and blue for quarks as
well as in their opposite states, anti-red, anti-green and anti-blue for anti-quarks. A
colour neutral state is given, if all three colours are present or if a colour and its
anti-colour are combined. In contrast to a quark, a gluon is charged with a colour
and an anti-colour; the latter’s opposite charge must be different to the colour charge
in order to cause the interaction to be colour independent and ensure that the gluons
couple only to colour charged objects. If a gluon was neutral, it would couple to colour
neutral objects which would cause an infinite range of the strong force that is against
observation.

3The existence of three colour charges as internal degrees of freedom defines the symmetry group
of QCD, which is the special unitary group SU(3). From its dimension definition n? — 1 = 8 eight
coloured gluons can be derived. As a guidance, the QED symmetry group is the unitary group U(1)
with dimension 1, which is inherited from the single electrical charge.
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Figure 1.2: Summary of measurements of a as a function of the energy scale ). The
respective degree of QCD perturbation theory used in the extraction of «y is indicated
in brackets (NLO: next-to-leading order; NNLO: next-to-next-to leading order; res.
NNLO: NNLO matched with re-summed next-to-leading logs; N3LO: next-to-NNLO).

Figure and caption taken from [13].

The strong force: qualitative and a quantitative consideration

Though being the strongest force in respect to its strength, the range of the strong
force is limited to subatomic length scales which is a consequence of the distance
dependence of its potential [17]. The phenomenological description of this potential,

V- Dk (1.1)

with a4 as the coupling factor of the strong force, the linear string strength k£ and r as
the distance of two sources of the strong force, is referred to as the Cornell potential
[17]. In fact, this is a simplified and qualitative description of the potential of a (static)
quark-anti-quark (qq) pair.
Though being of phenomenological nature, this formula serves as a starting point for
the calculation of quantum states: The potential shows a Coulomb like behaviour
for short distances but asymptotically approaches infinity for infinite distances. The
latter leads to a confinement of the quarks in a colour neutral state as for example in
a (q pair. An increase of the distance between the quark and the anti-quark increases
the energy between them, which finally causes the production of a new quark-anti-
quark pair from the vacuum. The initial quark and anti-quark together with those
newly created form again colour neutral hadrons. Totally free quarks have not yet
been observed [13]. On the other hand, at small distances the potential is a result
of the single gluon exchange resulting into a similar potential as between elementary
charges [10].

Leaving behind phenomenology, measurements of o, revealed that the coupling of
the strong force is not constant but strongly depending on the momentum transfer Q?
or on the distance® r, i.e. the coupling is a so-called running coupling. Figure 1.2 shows

4The momentum can be translated into a minimal distance and vice versa via Heisenberg’s un-
certainty principle ApAr > h, with A as the Planck constant divided by 27.
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as(Q?) as measured by different experiments. These results are not only extremely
important for revealing the nature of the strong coupling but also for determining
its values at different energies, because "QCD does not predict the actual value of
as(Q?%), however it definitely predicts the functional form of the energy dependence
of a. [...] The value of a,(Q?), at a given energy or momentum transfer scale Q2
must be obtained from experiment.'[18] The coupling becomes large at small energy
scales but small at high energies:

a,(Q?%) — o0 for Q*—0 confinement, (1.2)
a,(Q*) — 0 for @Q* — oo asymptotic freedom, (1.3)

leading to confinement in the first case and to the so-called asymptotic freedom in the
second case, which is discussed in the following paragraph.

Asymptotic freedom

As seen in figure 1.2, at high momentum transfers the strength of the coupling de-
creases with () and reaches values smaller than unity. This allows the application of
the mathematical technique called perturbation theory®, which facilitates theoretical
predictions when analytical calculations are not feasible as it is discussed later. Ap-
plying this to the mathematical formulation of QCD, the QCD Lagrangian (see eq.
1.7), the perturbative QCD (pQCD) formulation is obtained from which a description
of the running coupling «; in the given energy regime can be derived [10, 19]:

2 (1)

) S ) e (@) )
with By containing Ny, the number of active quark flavours at the energy scale )
(active means m, < @). If a renormalisation scale p is chosen, a, can be calculated
analytically at any energy scale Q? > 1GeV. At energies below this threshold, per-
turbative methods are not applicable any more.

This description of ay in the perturbative limit is a leading order calculation, where
only the first part of the series expansion of ay is considered. Equation 1.4 extended
with higher order corrections describes very well the various measurements for the
mass of the neutral gauge boson of the electroweak interaction Z° with m = 91 GeV
[13] as energy scale, which can be seen in figure 1.2. Politzer [20], Gross and Wilzcek
[21] were awarded with the Nobel prize 2004 for this derivation of the asymptotic
freedom from QCD. The current world average value is as(Mzo) = 0.1185 4 0.0006
[13].

Introducing the parameter A with

2

2 %
A= o1/ (Boas(42) (1.5)

which has the dimension of energy and is technically identical to the energy scale @),
where a,(Q?) diverges to infinity, the coupling can be written as

2\ __ 1 2 2
O @) ¢ e Y

5'In quantum field theories like QCD and QED, physical quantities R can be expressed by a
perturbation series in powers of the coupling parameter a or «, respectively. If these couplings are
sufficiently small, i.e. if oy < 1, the series may converge sufficiently quickly such that it provides a
realistic prediction of R even if only a limited number of perturbative orders will be known."[18]
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with A = Aqcp. The latter sets the fundamental scale of QCD, where hadronisation,
the transition to confinement, sets in. In fact, this parameter is the only free parameter
of QCD in this energy regime. Including higher order corrections in the perturbative
calculation, the value of the Agcp parameter is

he B 197 MeV fm
1fm 1fm ’

AQCD =213 £8MeV =~

in case of five flavours (u, d, s, ¢, b) entering in the determination of A. This is
appropriate if hadronisation processes are considered, since the top quark decays
before it has time to hadronise [13].

Confinement

Processes at low ()%, where ay is larger than unity, are not analytically calculable,
because there, QCD represents a complicated non-linear theory (see next paragraph).
As a consequence, up to now no analytic ab-initio derivation exists for the confinement
at () < Aqep. In this case, special numerical techniques or approximations need to be
applied. An example performed in a fundamental manner is given by the lattice QCD

(LQCD) approach, which includes in first principles calculations of discrete space-time
[22].

The QCD Lagrangian

Finally, for completeness, a formulation of the QCD Lagrangian is presented here [13]:

a

Ny A 1
Lqcp = Z Vi (ify“@ﬁab — gsfy“taCbAEE — mféab> Yy — ZF::,FA“”, (1.7)
f

with 1; the quark field spinors, a the colour-index (from a =1 to N, = 3, i.e. quarks
can have one of three colours), f the quark flavour index (from f =1 to Ny = 6), 7"
the Dirac matrices, m the quark mass and F, ;;‘/ the gluon field tensor, AE the gluon
fields or colour four potential with C' running from 1 to NZ — 1 = 8 yielding eight
kinds of gluons, g, = a - 47 the strong coupling. t$, are the eight 3 x 3 matrices, the
generators of SU(3). The part between the quark fields is analogously constructed to
the well understood Lagrangian of QED. The major difference however appears in the
field F), which is given by

Fib = 0,A8 — 0,A% — gfapcABAS, (1.8)

with fapc being the structure constants of SU3. This field tensor is similar to that
from QED except the self-interaction term of the gluon fields, which is represented by
the last term in equation 1.8. This leads to non-Abelian or non-commutative beha-
viour® causing the confinement as well as the asymptotic freedom. Albeit screening
effects, as for example the virtual screening of the electrical charge by an electron-
positron pair, are present in any Abelian and non-Abelian theory, the anti-screening
effect due to gluons carrying colour and anti-colour is solely a feature of non-Abelian
gauge theory. If the anti-screening prevails, asymptotic freedom is reached [23].

5The order of a group operation depends on the order of the groups, i.e. interactions cannot be
exchanged: AB # BA.
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QGP and QCD

The main message of this section to be conveyed is, that within QCD, there are two
inherent extreme states for elementary nuclear matter: either the quarks are confined
in hadrons or they are deconfined as a result of the asymptotic freedom. From the
latter, the contingency of a QGP can be derived albeit its characteristics are not
given by QCD and hence need to be modelled. Competing scenarios are an ideal
gas of weakly coupled quarks and gluons or a hadron resonance gas and a strongly
interacting system showing a fluid like behaviour. At RHIC energies, the system
seems to be strongly interacting, almost a perfect liquid [9]. At higher temperatures
at LHC, a weaker coupled fluid could be expected due to the dependence of a, on
the energy scale [24]. For further proof and for revealing more characteristics of the
QGP, the research work is lively ongoing as elaborated in the following sections.

1.3 "Little bangs in the laboratory": Motivations and goals

“Little Bangs in the laboratory - or how to cook a QGP"
Figure 1.2 contains all information needed for two basic recipes for the creation of the

QGP:
e compressing via reducing r = @ T, i.e.low collision energies
e heating via increasing () = r |, i.e. high collision energies.

The compression of two nuclei leads to a high density in a small volume, which causes
small interaction ranges. The latter can be translated into large momentum transfers
via the uncertainty principle, which are accompanied by a small coupling as seen in
figure 1.2. In a simple picture of the bag model, the protons and neutrons of finite
size start to overlap and finally to dissolve into quarks and gluons at certain critical
density p.. On the other hand, large momentum transfers can be achieved via high
temperatures - the temperature serves a measure of energy and especially of kinetic
energy. At a critical temperature T, the baryons of the nuclei start to overlap causing
a system of deconfined quark matter.

These two methods of creating a QGP artificially are realized at different accelerator
facilities. Whereas at LHC and RHIC the heating method is pursued with the help of
high collision energies, smaller accelerators as the Super Proton Synchrotron (SPS) at
CERN or the future Facility of Antiproton and Ion Research (FAIR) at GSI (Germany)
operate at lower collision energies (factor 100-1000) in order to compress the nuclear
madtter.

Qualitative picture of phase diagram

The given recipes mark two regions in the so-called phase diagram of QCD, which
relates the temperature to the pressure of nuclear matter expressed by the baryo-
chemical potential pug. The latter describes the excess of baryons to anti-baryons,
i.e.if ug > 0, the system is baryon dominated. For grond-state nuclear matter ug is
close to 1 GeV [9].

A sketch of the phase diagram is displayed in figure 1.3. At LHC energies, ug =~ 0,
which was also the case during the evolution of the early universe. This again motiv-
ates research projects in the field of heavy-ion physics since realizing pp ~ 0 means
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scientifically going backwards in the cosmic evolution. From astrophysics it is expec-
ted, that cold nuclear matter, which can be created by compressing with ug > 1 GeV,
is present in neutron stars [25].

"The coupling constant runs towards a smaller value with increasing energy scale. It
is hence a natural anticipation that QCD matter at high energy densities undergoes
a phase transition from a state with confined hadrons into a new state of matter with
on-shell (real) quarks and gluons." [26] The critical energy density for the transition
to a QGP is according to LQCD calculations around 1 GeV/fm? [27], which is about
an order of magnitude larger than that inside the nuclei, where ., ~ 0.15 GeV /fm3
[6]. Experimentally, the estimation of the achieved initial energy density is obtained
with the Bjorken formula [28]:

1 dE
— L 1.9
B TRty dn 0 ’ (1.9)

with R as the initial radius of the collision system, 7y as the formation time and
dF/dn as the measured energy per unit rapidity dn. In the transverse plane this is
dE/dn/GeV = dEr/dn/GeV =~ 1.25 - dNy/dn [29].  Using the value for
dNg,/dn = 1601 £ 60 as measured by ALICE [30], R = 6.62 fm for ?**Pb [31] and 7,
assumed to be maximal 1fm/c (with ¢ = 1), one can calculate the energy density at

\/SNN = 2.76 TeV:
GeV

fm3

This value is a conservative estimate of the energy density, which grows with decreas-
ing formation time. Already with an assumed formation time of 1fm/c, the energy
density exceeds the critical density from the LQCD calculations, showing the capa-
bility of the LHC experiments to produce a QGP, if the theoretical estimates are
correct.

The current estimates of the critical temperature given by the LQCD groups are
150 MeV (depending on the normalisation) [27] and 154 + 9MeV [32]. In [33] it is
however stated, that there is no unique 7T, expected, because the phase transition is a
non-singular cross-over. The maximum temperatures reached at LHC are estimated
via hydrodynamic calculations to be around 470 MeV [34], which is three times larger
than the given estimate for T.. Hence, it can be expected that a phase transition is
realised in heavy-ion collisions at |/syy = 2.76 TeV.

Another feature of nuclear matter as shown in figure 1.3 is the strong increase of the
energy density over a narrow range of temperature. The "energy density, pressure
and entropy are all roughly proportional to the number of degrees of freedom" [35],
hence the drastic change in degrees of freedom seems to cause rapid changes in these
parameters. Whereas well below T, the active hadronic degrees of freedom are limi-
ted to three (dilute gas of three charge states of pions”), above T, there are 40 - 50
internal degrees of freedom activated, which is mainly influenced by the additional 8
gluon degrees of freedom.

Besides the determination of T, the order of the phase transition is another open
issue: Is it a first or second order phase transition®? Does a cross-over phase exist at

Ep = 14.53

(1.10)

"Pions: nt, 70 7~ are mesons consisting of ud, uii + dd, di

8 A first order phase transition is characterised by a discontinuity of the first derivative of an EoS,
a second order phase transition is given in case of a discontinuity of a second derivative. Typical for
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Figure 1.3: Phase diagram of QCD matter (right panel) overlaid with regions covered
by LHC and RHIC. The experimentally covered ranges are projected onto the energy
density versus temperature at ug = 0 curve calculated by lattice QCD (left panel).
Figure and caption taken from [37]. The energy density is calculated in [27].

small pp instead of a phase transition? Is there a critical point marking the limiting
point of a phase transition region and if so, at which (ug,7)? Vital for answering these
questions is the profound understanding of the QGP properties. More specifically, it
is necessary to clarify, if the medium really behaves like a fluid and if so, is it an ideal
or viscous fluid? Which viscosity can be expected and how dense is the medium?
And subsequently: When and how does the system freeze out?? Which kind of stages
are present between the initial collision and final freeze-out? What are the matter
properties during these stages? Could early thermalisation be assumed?

Due to the difficulty to calculate heavy-ion collisions with QCD, many theoret-
ical models or numerical techniques have been established to explain the measure-
ments and make predictions to motivate further measurements. Since from QCD
itself neither a phase transition region from the confinement to the asymptotic free-
dom nor a coexistence of the two states are deducible [6], many models are dedicated
to the description of the phase diagram of nuclear matter and to the Equation of State
(EoS) in particular. The determination of the critical temperature for a given baryo-
chemical potential, where a phase transition of first or second order could happen, is
among the main goals.

Concluding this section, the motivation of ALICE is to measure observables that
reveal the properties of the medium created during heavy-ion collisions as well as the
collision system evolution.

the latter is a continuous behaviour of the order parameter of interest, whereas a step is seen in the
first case. This classification of phase transitions is also referred to as Ehrenfest classification [36].
9A common, simplified definition of the freeze-out says, that the newly created hadrons decouple
when the mean free path of the particles in the system is larger than the system size. The mean free
path is given by A = 1/no where o is the cross section of elastic collisions between the particles.
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1.4 Research approach

The collision evolution with a duration of 1072%s is technically not possible to be
followed. Thus, observables are vital that reveal the characteristics of the medium and
the underlying processes during the different evolution phases. Observables serve as a
connection of measurements to theory, which is needed in order to extract information
from experimental results. On the other hand, the measurements are crucial for the
constraint of models, which are usually restricted in their predictive power without
experimental input - otherwise, analytical calculations would have already replaced
the models.

Concerning the experimental approach, two main strategies are listed in the follow-
ing, that will be further elaborated in the later text; the last two additional methods
are added for completeness:

e Study of processes at high momentum transfer, where the running coupling as
is smaller than unity and hence the QCD calculations can be performed in a
pertubative manner.

e Investigation of particles which contain in- or exclusively quarks that are not
the constituents of the colliding nuclei, i.e.no u and d quarks.

e Quantification of collective effects via correlation analyses in order to shed light
on the system propagation/dissipation, which serves as input for the EoS.

e Measurement of global event properties such as temperatures of different phases
of the system evolution, e.g. initial stage, chemical or kinetic freeze-out, energy
and entropy distribution via particle spectra, mean pr and particle abundances
or multiplicities.

In general, the experimental method of extracting information from a hadron col-
lision perused by all experiments in the field of high energy physics is to analyse the
properties of the particles created in the collisions regarding their mass, abundance,
momentum and spatial distribution, providing various levels of complexity and differ-
ential formats. From the particle emission pattern, it is principally feasible to trace
back the processes during the collision, provided that the theoretical assumptions for
the measurements are correct. The latter is important since most of the measured
distributions represent integrals over the whole system evolution.

Stable particles, which are (nearly) directly seen by the detector are for example
protons, deuterons, charged pions, charged kaons, electrons, muons, photons. An
experimental challenge is however given by the early decay of some produced particles,
which do not reach the detector, but their decay daughters do. The particle decays
can be driven by the strong or the (electro-)weak force. Strong decays can happen
even within the final phase of the system evolution resulting in extremely small decay
lengths of fm, which might never be possible to resolve technically. Decays by reason
of the weak force however have mean life times or to be more descriptive, decay lengths
of the order of yum to m, which are to a certain extent properly measurable via the
detection of their stable decay products or even stable secondary decay products.
Vital for this is an appropriate space resolution of the particle tracks in the detector
as well as a sufficiently good momentum resolution.
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The theoretical research means are summed up in [37]: "The theory tool-kit in
relativistic heavy-ion physics is quite diverse. It includes QCD perturbation theory
in the vacuum and in a thermal medium (especially for the description of jets and
heavy quarkonia); semi-classical gauge theory (for the description of the initial condi-
tions reached in the nuclear collision); lattice gauge theory (for static thermodynamic
properties of QCD matter, such as its equation of state and colour screening); holo-
graphic methods mapping strongly coupled gauge theories on their gravity duals (for
transport properties and the dynamics of thermalization); and transport theory, espe-
cially viscous hydrodynamics (for the evolution of the bulk matter)." In the adjacent
chapter, more details about some of these models will follow.

The bridge between the theoretical and experimental research field is built by the
Monte Carlo (MC) event generators. The Monte Carlo method as invented in 1949
[38] is used within event generators [39] in order to numerically calculate the output
of a particle collision under predetermined conditions, for example the evolution time,
the viscosity, parton spectra etc. Whereas in theory the generators are predominantly
used to make predictions and to develop techniques to propose to the experiments
[39], experimentalists utilize it mainly in combination with a detector simulation in
order to obtain corrections for the data and to test the data analysis procedure (in
absence of measured data).

1.5 A brief history of heavy-ion collision research

The introductory chapter is closed by a brief review of the history of heavy-ion colli-
sions in order to emphasise the complexity of the field and to document the developing
capabilities of accelerator facilities.

"The research field of Relativistic Heavy Ion Collisions was born in the late 1960s,
from a coincidence of questions arising in astrophysics (neutron star interior matter,
supernova dynamics, early stages in the cosmological evolution) and in fundamental
nuclear/hadronic physics (extended nuclear matter and its collective properties, ex-
cited hadronic matter and its limits of existence)." [40]. The quest for the phase
diagram of extended QCD matter and the EoS has coined the research field since the
first experiments were performed at the BEVALAC of the Laurence Berkeley National
Laboratory (LBNL) (USA) at centre of mass (c.m.) energies per nucleon-nucleon pair
of \/snn = 1-2GeV and at the Joint Institute for Nuclear Research (JINR) in Russia
in the 1970ies. The main discovery was the observation of compressed nuclear mat-
ter. These studies were followed by intensive and comprehensive measurements at the
Brookhaven Alternating Gradient Synchrotron (AGS) energies up to \/sxy = 5.4 GeV
from 1986 until 1991 and at the SIS 18 at GSI up to /sxy = 8 GeV from 1990 till
present. These research activities were extended by measurements at the SPS at
CERN with heavy-ion collision energies up to \/sxy = 19.4 GeV from 1986 to 2000.
The outcome of these experiments was that "compelling evidence has been found for a
new state of matter, featuring many of the characteristics expected for a Quark-Gluon
Plasma' [41]. All experiments at the above-mentioned accelerator laboratories have in
common, that they have been fixed-target experiments, where a beam of ions or pro-
tons hits a fixed target. In the c.m. system, this is a symmetric collision at an energy
of Fen = 1.37 - v/ Fpeam - GeV, which is much smaller than the initial beam energy.
However, the collision of two particle beams supplies twice the beam energy in the
c.m. system. This advantage was made use of during the planning of accelerators for
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experiments requiring higher c.m. energies. The RHIC at BNL was the first collider
in the heavy-ion research history offering a maximum energy of |/sxy = 200 GeV.
Currently, energies from /sy = 19.4 - 200 GeV are investigated there within a beam
energy scan programme. The results from RHIC have led to the discovery that the
partonic matter, the QGP, behaves rather like a strongly coupled perfect liquid than
like a weakly coupled plasma or ideal gas of quarks and gluons in the vicinity of
the phase boundary. In terms of collision energy, the RHIC programme is followed
by heavy ion collision measurements at LHC, providing energies of \/sny = 2.76 -
5.1 TeV. According to the huge increase in beam energy as compared to RHIC, the
associated cross sections for the production of jets and heavy quarks as well as the
particle density are much larger, hence more precise investigations of the QGP can
be performed. At LHC, the QGP is expected to be hotter, larger, and longer living.

1.6 Organization of this thesis

The remainder of this thesis is organized as follows: the next chapter discusses the
motivation and research objectives of the thesis subject. Afterwards, the experimental
conditions are reviewed in chapter 3. In chapter 4 follows the description of the
analysis concepts and methods. Finally, the results are presented in chapter 5 and
discussed in the adjacent and last chapter 6 .



Problem statement: Modification of p.
spectra in AA collisions

Could a heavy-ion collision be described by a superposition of individual nucleon-
nucleon collisions? If not, which mechanisms are responsible for a deviating beha-
viour? How could this deviation be quantified and how could it be related to the
properties of the created matter?

Experimentally, as an entrée to the unfolding of the peculiarities of heavy ion
collisions, differential analyses of particle abundances as a function of the transverse
momentum (pr) are commonly performed. The advantage of the analysis of pr dis-
tributions over those of longitudinal momentum py, is given by the fact that the initial
parton pr is negligibly small as compared to pr, and thus the final pt of the pro-
duced hadrons is predominantly created during the collision process. Therefore, the
pr spectra of the measured hadrons provide a link to the underlying processes of the
reaction and the system evolution. Performing this for different collision centralities in
nucleus-nucleus (AA) collisions, i.e. for different overlap areas of the colliding nuclei,
the changes of the pr distribution for different amounts of participating! or colliding?
nucleons can be studied: Do the features of the medium change with the number of
colliding nucleons? Is it possible that a Pb—Pb collision is similar to a pp collision if
peripheral enough? These questions lead to the comparison of pr distributions from
Pb-Pb collisions to those from pp. Since the underlying theory to describe the reac-
tions in pp at high pr is pQCD (for the vacuum case), the pr spectra in pp provide
a reference for understanding the QCD processes embedded in a medium created in
Pb-PDb collisions. A common quantitative measure of the difference of pp and Pb—Pb
collisions is the nuclear modification factor

1 (AN/dpr) sa

Raax = . 2.1
M o Ty (dNdpr) 1)

as introduced in [42] with of%g; as the total inelastic hadronic cross section in pp
collisions and (Tx») as the nuclear thickness function. Since of{p - (Taa) = (Neon), the

!Participating nucleons are those nucleons, which suffered at least one inelastic interaction.
2The number of colliding nucleons or the number of average binary collisions describes the total
number of inelastic nucleon-nucleon collisions.

-31-
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Figure 2.1: Nuclear modification factor R of charged particles measured by ALICE
in the most central Pb—Pb collisions (0 - 5%) at /sy = 2.76 TeV in comparison to
results from CMS and different model calculations [47].

total number of binary nucleon-nucleon (NN) collisions in AA collisions, the following
equation is frequently used:
1 (AN/dpr)sa

Rap = Nor) . (dN/de)pp' (2.2)

The result from pp collisions is scaled pr-independently by the number of possible
binary NN collisions in a Pb—Pb collision. A deviation of Rjs from unity hence
reveals, that the Pb—Pb collisions are not simple super-positions of individual nucleon-
nucleon collisions. It should be noted, that the assumed binary collision scaling applies
only to hard processes, i.e.to processes that contribute predominately to the high-py
region [43]. At low pr, the particle production scales with the number of participants
(Npart) [30], which means that only the number of nucleons taking part in the reaction
are relevant but not the individual nucleon-nucleon collisions. Thus, a deviation of
Raa from unity at low pr can be expected, if Ny is used for the Raa calculation.
Alternatively, Raa scaled with N, as it was performed in [44], can be studied to
investigate the low pr region and the transition to a probable N, scaling.

Typically, for hadrons, consisting of strongly interacting partons, this parameter is
smaller than unity, disclosing that the medium is strongly interacting. If so, one speaks
about a suppression of the particle yields as a function of pr or centrality in Pb—Pb as
compared to pp. In 1982 Bjorken already predicted such a suppression for hadrons at
high pr [45], which was later referred to as jet quenching in [46] (see section 2.1). An
example for Ry of charged particles (mainly hadrons: pions, kaons and protons) is
shown in figure 2.1, where the results published by the ALICE collaboration [47] are
displayed. In contrast to hadrons, there is no suppression visible for electromagnetic
and/or weakly interacting particles (see figure 2.2), such as photons, W+~ and Z°
bosons respectively, which underlines the dominance of the strong interaction in the
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Figure 2.2: Nuclear modification factor Raa of different particles measured by CMS
[48].

medium. Moreover, the binary collision scaling shows that their production rates are
not modified by the presence of a medium.

The interpretation of the observed hadron suppression in AA collisions is that
an elementary reaction between two colliding partons - including their scattering as
well as their properties after the scattering and their fragmentation into hadrons - is
modified by the surrounding medium. This modification could possibly be driven by

e absorption
e cnergy loss

in the medium, which are currently considered as the dominant effects. While the first
effect would lower the pr spectrum due to a decrease of the abundance (downward
shift), the latter could cause a shift of the spectrum to lower pr values (shift to the
left) [49]. For the high pr region, one would expect that the energy loss dominates as
a function of the length traversed by the parton in the medium, since the momentum
is still large enough for escaping the medium and fragmenting outside into hadrons
before being absorbed. Whether fragmentation inside the medium needs to be taken
into account and if this process is modified is currently under investigation.

Two momentum regions can roughly be distinguished in the Raa distribution in figure
2.1: the low-to-intermediate-pr region from 0 < py < 6 GeV/c, where a local max-
imum is observed, and the high-pr region for pr > 6 GeV/¢, which is characterized
by a strong rise and a subsequent saturation region. The following sections discuss
these two momentum regimes separately.

2.1 High p;: Fragmentation, jets and in-medium energy loss

The high transverse momentum region of particle spectra is of special interest, since
partons with high pr are predominantly produced in scattering processes with high
momentum transfer at the initial stage of the collision (@ > Aqcp). In case of a pp
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collision, the underlying processes is possible to be calculated via pQCD, because a
pp collision can be rather regarded as a collision of the partons in the vacuum. In
case of heavy-ion collisions though, the hard scattering processes are embedded in the
partonic medium, which builds up at the same time as the scattering takes place. The
following interactions with the medium complicate the prediction of final hadron pr
spectra as compared to pp.

Nevertheless, the calculations of hard processes in pp serve as basic input for heavy-
ion collision models. Therefore, the following paragraph is dedicated to the pQCD
approach of calculating identified hadron high-pr spectra in pp collisions.

Hard scatterings in elementary reactions

On the basis of Feynman’s parton model of hadrons [50, 51], in which the hadron
consists of three point-like constituents, the partons, Bjorken has first described the
hard scattering cross section of two hadrons (e.g. pp) for the inclusive reaction
A+B — h+ X [52]: "Choose a collinear frame of reference in which the initial
projectiles move relativistically and in opposite directions. Replace each projectile A,
B by a beam of massless, non-interacting partons (a, b) ... Regard the collision as a
2-body collision of a parton from each beam, the cross section depending only on [the
momenta] of the interacting parton pair and independent of the rest of the environ-
ment of 'spectator’ partons'. In fact, the hadron reaction A + B — h + X is regarded
as if it was an inelastic parton scattering process a+b — c+d. The successive formu-
lation in [53] is completed with the convolution of the fragmentation function (FF),
that describes the probability of the creation of a hadron h from a parton (c in this
case) carrying away a fraction z of the parton momentum. The creation process is
referred to as fragmentation, where the coloured parton fragments into colour neutral
objects. In detail, the fragmentation of a parton implies the creation of qq pairs via
g — qq, gluon radiation (q — qg) or splitting (g — gg). The coloured remnants with
distinctly lower momentum than that of the initial parton finally form colour neutral
hadrons. The invariant cross section of identified hadrons as expressed in [53] is given
here:

d3
E d—pC;(A +B—=h+X)=)] /dxa day dze Gaya(@a) Goyp(an)-
i abcd
§ do n
D — — g .
nye(ze) 2 df (ab — cd) (8 +t + a),
(2.3)
2 ab
with % A _ %(2@) Z(COS 0" (2.4)

as the fundamental sub-process cross section, z, = p,/pa as the momentum fraction
of parton a from hadron A, G, a(z,) as the probability of finding parton a in hadron
A (parton distribution function PDF), Dy, /(%) as the FF of parton c into hadron h
with the momentum fraction z. = p;/p.. ¢ denotes the inelastic cross section of the
interaction of parton a and b resulting in partons ¢ and d. Finally, the delta function
describes the two-body scattering of massless partons. In more detail, it describes
the two-body phase space under the assumption that the initial and final partons are
collinear with the initial and final hadrons, i.e. no transverse (k) smearing is included
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Figure 2.3: Schematic representation of a high pr reaction factorized into parton
distribution functions (G), parton fragmentation functions (D), and a hard scattering
process. Figure and caption taken from [53].

[53]. The variables 8, t, 4 represent the so-called Mandelstam variables®. A sketch of
the scattering process is shown in figure 2.3.

Although the parton model is based on pQCD, it assumes scale invariance of the
PDFs and the FFs, which means that they are independent of Q?; only the scattering
cross section has a scale dependence. This assumption originates from the so-called
Bjorken scaling, where the structure functions, which describe the internal structure
of the proton by combinations of different PDFs, are independent of Q? for large
parton momentum fractions,

2 2
2Mv  2Pq

[13], (2.5)

with M as the mass of the proton, P as the proton four-momentum and the momentum
transfer Q2 = —q? or v as the energy loss of the scattering lepton, which is collided
with the proton in order to reveal the internal structure of the proton. "This property
is related to the assumption that the transverse momentum of the partons in the
infinite-momentum frame of the proton is small. In QCD, however, the radiation of
hard gluons from the quarks violates this assumption, leading to logarithmic scaling
violations, which are particularly large at small . The radiation of gluons produces
the evolution of the structure functions."[13] In order to introduce a scale dependence,
which would allow the description of the cross section in a perturbative way, a so-called
factorization procedure is applied. Consequently, the scale dependent FFs and PDFs
can be related to measurements of identified hadron spectra, e.g.in ete™ collisions,
and of the hadron structure functions from Deep Inelastic Scattering (DIS) of leptons
with protons at a given Q2. In case of the structure functions this yields:

Fy(z) = Fy(x, Q%) = % IL‘Z ei fq(:p,Qz), (2.6)

where f,(z,Q%) = q(z,Q*) + q(z, Q°) (2.7)
are the PDFs and e? the electric charge of the quark with flavour ¢ [13].

3They are a different Lorentz-invariant formulation of the four momenta of the scattering particles
with 8 +f + @ = 0 for massless particles.
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With regard to figure 2.3, on the one hand, the given process can be separated into
a hard scattering that takes place between the interacting partons and that can be
calculated perturbatively. On the other hand, in the assumed collinear configuration,
the interacting quarks have a small relative momentum, which translates into a very
strong interaction between them. Hence, pQCD is not applicable until a factorisation
scale dependence is introduced, which separates for example the structure function
into a part, that is calculable, depending only on Q?, and into another part, which is
not calculable but can be constrained by measurements. "The [factorisation] scale [ r]
can be thought as one which separates the perturbative short-distance physics from
the non-perturbative long-distance physics. Thus partons emitted at small transverse
momenta < pp (i.e. approximately collinear processes) should be considered as part
of the hadron structure. Partons emitted at large transverse momenta contribute to
the short-distance part of the cross section which can be calculated."[54].
The structure functions measured by experiments, however, must be independent of
the choice of urp. Requiring the derivative of the structure function with respect
to the scale up to be zero, the so-called DGLAP equation is obtained: Dokshitzer,
Gribov and Lipatov, Altarelli and Parisi showed, that the structure function itself is
not calculable but its changes with the factorisation scale are [55-58]. Despite the
fact that the PDFs cannot be fully calculated via pQCD, the latter can predict how
the distribution evolves as the scale varies via the DGLAP evolution. The DGLAP
evolution hence allows that the structure function at the scale () can be expressed by
the structure functions measured for example in DIS at a given scale )y, which can
be lower than (). Usually the factorization scale is chosen to be pur = Q.
The cross section from equation 2.4 for partons a +b — ¢ + d can be calculated in
a perturbative manner from the incoherent summation over all possible constituent
scatterings above the given momentum transfer limit. Similarly to the PDFs, the FFs
are obtained from fits of theoretical calculations to identified hadron spectra from
ete™ collisions in this case. However, the calculation of the FFs is accompanied by
additional difficulties as compared to the PDFs, because the hadronisation process
is sensitive to physics happening at long distances, where pQCD starts not to be
applicable any more. Moreover, the kinematic reach of data by which the FF can be
constrained, is more limited as it is the case for the PDFs [24]. On the other hand,
the FF for the vacuum are expected to be universal and hence independent of the
collision system [13].

Hadrons produced from hard-scattered partons follow a power-law function,

d3o

B, — - 2.
hdp% X P ('rT)7 ( 8)

where x1 = 2pr/y/s. A power-law behaviour was first proposed by BBK [59] and
is still confirmed by recent measurements [60]. The power-law shape of the hadrons
is a result of the power-law shaped distributions of the scattered partons, where the
power n from the parton spectrum is maintained [24].

The NLO calculations for jet and particle spectra in pp are well advanced. Recent
calculations are able to describe jet spectra for a wide range of energies, ranging from
Vs = 0.2 - 7TTeV, with reasonable accuracy and moderate systematic uncertainties
[13, 60]. In case of pp pr spectra though, NLO does not agree well with the data,
but is able to reproduce the relative dependence on pr of cross sections of two colli-
sion energies [60]. A profound understanding of processes and their description with
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Figure 2.4: A sketch of the EPS09 fit functions R (z) [with i as the parton flavour]
and the role of certain fit parameters. Figure and caption taken from [61].

pQCD, respectively, is however an important ingredient for the investigation of AA
collisions.

Nuclear parton distribution function

For the calculation of AA collisions, instead of the PDFs, the nuclear parton distri-
bution functions (nPDF) are needed as input. They are related to the hadron PDFs
via a scaling factor, that is also depending on x and Q%

M@, Q%) = RN (2, Q) filz, Q) (2.9)

with ¢ the quark flavour and A the mass number of the nucleus. Figure 2.4 shows a
sketch of the evolution of R2(z) with z. At values of < 0.1 a depletion or "shadow-
ing" is observed, which evolves to a "anti-shadowing" around x ~ 0.1. This is followed
by the "EMC-effect*" in the range of 0.2 < x < 0.7 causing a depletion. The final rise
is generated by the "Fermi motion" leading to an excess at x = 1. The shadowing at
low z is also referred to as one of the cold nuclear matter effects, that modify the ini-
tial parton distributions as compared to pp. This modification is distinguished from
the modification due to the presence of a hot medium. The invariant cross section in
p—A collisions, which could be regarded as a "cold" collision, would scale linearly with
the cross section in pp 0,4 = 0y, A if no nuclear matter effects were expected. As far
as figure 2.4 is concerned, this is clearly not the case; in fact, the relation is rather
given by 0,4 o, Another definition of # = pr/y/s-e™¥ (y is the rapidity) shows,
that at the LHC lower values of x are probed as at RHIC or at the SPS if the same
pr is regarded and thus different nuclear matter effects become important.

Recent calculations of the R{(z, Q?) parameter are delivered by the EPS09 collab-
oration [62], who work with results from DIS and measurements from d—Au collisions
at RHIC. The calculations are based on a NLO global DGLAP analysis of nPDFs. "In
the lack of sufficient data constraints, we are forced to start with only three different
modification ratios: R&(z,Q?), Ri}(x,Q%), and Rj(x,Q?) for gluons, valence quarks
and sea quarks, correspondingly. The A dependence is embedded in the A depend-
ence of the parameters." [61] Despite the fact that the recent results of the nPDFs

4European Muon Collaboration
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are in good agreement with measurements, the nPDFs are not yet available for all
centralities, which is essential for describing the QGP evolution and properties.
Concerning the FF from nuclei (nFF), no significant theoretical output is available
yet. Instead of nFF, the FF from the vacuum are used and folded with a medium
influence in order to describe AA collisions. Vital for the determination of nPDFs and
nFFs is the distinction of effects that originate from processes in the vacuum and from
the influence of cold or hot nuclear matter, which can only be sorted out by future
measurements.

Hard scatterings and energy loss in heavy-ion collisions

Resuming the discussion above, the basic ingredients for the calculation of the particle
production in Pb—Pb collision seem to be available, if no effects introduced by the hot
medium, e.g. the QGP, are expected. That the latter is not the case was already
explained in the context of the above-mentioned energy-loss scenarios.

High-pt partons are predominantly created in hard scatterings at the initial stage of
the collision. The recipe for the invariant cross section of particle production at high
pr in Pb—Pb collisions thus contains a hard scattering pQCD process as discussed in
the previous section and the influence of the QCD medium in which the process is
embedded. A simplified description of the invariant cross section for the creation of a
hadron h under the assumption that the initial parton fragmentation is modified by
the medium via the energy loss P(AE(Q?, E)) approximation,

med i vac AE 2
FFe (2, Q% Ee) /d P(AE(Q? E.)) FFy (2 F’Q ), (2.10)
0 C
is presented here:

3

hysA+DB—=n+ Ta ATy AT Ta, n b (T, :

Eng B — h+X) dz, day, dze nPDF, (2., Q%) nPDF, (21, Q2

Dh abed

FELe (26, @, Ee) 0(Q%)(ab — cd). (2.11)

Within this approximation, the fragmentation process is not modified, but the parton
momentum is changed by the energy loss. The FF obtained from fits to measured
results from elementary collisions, i.e.eTe™, as for example by AKK [63], are used
instead of the nFF due to large uncertainties of the latter as explained earlier. The
parameter, which shows the largest uncertainty, is the medium-induced energy loss
P(AE(Q* E)). Understanding and quantifying this medium property as well as the
applicability of pQCD for the given process are among the major challenges in the
field.

In order to quantify the medium-induced energy loss, two effects are commonly
considered [64]:

e incoherent collisional energy loss (~ elastic scattering)
e coherent radiative energy loss (~ inelastic scattering),

which are sketched in figure 2.5. Whereas the collisional energy loss from elastic scat-
terings with thermal partons, i.e. partons not stemming from hard scatterings, affects
mainly partons at lower momenta [45], the radiative energy loss is commonly thought
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Figure 2.5: Diagrams for collisional (left) and radiative (right) energy losses of a quark
of energy FE traversing a quark-gluon medium. Figures and caption from [64].

to be dominant for high-pr partons with pr > 5GeV/c. Gluons and light quarks,
such as u, d, s, are expected to lose energy rather via bremsstrahlung (quarks) or
medium-induced gluon radiation (both), respectively, than from elastic scatterings.
This is opposite to heavy quarks (¢, b), where the radiative loss is supposed to be
reduced by the so-called dead-cone effect [65] and thus collisional effects could dom-
inate, which are mass dependent [66].

The inelastic radiation process induced by multiple scatterings involves gluons, that
are coherently radiated in a bremsstrahlung-like interaction. This is expressed in
pQCD for a large medium as compared to the mean free path A (L > ) via the
Landau-Pomeranchuk-Migdal (LPM) formalism [67, 68]. The LPM effect is expected
to cause a quadratic path or formation length (L) dependence of the mean radiative
energy loss [64]:

(ABSN) ~ augL?  (~ LT [69]), (2.12)

with the transport coefficient, governing the transverse momentum diffusion of a fast
parton per unit path length,

(Ch)Q
N
where A is the mean free path given by 1/(op), with p as the density, and (q,) as
the mean transverse momentum transferred from the medium to the parton per colli-
sion. (q,) characterizes the typical momentum exchange with the plasma. However,
it has not been clarified yet, if the total radiative energy loss really depends on L?
or on another power of the path length. The additional power of L as compared to
the collisional energy loss is one of the main reasons why the radiative energy loss
is considered to dominate [69]. According to [70], § could be thought to be energy-
dependent, although it appeared to describe the measurement only for very high pr.
Consequently, the gluon radiation needs to be tracked through the medium in order
to reveal the medium density and transport properties, that are both linked to L.
For the experimental realization, observables of the radiative energy loss are vital and
have to be defined. This leads to the definition of "jets", which will be explained in
the following section.
Summarizing this paragraph, for the understanding of the medium properties, the
following aspects of partonic energy loss need to be understood: path length depend-
ence, space time evolution and geometry, which influence the path length, quark-gluon
difference, difference of vacuum and in-medium radiation and the contributions of the
collisional and radiative energy loss to the total energy loss.

q= (2.13)
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Jets and radiative energy loss

A jet originates from a hard scattering parton, which produces a collimated parton
shower via the fragmentation process finally creating colour neutral particles with
subsequently lower momenta than the original parton momentum. The jet is defined
by a certain angular region, recovering the parton energy by the summation over all
produced particles in this region. The jet cone is determined by the distance parameter
R. The collimation into a jet-like shape is caused by the strong scale dependence of the
coupling, which leads to a suppression of large-angle radiation. In reality, however,
the full reconstruction of the parton energy is only possible in pp collisions, because
in heavy-ion collisions, the radiative energy loss of the parton in the medium plays a
major role.

The effect of radiative energy loss on a hard scattered parton can be visualised by the
measurement of the jet Ras. Basically, there are two scenarios:

e Raan =1 as aresult of jet broadening in transverse direction caused by in-cone
radiation in the medium. From these radiated gluons fragmenting outside the
medium (as the leading parton), the initial leading parton spectrum can still be
recovered.

e RAa < 1 due to out-of-cone radiation, which results into a modified jet pr spec-
trum and finally to a suppression of the yield in a given pr range as compared

to pp.

As figure 2.2 shows, the jet Raa at the LHC is compatible with that of inclusive
charged particles. In detail, the jet suppression is also around 0.5, hinting to out-of-
cone radiation. This could also include the absorption of the radiated gluons by the
medium. The saturation of the jet and hadron spectra Raa at very hight pr is not
yet fully understood and currently under investigation [70].

Apart from the nuclear modification factor as a function of pr, there is the so-
called Ipa parameter used for di-jet studies. Also here, a strong suppression is ob-
served: Di-jets are two jets which are assumed to originate from the same scatter-
ing process wherein they were produced with opposite transverse momenta. Hence,
their constituents are correlated not only within one jet but also between the two
jets. A correlation analysis (di-hadron analysis) is usually performed by selecting a
trigger particle with a given (high) momentum and calculating the angular differ-
ence in azimuthal direction between this particle and all others of lower momenta,
AP = Qtrig — Passoc- From this angular difference, two regions in A¢ can be dis-
tinguished: the near-side peak around zero and the away-side peak around =w. If
the integrated yield at the near or away side in AA collisions is divided by that in
pp collisions, the parameter Ixa is obtained, in analogy to Raa for the pr spec-
tra. Iaa is commonly studied as function of the trigger particle’s pr or of central-
ity. In pp collisions, the amplitude of both peaks is of the same order, whereas in
Au—Au collisions, the away-side peak is suppressed by a factor of 3 - 5 at RHIC
[72, 73]. The unmodified near-side peak is a result of the trigger particle procedure,
where with the trigger particle selection, partons from or close to the surface are se-
lected, which did not encounter energy loss. Their path length is hence much smaller
than that of the recoiled parton, which had to travel basically through the whole me-
dium and suffered strong energy loss. Therefore, one could think of the sensitivity of
this measurement to the path length dependence of the energy loss. Though, during
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Figure 2.6: Ixa for central (0 - 5% Pb—Pb/pp, open black symbols) and peripheral
(60 - 90% Pb—Pb/pp, filled red symbols) collisions. Results using different background
subtraction schemes are presented: using a flat pedestal (squares), using v2 subtrac-
tion (diamonds) and subtracting the large |An|-region (circles, only on the near-side).
For clarity, the data points are slightly displaced on the pr assoc-axis. The shaded
bands denote systematic uncertainties. Figure and caption taken from [71].

the long travel through the medium, the medium properties, i.e. its density, could have
already changed due to the rapid expansion. Interestingly, the shape of the away side
peak equals that in pp for trigger particles with pp = 7GeV/c.

In case of LHC, a suppression of 0.6 for the away side and a slight enhancement of 1.2
for the near side in central collisions has been reported by ALICE as seen in figure
2.6. The latter feature is observed for the first time [71] and could hint to a higher
? in the medium than in vacuum. For peripheral collisions, no suppression for the
near-side peak and only a small suppression (~ 0.9) is found for the away-side peak
indicating that this system is either smaller or less dense than in central collisions.
Remarkable is, that the I, is much smaller in central collisions at RHIC than at the
LHC, while this is not the case for Rya. The lower away-side Ixa suggests that the
medium is more opaque or stronger coupled at RHIC [74]. Since the Raa represents a
less differential observable, which integrates over the near- and away-side, the rather
similar Raa at both energies hints to a larger contribution from partons closer to the
surface (for which the loss of energy is generally less) to the Ry than to the away-side

IAA-

Attempts of basic Raa interpretation

For a basic understanding of the influence of the energy loss on the spectra and thus
on Raa, two simplified energy loss scenarios are considered in the following®. The
nuclear modification factors are calculated assuming a power-law behaviour of the
parton and consequently also of the hadron spectrum with Ed3c/d®py o< p1", which

corresponds to dN/dpr p}(nfl):

®This discussion is inspired by Macro van Leeuwen’s lectures within the Helmholtz Research
School for Quark Matter Studies in Heavy Ion Collisions (HQM) lecture week series [75].
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1. Constant energy loss

pr =pr+AE/c

(n—1)
1
Rapn=C —_— . 2.14
= AA +<1—|—AE/pTc> (2.14)

After the energy loss, the yield at a given pr in AA corresponds to the yield
in pp at a higher p%, which is lower than that at pr in pp. The constant C'
accounts for the relative amount of partons very close to the surface, that could
escape without being affected by the medium [49].

2. Constant fractional energy loss [76]

pr = pr + S(pr) with  dS/dpr = Sy

Baa—C 1 ()" 2.15
= = .
AA + (1 n So) (2.15)
The constant fractional energy loss Sy can be substituted by an effective frac-
tional energy loss Sj,ss via the relation Sy, = So/(1 + Sp), leading to

Rapn =C+ (1 — Sloss)(nim (2.16)

= Sloss =1- (RAA - C>m (217)

In the first case, the constant energy loss leads to a pp-dependent suppression. Since
AFE /pr decreases with larger pr, Raa is expected to increase and to finally approach
unity [42] depending on n. In the second case of constant fractional energy loss,
the measured spectrum shifts towards lower pr. For a pure power-law spectrum this
yields a constant Raa, which is indeed observed at ppr > 30GeV/c¢ (see fig. 2.2). For
a growing fractional energy loss with pp, the slope of Rap is softer than for the case
of constant energy loss. Consequently, the slope of Raa contains valuable informa-
tion about the momentum (energy) dependence of the energy loss. The sensitivity
to the details of parton energy loss is strongly correlated with the power n of the
parton spectrum, therefore the extraction of the energy loss from measurements is
not straightforward. It has to be clarified if the observed Ra is a result from a com-
bination of both discussed scenarios and if the assumption of a pure power-law with
the same n for all pr is correct [70]. In case of ALICE jet measurements, a slightly
smaller exponent is observed for pr = 20 - 125 GeV /¢ than for the charged particle
spectra with pr < 30GeV/c [60, 77].

Figure 2.7 shows the Rax of charged particles measured by ALICE [47] together with
the neutral pion® Raa in Au-Au collisions at \/syy = 200 GeV published by PHENIX
[78]. Both Raa are fitted with the function of equation 2.14 in order to extract the
constant energy loss AE and the fraction C' of partons with unmodified pr. At RHIC,
n = 8.1 [76], while at the LHC n = 6.47 is measured [60] for pr < 30 GeV/c. The re-
sults for C' = 0.12 seem to be similar for RHIC and LHC energies for both centralities
within the uncertainties. However, the value of C' in central collisions increases for
peripheral collisions by a factor 4 - 5. Since a smaller, less dense medium (if at all) is

6 A neutral pion, 7°, consists of a mixture of dd+uw quarks. Its Raa is hence comparable to the
charged particle Raa.



2.1. High pp: Fragmentation, jets and in-medium energy loss

cr:(( L2 Ran cent. 0-5% ‘ ‘ ‘ ‘ ‘ ] 0:55 3[R aa cent. 60-70% ]
+ h" ALICE, Pb-Pb |s, = 2.76 TeV ] [« h'ALICE, Pb-Pb \s\, = 2.76 TeV
I o 10 PHENIX, Au-Au VSyn =02 TeV ] ) 5:— o T PHENIX, Au-Au \[s = 91.2 Tev ]
fit: Ry = C + (1 + AE/p )" ] b it R, =C+ (1 +AER)"
08 h(LHC) = 6.47, n(RHIC) = 8.1 ] [ n(LHC) = 6.47, n(RHIC) = 8.1
—=C =0.12 + 0.01, AE = 8.28 + 0.68 GeV 2r—.C=061% 0.04, AE =10.20 £ 3.44 GeV
0.6 — ¢ =0.15 + 0.03, AE = 4.96 + 1.25 GeV 1 | — C =072 £0.05, AE = 4.61+2.11 GeV
4] /—H’ I H’ { !
02 fit: Ry, = (1+S)“*2
: wm s =0.23+0.02 |
Sios; = 0.19 £ 001 ’ 1
0510 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50
p, (GeVvic) p. (GeVic)

Figure 2.7: Nuclear modification factor of charged particles measured by ALICE [47]
and of neutral pions measured by PHENIX [78] fitted with equation 2.14 for the case
of constant energy loss (full, dashed line) and with equation 2.15 (dashed-dotted line).

expected for peripheral collisions, more partons could fragment outside the medium
and /or stem from parts, where they suffered no energy loss. The energy loss at RHIC
and the LHC remains rather constant for both centralities, whereas at the LHC AF is
almost twice as large as at RHIC, where AE ~ 5 GeV. If C' is neglected in the fit, the
energy loss reduces from 5 GeV to 2.3 GeV at RHIC and from 8.3 GeV to 5 GeV at the
LHC. Due to the large uncertainties of RHIC measurements, it is not yet possible to
conclude, if the Raa becomes similar to the LHC Raa above 12 GeV /¢, which would
influence the slope of the fit and hence the extracted energy loss. In case of the ALICE
measurement in figure 2.7, the plateau above pr = 30 GeV/c¢ was additionally fitted
with equation 2.15. For central collisions Si,ss = 0.2 and for peripheral S, = 0.07
was extracted with C' = 0. Thus, if all partons lost energy in the medium, the mean
fractional energy loss would be 20% (7%) as compared to the original p in pp colli-
sions. If 88% (39%) of the partons were affected in central (peripheral) collisions, the
fractional loss would be 25% (40%) instead. These simple considerations show the
need for further investigations concerning the disentanglement of the different modi-
fication options and the contribution of unmodified partons to the observables.

The energy loss can also be considered to be a pp-dependent momentum loss. This
is expressed by the prp-dependent momentum difference in AA and pp collisions
dpr = pr(pp) — pr(AA) as suggested in [78]. In figure 2.8, the comparison of
Sioss = 0pr/pr(pp) in central and peripheral collisions measured by PHENIX for 7° at
Vvsnn = 0.2TeV and by ALICE for charged particles at /sxy = 2.76 TeV is shown
as a function of the pp in pp collisions. Sy, Was extracted by employing a fit with a
power-law function to the (Tha) scaled spectrum in pp collisions and by calculating
the horizontal shift to the spectrum in Au—Au at each pr in pp collisions. The rel-
ative momentum change is constant below 12 GeV/c for all centralities and collision
energies. Only in central events a slight decrease is observed above this pr, which is
consistent with the slow rise of Rya. Although the Raa is similar above 10 GeV/c
for LHC and RHIC energies, Siss is 30% lower at RHIC, which could be a result
of the different n of the power-laws. Assuming that the fragmentation of the initial
parton remains unchanged after the energy loss, the fractional momentum loss can be
interpreted as average fractional energy loss of the initial parton [78].
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Figure 2.8: Sioss = dpr/pr for charged particles from ALICE [79] and for 7° measured
by PHENIX [78]. The error bars are statistical, the boxes around the points indicate
systematic uncertainties. Figure taken from [78]. The coloured lines at high pr mark
the results from fits with equation 2.15 with C' = 0 to the ALICE RaA in central
(green) and peripheral (blue) collisions.

In [80], an estimation procedure for the lower limit of Raa is introduced, which
can be regarded as a geometrical limit of Raa. This universal bound model considers
hadrons above pr = 5GeV/ ¢, where the collective flow effects (see section 2.2) are no
longer expected to contribute. The lower bound of Raa is given by

Npart 173

part )
2N, coll

R =k (2.18)
where the constant factor k "is an adjustable parameter of order unity; its numerical
value is universal for all particles (except perhaps for hadrons containing b quarks
at moderate pr) and is determined by the thickness of low-density 'corona’.'[80]. In
order to obtain R,, = k, the factor 2 in the denominator is inserted. Since R, is
expected to be 1, k should also be of the order of 1.
RYY™ is based on the following dependences given by the Glauber model, which is
referred to again in section 3.5: The volume R? is proportional to Npare and thus the
surface to volume ratio is o Nparfl/ 3. Taking into account that Neo o Npart4/ 3 one
obtains Nparfl/ 3 — Npart/Neonn- The model describes the lower bound of the data at
high pr quite well with £ = 1.0, as shown in figure 2.9. A question arising from this
is, if this is also true for other particle species than those containing u and d quarks
and if this limit is universal.

The findings with regard to the nuclear modification factor at high pr from RHIC
and the LHC are summarized in the following:

e RHIC: Rj, seems to slightly rise with pr, following the lower bound (see figure
2.9) given by the geometric limit from 5 - 12 GeV/ ¢, which hints to surface emis-
sion, i.e.only particles stemming from partons produced close to the surface of
the medium contribute to the particle yield at these pr. The remaining partons
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Figure 2.9: Nuclear modification factor of charged particles from ALICE [47] and of
7% measured by PHENIX [78]. The error bars are statistical, the boxes around the
points indicate systematic uncertainties. The lines marks the geometrical limit as
calculated in [80] with k£ = 1.

are absorbed such, that their energy is shifted to lower momenta contributing
to the thermal background. The approximate flatness of Ryx with pp could
also be the result from a spectrum shift by fractional energy loss. However,
within the present uncertainties, this remains a guess. At pr > 12GeV/c, the
suppression is similar to that at the LHC within the uncertainties. Nonetheless,
the modification in central events for both energies is strong (Raa ~ 0.2 - 0.4),
indicating that the medium is almost opaque and absorbs a lot of the energy of
a fast trespassing parton. The fit to the R assuming a constant parton energy
loss yields AE ~ 5GeV/c (2.3GeV/c¢) for C = 0.15 (0), the fraction of partons
fragmented outside the medium or unaffected by energy loss, which corresponds
to the estimate of the lower bound of Raa within the systematics.

e LHC: Rpa of unidentified charged particles is significantly pr-dependent, the
geometrical limit is only touched at pr = 6 - 7GeV/c (see figure 2.1). The
deviation from the constant geometrical limit at lower pr could be a result of the
steeper slope parameter of the assumed power-law shaped spectrum. A constant
behaviour is observed for pr 2 30GeV/c at a suppression of Raa =~ 0.4 - 0.5
[81], as seen in figure 2.2. According to [42], "at hypothetically large pr when
the total energy loss is negligible compared to the initial jet energy, the ratio
should approach to one". This still needs to be clarified by measurements at
pr > 300GeV/c, which is expected to be the case during the data recording
period starting in 2015. The fit to the Rx assuming a constant parton energy
loss yields AE ~ 8 GeV /¢, which is almost twice as much as at RHIC indicating
a more opaque medium at the LHC. Also at the LHC, the estimate of the lower
bound of Raa corresponds to the fraction C' = 0.12.
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Summarizing the models for parton energy loss contained in figure 2.1, such as

models based on a leading-parton energy loss description for elastic energy loss (o< L,
e.g. [82]), radiative energy loss (x T3L? e.g.(D)GLV [83, 84], ASW [85], AMY
[86], HT [87-89], YaJEM [90]), both mechanisms (WHDG [68]) and strong coupling
(< T*L3 in AdS/CFT 7 [91]), the resulting pr dependence of Rxa in these models
from intermediate to high pr is comparable. Concerning the charged particle Ras at
the LHC in figure 2.1, most of the mentioned models are able to reproduce the shape
but not the overall magnitude of the modification. Whereas the values obtained by
the elastic energy loss models are above the data at low pp, the radiative and strong
coupling models overestimate the suppression.
Taking into account the results from RHIC and the LHC at the same time, it seems
that the favoured power of L is 1 < n < 2 [69], which would mean that the radiative
energy loss dominates over the other energy loss processes depending on higher orders
of L. The dominance of elastic energy loss however is thought to be possible for heavy
quarks [92]. A clear distinction between the parton distribution modified by the path
length depended energy loss, a possibly modified fragmentation and the contribution
from partons fragmenting in- and outside the medium is difficult [42]. Therefore it is
questionable if the path length and temperature dependence can be extracted at all
from Ras. Concerning the radiative energy loss in the above-mentioned models, "in
addition to the microscopic model of the medium, a realistic calculation of energy loss
in heavy-ion collisions also requires a macroscopic model of the medium, specifying
the space-time dependence of the local properties of the plasma."'[93] For the same
parameters, the radiation formalisms yield different modified fragmentation functions
as it can be seen in figure 2.10, which demonstrates the difficulty of modelling the
plasma properties, as for example the medium response to a trespassing parton, and
the need for constraints from reliable measurements. It should be kept in mind that
the description of Raa by models is not enough, a complete understanding is only
possible if all observables can be described simultaneously. This includes Raa and Iaa
as well as the hadron pr spectra, the flow (see next chapter), the (relative) particle
abundances and particle correlations.

Energy loss and flavour dependence

Until now, no distinction with regard to the particle flavour was made. However,
the investigation of flavour dependent energy loss and the dependence on the number
of constituent quarks is important as well. Are the above-mentioned observations
universal in this respect?

The colour coupling factor for gluons given by QCD is larger by 9/4 as compared to
quarks. Thus, the QCD medium induced energy loss should consequently be smaller
for quarks than for gluons resulting in a smaller suppression for quarks. Moreover,
"the gluon density inside nucleons at small x is larger than for quarks; the gluon-gluon
scattering cross section is larger than the quark-quark; and a gluon jet produces more
[soft] particles than a quark jet."[42] In addition, the fragmentation functions by AKK
and KKP show, that for baryons the contribution of gluon fragmentation is larger than
for mesons.

The following research questions can be deduced from this discussion: Is the energy
loss independent of the quark mass and thus of the quark flavour? Is the suppression

Tanti de-Sitter conformal field theory (string theory)
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Figure 2.10: Comparison of quark fragmentation function ratios using four different
formalisms for a uniform medium with L = 2 fm and T" = 250 MeV. Figure and caption
taken from [93].

different for hadrons predominantly stemming from quark fragmentation to those
from gluon fragmentation, i.e.is there a difference in the modification for baryons and
mesons? Is a flavour or parton type dependent energy loss possible to be translated
into the suppression measured from identified hadrons?

Referring to the first question, in case of heavy quarks the energy loss is expected to
be even smaller than for light quarks due to the dead-cone effect [65]. This is supposed
to reduce small-angle gluon radiation for heavy quarks (already in the vacuum). The
medium influence is consequently smaller and thus decreasing the suppression. A
competing effect is the in-medium hadron formation and dissociation or melting [94],
which takes place at later stages as the initial scattering processes but being faster than
the light-flavour formation times. Which mechanism dominates is left to be clarified.
Concerning the second and third question, the particle production mechanisms need
to be considered: Either the constituent quarks of the hadron could have lost energy
before forming the hadron (recombination picture, see section 2.2) or the parton
fragmenting into the hadron could have suffered energy loss. The translation of the
observed identified hadron suppression to the energy loss is hence only possible, if
the production mechanisms of the hadrons are definite. In case of fragmentation, the
fraction of gluon and quark fragmentation leading to the hadron production as well as
the momentum distribution of the partons contributing to the hadron formation need
to be known. As explained earlier, this knowledge is available from the fragmentation
functions as determined by various groups [63, 95]. Since the fragmentation process
does not link a hadron pr directly with the parton pr it is created from - an integration
over the parton pr is needed (see equation 2.4) - the energy loss cannot be extracted
from the Rap if it is parton energy dependent. Consequently, the trial and error
principle perhaps seems to be the best opportunity, which means in detail, that the
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energy loss needs to be modelled by theory and the resulting Raa eventually to be
compared to measurements.

First it has to be clarified if Raa(h(u,d)) = Raa(h(s)) and whether this implies
AE(u,d) = AE(s). Additionally the question could be raised if the baryon and the
meson Raa are equal at high pr. In [96], for example, the proton Raa was calculated
to be smaller than the pion Rxs at RHIC, which was mainly caused by the different
fragmentation functions. Moreover, at present it is not clear, whether the energy loss
of light quarks is larger than that of heavy quarks and if this furthermore results into

RAA(h(hght quarks)) < RAA(h(C)) < RAA(h(b)) (219)

above pr = 10GeV/c. One idea behind is that at high momenta (pr > 10GeV/c¢),
the heavy-quark masses contribute more to the total hadron pp than light quark
masses at the same pp. Thus, if the energy loss increases with the velocity as it could
be the case for the collisional energy loss [66], the heavy-quark hadron suppression
can be thought be smaller than that of light-quark hadrons. On the other hand,
in addition, the above-mentioned dead-cone effect, reducing the contribution from
radiative energy loss for heavy quarks plays a role for this ordering. However, recent
calculations [97] weaken the importance of the dead-cone effect by showing that the
radiative gluon emission does play a significant role for heavy quarks from intermediate
to high pr. Moreover, it is stated that the dead-cone effect is only predominantly
present at lower pr though being much "less important than originally advocated".
On these grounds, the measurement and comparison of the mentioned differently
flavoured particles R is expected to provide a test of the colour-charge and mass
dependence of parton energy loss and may help to constrain model calculations on
fragmentation mechanisms in the system evolution of hot and dense nuclear matter.
This implies the path length dependence inside the created medium, the flavour and
colour charge dependence of the energy loss of the interacting partons surrounded by
the medium. From this, with the help of models it could be possible to constrain
the medium density and transport parameters. And finally it has to be clarified if
also the fragmentation is modified by the medium besides the parton spectrum or if
the fragmentation happens exclusively outside the medium. Important for that is the
understanding of the dynamical evolution of the system and the complete picture of
the partonic final-state interactions.

2.2 Low p;: Initial state effects and bulk

In the lower momentum region, the application of pQCD as well as the description of
the hadronisation process via the fragmentation functions is no longer valid. The so-
called bulk medium consisting of partons with mean pr or a temperature, respectively,
of around 200 MeV/c (at RHIC and LHC energies) is created at the early stage of
heavy-ion collisions, right after the initial hard scatterings. The bulk is considered
to be strongly gluon dominated as a result of the nPDFs. The measured hadron
spectra at low pr (pr < 2GeV/c) reflect the properties of the bulk at the so-called
kinetic freeze-out, when the momentum distributions are fixed and elastic collisions
stopped to occur. The shape of the hadron spectra can be described by an exponential
function,

oce 4PT (2.20)
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where the slope parameter a =~ 6 (GeV/c)™! [59] varies only little with the collision
energy. This functional form represents a Boltzmann spectrum of an equilibrated
thermal system. Via a more sophisticated model, the so-called Blast-Wave formalism
(98], the effective temperature

1+ fBr
1 —fBr

can be extracted, with Ti;, as the kinetic freeze-out temperature and g as the radial
flow velocity. In this model, a superposition of thermal sources is assumed, which are
boosted in longitudinal and transverse direction. Hence, the model can be regarded as
a simplified version of the hydrodynamical approach to describe the collision evolution.
The Blast-Wave function and the effective temperature, the latter is deduced in the
limit mt/pr — 1, contains the kinetic freeze-out temperature and the radial flow
velocity, which describes the boost of the thermal source resulting in a blue-shifted
temperature. The functional form of the spectra in this model is given by

dN R pr sinh p mr cosh p
m OC/O TdTmT [0 (T Kl T s (222)

Teg = Tiin -

(2.21)

where my = /m3 + p% is the transverse mass, p = tanh ™' (/g ) denotes the boost angle
or rapidity, Iy and K, represent modified Bessel functions®. If no radial expansion is
present, the formula reduces to

dN

- —mT /Tkin
mo me

x e for mr > Tin. (2.23)

The impact of the boost is visible in the rise of Raa at pr &~ 2 GeV/c. If the flow effect
was mass (constituent quark number) dependent, one would expect a mass (constitu-
ent quark number) dependent enhancement of Rys. At RHIC, such a mass ordering
was indeed observed [99]. To show this at LHC energies is one motivation for this
thesis besides the investigation of the high pr region.

In addition to the radial flow, which is triggered by the expansion of the source, the
so-called elliptic flow acts on the parton momenta in non-central AA collisions. The
elliptic flow is a result of a initial spatial azimuthal asymmetry (initial elliptic shape
of the over-lap region) relative to the reaction plane resulting in a pressure gradient,
which finally causes an anisotropic particle production. The elliptic flow is quantified
by the parameter? vy and usually measured as a function of py for different central-
ity classes and particle species. The largest elliptic flow is observed in mid-central
collisions, because here, as compared to peripheral collisions with the strongest asym-
metry, the amount of partons is still large enough to transport the pressure. The
pressure transport is only possible if a collective behaviour of the medium constitu-
ents is given, allowing that the momentum kick from the pressure gradient caused
by the spatial anisotropy is imparted among the partons. The fact, that elliptic flow
is observed for the final state hadrons, shows, that the thermalisation of the system

8Solution of the Bessel linear differential equation of second order. Modified means here, that the
behaviour is exponential instead of oscillating.

9Second component of the Fourier expansion of the azimuthal dependence of the invariant yield
[100, 101].
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happens rapidly, i.e.a hydrodynamical system is established before the anisotropy
vanishes [24, 102]. Rapid means in this case that 7 < 1fm/c, which is much smaller
than the system life time of 7 ~ 10fm/c [103].

The discovery of collectivity and fast thermalisation at RHIC and at the LHC are im-
portant findings and an essential input for the EoS. From this review here, flow seems
not to be expected in pp collisions - currently it is heavily discussed if pp collisions at
LHC energies could built up flow after all. This discussion is triggered by the results
of di-hadron correlations in pp, which show as a function of the azimuthal and polar
angular difference a similar background profile (a ridge structure on the near-side) as
it is observed in Pb—Pb collisions [104]. In the latter system, this structure is thought
to be caused by flow. Since in pp collisions at LHC, multiplicities are measured, which
are comparable to that of semi-central Pb—Pb collisions, the question of a spacious
system in pp - a core -, where collectivity can occur, is reasonable. In [105] a collect-
ive hadronisation is suggested and the inclusion of radial flow seems to improve the
description of identified hadron spectra in pp [106]. Whether this is the whole answer,
remains to be validated within the field.

The above-mentioned Blast-Wave model as a simplified hydrodynamic description
is usually used in order to extract the total yield of a particle species since most meas-
ured spectra are restricted to a limited pr range. For a more system evolution oriented
consideration, though, the full hydrodynamic formulation is employed. Within the
discussed pr range of 0 < pr < 3GeV/¢, the description of the hadron spectra via
pure hydrodynamics works reasonably well at RHIC as well as at LHC energies [107,
108].

The hydrodynamical formulation of the system evolution, of the deconfined phase
and of the resulting formation of hadron spectra is based on the conservation of the
energy-momentum tensor

™ = (e + P)u*u” + Pn", (2.24)

with P = P(e) as the EoS, u* the fluid velocity, n** the metric tensor, and the baryon
number B via

Ou (") =0, Ou{jg) =0, (2.25)

assuming local thermal equilibrium [6]. The latter though, takes a short time to
evolve (7 =~ 0.2 - 0.4fm/c [102]), which allows the description of the system via a
hydro-approach only after the earliest moments of the collision. Hence, the initial
conditions (energy density, entropy, net baryon density), as an essential input for
the calculations, need to be constrained by measurements, as for example particle
multiplicities and transverse energy. From the experimental results for the above-
mentioned flow components and those of higher order, matter properties such as
the velocity of sound and the viscosity (or shear viscosity, describing the dissipation
due to internal friction, over entropy density 1/s) can be extracted. This extraction
however is strongly model dependent, since some features, e.g. the energy density
profile, do need to be modelled and hence bear a source of systematic uncertainties.
From the simulated time evolution, a lower limit of the initial temperature can be
deduced, when comparing the calculations to data [37]. Generally it is stated, that
the EoS is well constrained by LQCD. The remaining open aspects including the
energy density profile, equilibration times, possible pre-equilibrium processes and a
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Figure 2.11: Transport properties of strongly correlated fluids. The ratio of shear
viscosity to entropy density s as a function of (T" — T,)/T., where T, is the super-
fluid transition temperature in the case of ultra-cold Fermi gases, the deconfinement
temperature in the case of QCD and the critical temperature at the endpoint of the
liquid gas transition in the case of water and helium. The QGP point (square) is taken
from the analysis of viscous hydrodynamics, the open squares show lattice QCD data
and the lattice data for the ultracold Fermi gas are displayed by the open circles. The
dashed curves are theory curves. The theories are scaled by overall factors to match
the data near T,.. The lines labelled "holographic bound" correspond to the Kovtun,
Son and Starinets (KSS) bound and the Gauss-Bonnet bound. (Figure and caption
taken from [8].)

possible core-corona separation as well as the exact hadronisation process, though,
reflect the uncertainties of the hydrodynamical approach [37, 109].

If a perfect fluid, i.e. a fluid with vanishing viscosity, is considered, the expectation
values can be parametrized only by the local energy density, €, and the local pressure,
P [6]. The success of viscous hydrodynamical calculations in describing the pr spectra
as well as the flow components at RHIC and LHC energies has however shown that
the medium behaves only approximately as a perfect fluid, approaching closely the
lower bound of /s = 1/(47) ~ 0.08 (in units of i/kp) as given by AdS/CFT [110].
This finding adds the viscosity to the parametrisation. For comparison, in case of
strongly correlated classical fluids the value is much bigger than h/kp, in case of
strongly correlated quantum fields however, it is of the order of h/kp, "indicating that
dissipation is governed by quantum effects" [8] as it is also the case for ultra-cold
Fermi gases, which is shown in figure 2.11.

That the viscosity indeed matters is shown by the authors of [111], from which figure
2.12is taken. In this figure, the initial energy density as well as the energy density after
a system evolution time of 6 fm/c in case of an ideal and a viscous fluid, respectively,
are illustrated. Whereas in the ideal case, the initial fluctuations are still somewhat
recognizable, the viscosity leads to a significant effect of dissipation. Translating
this effect into the calculation of the elliptic flow, it turns out that viscosity reduces
the flow effect as compared to the ideal case. This reduction of the flow, which is
needed to reproduce the measurements, can be tuned by the value of the viscosity.
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Figure 2.12: Energy density distribution in the transverse plane for one event with
b = 2.4fm at the initial time (left), and after 7 = 6 fm/c for the ideal case (middle)
and with /s = 0.16 (right). Figure and caption taken from [111]. Calculations from
the viscous fluid-dynamic simulation MUSIC.

Recent calculations indicate, that the system at the LHC seems to be "less ideal" than
at RHIC [102], where n/s ~ 0.12 is 40% smaller than at LHC energies. Since "a
small n/s is generally considered to be evidence for the on-set of a strongly-coupled
deconfined plasma early in the evolution of the collision"[112], does a larger value hint
to a "weaklier" coupled system as it could be expected due to the dependence of ay
on the energy scale?

Baryon-to-meson-enhancement

In figure 2.13, the proton-to-pion-ratio measured by ALICE is shown for different
centralities. In central collisions the ratio exhibits a baryon-to-meson enhancement
compared to more peripheral collisions. This enhancement is well described by vis-
cous hydrodynamics for pr < 3GeV/c. Since within the hydrodynamic picture, the
collectivity and the flow respectively are the main ingredients, the proton-to-pion ra-
tio can be understood as a result of the mass ordering induced by the radial flow,
pushing heavier particles to higher pr. In contrast to the anisotropic elliptic flow, the
radial flow is strongest in central collisions and increases with collision energy if the
same centralities are considered [107].

Leaving the hydro-regime and regarding now the momentum region above, another
hadron production mechanism or the hadron production influencing mechanism may
come into effect. The authors of [115] propose "that hadron production at momenta
of a few GeV/c in an environment with a high density of partons occurs by recombin-
ation, rather than fragmentation, of partons." It is shown "that recombination always
dominates over fragmentation for an exponentially falling parton spectrum, but that
fragmentation wins out eventually, when the spectrum takes the form of a power-
law." Recombination means in this case that baryons and mesons are formed within
a densely populated phase space from combinations of the available quarks and anti-
quarks during the hadronisation process, i.e.at a late stage of the system evolution.
Since the population in the lower py region is much larger than at higher pr due to the
steeply falling parton spectrum, the recombination is expected to appear mainly at
low pp. The low phase space density at high pt seems to suppress the recombination,
although it is principally much easier to build a high pr hadron from three quarks
with momenta of pr/3 than from a fragmenting parton which needs to have a much

€ [fm™]
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Figure 2.13: p/m = (p+p)/(7* + 77) as a function of py for different centrality bins
compared to ratios from the Krakéw [113] and HKM [114] hydrodynamic models and
to a recombination model [115]. Figure and caption taken from [107].

higher pr than the resulting hadron. Two basic features characterize the recombina-
tion model: "the probability for the emission of a meson (baryon) is proportional to
the single parton distribution squared (cubed), and the parton momenta sum up to
the hadron momentum."[115]

Concerning the elliptic flow v, in the recombination picture this quantity should not
scale with the particle mass but rather obey the quark number scaling. The latter is
given if the vy distributions of different particles fall on a single curve when v, and
the corresponding pr are divided by the number of constituent quarks. At RHIC,
such a scaling was indeed observed, though at the LHC, it is violated by ~ 20%
[116]. As a remark, in case of RHIC, the key measurement for the idea of constituent
quark number scaling was the vy and the Raa of the ¢ meson, which has a slightly
larger mass than a proton but shows a similar v, and suppression as the pions [99].
Regarding the particle production in central collisions, baryons should hence profit
more from the radial partonic flow than mesons, because baryons consist of three
quarks whose pr were shifted to higher values. Consequently, in the recombination
picture, an enhancement of the baryon-to-meson ratio could be expected for central
collisions, where the radial flow is largest. Therefore, the observed baryon-to-meson
enhancement in central collisions at RHIC [99, 117, 118] could be interpreted in terms
of recombination at intermediate pr. Comparisons of model calculations with data
from RHIC show an agreement up to pr ~ 5GeV/c [118].

Is recombination also given at the LHC? When does fragmentation take over? This
discussion is left to the last chapter of this document.

2.3 Modification of K and A(A) p, spectra in Pb—Pb collisions

The K? meson and the A(A) baryon are particles containing strange quarks. Prior to
the review of the thesis title and its motivation, the role of strangeness in heavy-ion
collisions is discussed in the following.
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particle mass quark decay BR cT
(GeV/c*) | content channel | (%) | (cm)
baryons
A 1.115 uds p+7m | 639 7.89
== 1.321 dss A+ 7" 1999 4.91
=0 1.314 uss A+7% 995 | 87
Y 1.672 Sss A+ K™ | 678 2.46
mesons
KO 0.498 | Z5(ds+ds) [t + 7 | 69.2 | 2.68
K™ 0.494 us pt 4+ v, | 63.6 371
K~ 0.494 us po + v | 69.2 371

Table 2.1: Strange particles analysed or regarded in this work. BR: branching ratio,
cr: mean proper decay length. Values from [13].

2.3.1 What a strange particle! - Strangeness in AA collisions

"The very high abundance of strange particles, in particular of hyperons (the Omega-
to-pion ratio increases by up to a factor 20 from pp to Pb—Pb), was predicted as a
consequence of QGP formation. Today it is interpreted more generally as a manifesta-
tion of statistical hadronisation from a thermalised medium, where most hadrons, not
only those containing strange quarks, are created in thermal equilibrium ratios."[119]

Strange particles are those particles, which consist of at least one s (S) quark. In
case of strange baryons, one also speaks about hyperons. The particles analysed (A,
K?) or regarded in this work are listed in table 2.1. In case of the baryons, also the
anti-particles with opposite charge as well as the corresponding anti-quark content
and the anti-decay-particles are considered, which are not included in the table.

The occurrence of strangeness is dominated by the production from fragmentation
and string breaking as compared to the availability as sea-quarks in the nucleons
determined by the PDFs. Simply speaking, strangeness needs to be produced during
the collision in contrast to u and d quarks, which are present as valence quarks at the
initial state. The dominant mechanism is the gluon fusion with gg — ss. Quark-anti-
quark annihilation is suppressed, because the time scale is too long as compared to
the QGP equilibrium and to the gluon fusion.

In central AA collisions, where a thermal equilibrated state is likely to be formed, also
statistical equilibration is thought to be reached. Statistical equilibration is produced
in a "system of hadrons of given energy, baryon number and strangeness from some
non-hadronic state by a statistical process, which fills hadronic phase-space in the
statistically most probable configuration."'[120] Since strangeness is conserved by the
strong interaction, s and s quarks have to be produced by the same amount. Hence,
in small systems, together with one strange hadron, another hadron with opposite
strangeness has to be created inside the small volume at the same time. The latter
requires more energy as compared to heavy-ion collisions, limiting the production
rate: In AA collisions, the strangeness conservation needs to be fulfilled only globally,
because the production of a strange hadron can be compensated by the production
of an anti-strange hadron on the other side of the nuclear fireball [120] - the larger
phase space relaxes the local strangeness conservation. Whereas pp and peripheral AA
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Figure 2.14: Enhancements in the rapidity range |y| < 0.5 as a function of the mean
number of participants (Npat), showing LHC (ALICE, full symbols), RHIC and SPS
(open symbols) data. The LHC data use interpolated pp values (see text). Boxes on
the dashed line at unity indicate statistical and systematic uncertainties on the pp or
pBe reference. Error bars on the data points represent the corresponding uncertainties
for all the heavy-ion measurements and those for p—Pb at the SPS. Figure and caption
taken from [108].

collisions can be regarded as canonical systems, central AA collisions rather represent a
grand canonical ensemble [121]. Consequently, one speaks about canonical suppression
of strangeness in pp collisions as compared to AA collisions.

The strange hadrons profiting most from the strangeness re-distribution within the
system are the multi-strange hadrons such as = and Q. In figure 2.14 (a,b), the ratio
of the abundances of these particles from pp to central heavy-ion collisions are shown
as a function of Ny for SPS, RHIC and LHC energies. The ratios are normalised to
Npare in order to account for the system size. The observed strangeness suppression,
represented by the ratios all exceeding unity, is increasing with decreasing collision
energies. In case of the 27, the values are larger than for == at all energies, which
could be a result of the triple s quark content of the 2~ reflecting the enhanced ss in
a hot and extended medium.

Apart from the multi-strange baryon production, also the abundances of single strange
particles are of interest. Within this work, additionally the production of single
strange particles as compared to pp and to pions is addressed.

As soon as the mean free path of the elastic reactions becomes larger than the
system size as a consequence of the expansion, the thermal equilibrium collapses
and the system freezes out. This freeze-out reflects the already mentioned kinetic
freeze-out. Prior to that, the system is anticipated to freeze-out chemically, i.e.the
thermal equilibrium is maintained, but the hadron abundances are fixed due to the
vanishing inelastic reactions [6]. Thus, the chemical freeze-out is expected to occur at
a higher temperature T, than the kinetic freeze-out. Therefore, in order to obtain a
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full description of the particle production from a hydrodynamical consideration, the
calculation of the hydrodynamical phase must be followed by a hadronic freeze-out
formalism including the freeze-out stage(s). The assumption of their duration as well
as of the chemical freeze-out existence and its temperature are the main source of
large systematic uncertainties of the calculations.

The following parameters mainly describing the particle production in equilibrium are
Tw, pp via the ratio of the p/p yield,

—2up

=exp Ten | (2.26)

T Tl

and the volume V, that is typically constrained by the pion production, as a nor-
malization parameter [122]. Statistical hadronisation models (SHM) are relatively
successful in describing particle abundances and the corresponding particle ratios.
The chemical freeze-out temperature is obtained from a global fit to a large number
of different particle yields. Current estimates are Ty, = 156 MeV (up = 0) in [123]
and Ty, 170 MeV (up = 1 MeV) in [124]. These models, as mentioned at the beginning
of this section, assume a thermally equilibrated, grand-canonical system, that finally
freezes out after the creation of hadrons. The hadronisation process is described by
the formation of massive colourless objects such as clusters. "Each cluster gives rise
to multi-hadronic states in a purely statistical fashion,"[125] which means that the
formalism for statistical ensembles are used to extract information, such as the chem-
ical freeze-out temperature, from the clusters. Most of the SHM models additionally
contain the so-called strangeness suppression factor 75, which is 0.5 - 0.7 in elementary
collisions and ~ 1 in non-peripheral heavy-ion collisions.

Closing questions are: How is the thermal equilibrium established? How is the
chemical and the kinetic freeze-out reached; are they universal? Does a chemical
freeze-out exist or is there only one freeze-out stage? These aspects are still under
investigation. Two competing scenarios for the equilibrium are discussed in [119]:
The system is either evolving into (thermal) equilibrium or the partons are born
into (phase-space) equilibrium [126]. It has to be clarified, "whether it is a proper
thermal-statistical equilibrium in a finite volume or rather a phase space dominance
effect."[127] The authors of [128] argue that the chemical freeze-out is indeed given
by a universal statistical hadronisation. While the latest temperature of chemical
equilibrium is expected to be universal and to coincide with the critical (cross-over)
temperature from LQCD, T, is found to be centrality-dependent. On the other hand,
since the chemical freeze-out temperature resembles the QCD temperature, doubts
exist, that the chemical freeze-out takes place at all or at least appears as a separate
stage of the collision.

2.3.2 RAA of Kg and A(K)

Summarising this chapter, the working title of this thesis, "Modification of K¢ and
A(A) pr spectra in Pb-Pb collisions with ALICE', adds two further dimensions to
the initial problem statement as discussed at the beginning: Could an AA collision
be understood as a superposition of single pp collisions?

During the last sections it was argued that AA collisions are not comparable with a
pp superposition picture, neither at high nor at low pp. At high pr, the fragmentation

and/or the energy loss in the medium cause the difference, while at low pr, different
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strangeness production mechanisms are at work. In case of flow, the situation in pp
seems to be less clear, but flow is in fact considered to be strongest in Pb—Pb collisions.
The additional dimensions as further means for exploring possible differences of the
two collision systems, here, are the strangeness on the one hand and the baryon-versus-
meson comparison on the other. The advantage of KY and A(A) as compared to the
multi-strange particles is given by their larger pr reach, enabling the study of the
high pr region, where the fragmentation and the parton energy loss are the aspects
of interest. The low pr region is investigated in order to quantify the strangeness
production and to investigate the balance of different particle production mechanisms
in the two collision systems. The main research questions of this work are:

e How does the Rap of K? and A(A) compare to that of unidentified charged
particles?

e Is the modification different for different flavours?

Are there divergences for baryons and mesons?

Is the modification different for particles and anti-particles?

How does the modification change, when comparing to lower collision energies?
e How much strangeness is produced in pp at the LHC?

For addressing these questions, the pr spectra of K and A(A) are determined in
pp collisions as well as for different centralities in Pb—Pb collisions. The adjacent
chapter reviews the experimental conditions, the data analysis is then discussed in
the subsequent chapter.







"ALICE (A Large lon Collider Experiment) is a general-
purpose, heavy-ion detector at the CERN LHC which focuses
on QCD, the strong-interaction sector of the Standard Model.
It is designed to address the physics of strongly interacting
matter and the quark-gluon plasma at extreme values of en-
ergy density and temperature in nucleus-nucleus collisions. Be-
sides running with Pb ions, the physics programme includes
collisions with lighter ions, lower energy running and dedic-
ated proton-nucleus runs."

ALICE Collaboration [129]

The ALICExperiment

At the research centre for nuclear and particle physics CERN in Geneva (Switzerland)
the currently largest and most powerful particle accelerator is in operation, the Large
Hadron Collider (LHC). The ALICE apparatus, as one of the main LHC particle
detectors, is located at the interaction Point 2 of the LHC ring. In figure 3.1 the
LHC complex, the location of the LHC experiments and the different accelerator
components used for the pre-acceleration are sketched. The LHC is capable of colliding
protons with protons (pp), lead with lead nuclei (Pb—Pb) as well as protons with lead

nuclei (p-Pb).
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Figure 3.1: A sketch of the CERN accelerator complex [130].
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Chapter 3. The ALICExperiment
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Figure 3.2: A schematic drawing of the ALICE detector set-up with abbreviations of
the sub-detectors [131].

3.1 The detector set-up

The ALICE apparatus is designed for the measurements of high energy Pb—Pb colli-
sions. The challenge to cope with is the large particle multiplicity, which is 100 - 1000
times larger than the multiplicity in pp collisions. Whereas CMS and ATLAS are
intendedly constructed to track special particles (mainly muons and electrons) from
pp collisions at large transverse momenta, ALICE has its strength in measuring all
kinds of charged particles with low as well as high momenta and accomplishing the
large track density in central Pb—Pb collisions at the same time thanks to the high
detector granularity. An example for a high multiplicity Pb—Pb collision as seen by
the Time Projection Chamber (TPC) of ALICE is shown in figure 3.3. The low mo-
mentum threshold is around pi™ = 0.15 GeV/c¢ with a relative momentum resolution
of 3.5% (10% at pr = 50 GeV/c). The particle identification (PID) capability covers
a pr range from 0.15 - 20 GeV/c.

The detector layout is mainly based on the so-called onion layer model. In the
central-barrel, defined as the volume inside the L3 solenoid magnet with a B-field of
0.5 T longitudinal to the beam axis, detectors for vertex finding, tracking and PID
are installed. Their order is chosen such, that they meet the requirements of coping
with the local track density and simultaneously ensuring a sufficiently high vertex and
momentum resolution.

The determination of the collision vertex is the fundamental task in collider experi-
ments, since the vertex marks the reference point for the track finding and reconstruc-
tion. Hence, a high granularity of the vertex detector system, a fast detector response
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Figure 3.3: An event display of a Pb-Pb collision recorded in 2010 as seen by the
central barrel detectors of ALICE.

as well as a short distance to the interaction point are important. For this reason,
most vertex detectors are pixel detectors surrounding the interaction point. The track
density decreases with the growing distance to the collision vertex. Therefore, the high
granularity required of the innermost detector for the vertex reconstruction can be
reduced at some distance, which marks the transition from one to another detector
system. In case of ALICE, the central-barrel detectors covering the full azimuth® are
the Inner Tracking System (ITS), the TPC, the Transition Radiation Detector (TRD)
and the Time Of Flight detector (TOF) (see figure 3.2). Each detector has its own
strengths and capabilities, which are discussed in the following section for some of the
detectors that are important for the present analysis.

In order to enlarge the precision in the high momentum region as well as on the iden-
tification of selected particles such as photons, the Photon Spectrometer (PHOS),
the Electromagnetic Calorimeter (EMCal), and the High Momentum Particle Identi-
fication Detector (HMPID) were added to the detector system covering around 100°
degrees in azimuth. Common to all mentioned detectors is the symmetric polar accept-
ance coverage around the origin of the coordinate system. The individual acceptance,
however, is different for each system. Usually, the polar acceptance is expressed in
terms of the pseudo-rapidity? n, for example |n| < 0.9 in case of the TPC. Furthermore,
forward detectors (non-symmetric coverage in 7) were installed to perform the trig-
gering, the event characterization as well as the multiplicity measurement (see section
3.5) and the muon identification. The majority of these systems, such as the plastic
scintillator detector VZERO, the quartz Cherenkov detector T0, the Photon Multi-
plicity Detector (PMD) and the silicon-based Forward Multiplicity Detector (FMD)

! "The ALICE Coordinate System is a right-handed orthogonal Cartesian system defined as
follows. The origin is at the LHC Interaction Point 2 (IP2). The z axis is parallel to the mean beam
direction at IP2 and points along the LHC Beam 2 (i.e. LHC anticlockwise). The x axis is horizontal
and points approximately towards the centre of the LHC. The y axis, consequently, is approximately
vertical and points upwards."[131]

2= —Intan (g) , with 0 representing the polar angle.
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are installed inside the L3 magnet. Only the Zero Degree Calorimeter (ZDC) and
the Muon spectrometer, the latter is operated with an additional dipole magnet, are
placed outside symmetrically in azimuth around the beam line. The polar acceptance
coverages of all referred detectors can be found in [131].

The following sections describe in more detail the TS as well as the TPC specifica-
tions and capabilities as both are the main detector systems used within this analysis.
These systems are also the main charged-particle tracking detectors of ALICE. Fur-
thermore, a section is dedicated to the VZERO detector of /from which the multiplicity
information for the event characterization is extracted.

3.1.1 Central barrel: ITS and TPC

The ITS is the innermost layer of the detectors in the central barrel and surrounds
the beam pipe. The system itself consists of three layers, each of them employing
a different detection technique. The detector sub-system with the smallest radius
(3.9cm, |n| < 2.0) is constructed by two layers of Silicon Pixel Detectors (SPD), which
can be also used for triggering. The second system is given by two layers the Silicon
Drift Detectors (SDD), that can be also used for a specific energy loss measurement
(dE/dzx) thanks to its analogue readout to measure the deposited charge. This is also
true for the third system, consisting of three layers of Silicon Strip Detectors (SSD)
with an outer radius of 43cm (|n| < 1.0). It is important to mention here that the
dFE/dz measurement is only used for tracks at very low pr (pr <0.15 - 0.7GeV/c
depending on the particle species).

The TPC is a gas detector used for tracking as well as for PID by the principle
of the specific ionisation energy loss of charged particles traversing the gas. This
cylindric detector, surrounding the ITS covers an acceptance of || < 0.9, which is a
result of its dimensions that are 5m in beam direction and a radius of 2.5m. The
active volume ranges from 85 cm < r < 247 cm and is filled with a gas mixture of Ne-
COg. The read-out is placed perpendicular to the beam axis at the opposite end-caps,
and is segmented into 18 individual read-out sectors. Each of them consists of 159
pad-rows for measuring the charge deposit caused by the trespassing charged particles
ionising the gas.

The connection between the PID and the d£/dz measurement is given by the Bethe-
Bloch formula [132]:

dE\ 4n Net 22 2mc? 22 5(8)
(&)= e (n =0, o

where N is the number density of electrons in the matter traversed, e is the elementary
charge, m. c? is the rest energy of the electron, z the charge of the particle and 3 its
velocity. [ represents the mean excitation energy of the gas atom. With p/(mc) = 57,
the energy loss can be formulated as function of the particle momentum. In turn, for
a given momentum, dF/dz depends only on the charge and mass of the particle.

Each particle mass yields a different Bethe-Bloch curve according to which a probab-
ility of having found a particle of this specific mass is calculable. The complication of
this method lies in the fact that the curves for some particles cross or have the same
shape in some momentum regions. Figure 3.4 displays this description by showing the
specific energy deposit versus the particle momentum together with ALEPH paramet-
risations of the Bethe-Bloch formula. Concerning the PID performance, "a truncated
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Figure 3.4: Specific energy deposit (dE/dz) in the ALICE TPC vs. particle mo-
mentum in Pb—Pb collisions at \/syn = 2.76 TeV. The lines show the parametrizations
of the expected mean energy loss. Figure and caption taken from [131].

mean dE/dz (40% highest-charge clusters discarded) is calculated and used for a wide
range of momenta. The largest separation is achieved at low pr (pr < 0.7GeV/c) but
a good separation is also present in the relativistic rise region (pr >2.0GeV/c) up to

20 GeV/c."[131]

3.1.2 VZERO detectors

The major tasks of the VZERO system are to provide triggers (see section 3.2.1) and
to separate beam-beam interactions from accelerator background events, e.g. beam-
gas interactions. In addition, the measurement of the luminosity®, needed for the
determination of the absolute cross-section of the collision, as well as the measurement
of the charged particle multiplicity for the centrality determination are performed by
the system [133].

The VZERO system consists of two parts in opposite forward direction, the VZERO-
A detector at 2.8 < n < 5.1 and the VZERO-C detector at -3.7 < n < -1.7. In
figure 3.5 their position along the beam axis relative to the interaction point (IP)
is sketched. Both detectors are built from plastic scintillating material connected to
photo multiplier tubes for read-out. The sensitive surface perpendicular to the beam
line is segmented into rings, that are read out independently.

3The luminosity is defined via the beam interaction rate R = ¢ L, where o is the interaction cross-
section and the luminosity L = f n%. The latter is determined by the revolution frequency f of
the accelerated particle bunches, N is the number of particles in each bunch, n is the number of
bunches and A is the cross-sectional area of the beams [10].
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Figure 3.5: A sketch of the VZERO system component positions along the beam line
[134].

3.2 Data taking and analysis environment

3.2.1 Trigger

A very important step in the data taking procedure is the selection of events to
be recorded. Not every detector signal is connected to a real hadron collision and
not every hadron collision is of interest in the given research programme. Already
during signal collection the so-called trigger system is capable of selecting certain
event classes, which are meant to be stored.

Besides beam-gas collisions, the machine background originating from beam machine
material interaction (e.g. material knock-out) need to be separated from the intended
beam-beam collisions. If these satellite events are recognized early enough by, for
example, the VZERO detector system, the other central barrel detectors do not need
to be switched to the read-out mode. This selection of events and the communication
among the different detector systems is called triggering. In addition, the trigger is
responsible for checking if some detectors are in a busy state, i.e.if they are currently
not available for data taking, and for providing a past-future protection*. The latter
is important since some detectors as the TPC have long sensitive times (88 us as
compared to 25 us between the bunch crossings (machine clock cycle)) during which
they register tracks from already passed and recent collisions [135].

The ALICE trigger system is subdivided into three levels: L0, L1, L2. In addition
there is the so-called High Level Trigger (HLT), which filters events that passed 1.2
and hence, allows to trigger on special physics cases such as jets or high momentum
electrons. "The trigger decision is generated by the Central Trigger Processor (CTP)
of ALICE based on detector signals and information about the LHC bunch filling
scheme."[131] Afterwards, the CTP sends the correct sequence of trigger signals to all
detectors [135].

The Level 0 trigger collects information from the VZERO system, T0, SPD, EMCAL,
PHOS and MTR. Already at this level beam-gas events are rejected. The time between
a collision and a L0 decision is about ~0.9us. The L1 trigger decision relies on
informations from the ZDC, EMCAL and TRD, which takes an additional time of
~ 6.5 us. Both, the LO and the L1 trigger the buffering of the event data in the

4i.e. veto those interactions wherein pileup of more than one interaction is contained.
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front-end electronics. Only on L2 it is decided whether the data are sent to the Data
Acquisition (DAQ) as well as to the HLT. The whole decision process from L0 to L2
takes about ~107.4 us.

3.2.2 Computing

Due to petabites of data, the processing of the tracking as well as the analysis requires
an appropriate environment offering high enough computation speed and adequate
disk space. In view of these requirements, the GRID computing was accomplished,
which aims at providing resources e.g. computing power, storage, software. In detail
the GRID coordinates and integrates these resources that are not subject to centralized
control [136]. This means that the storage and the computing are hosted in different
control domains, which can be the user’s desktop or the CERN computing facility.
The GRID can be regarded as a virtual organization, that shares its resources with
others [137]. Service level agreements define how a member of a virtual organization
can access the resources. Due to the necessity for dynamic resource allocation, grid
computing enhances the previous distributed computing paradigms in various ways.
Current GRID systems expose local computing resources to a larger number of users
via the Internet, using GRID middle-wares such as Globus [138], gLite [139], Unicore
[140] or ALIEN [141] in case of ALICE.

In addition to the GRID, analyses are also performed on local computing farms as
for example "Prometheus" at GSI. There, the main parts of this analysis were carried
out via the so-called analysis train. An adapted version of the latter is also run on
the GRID by the ALICE collaboration.

Apart from the computing resources, a coding environment is vital for a well
structured and organised data analysis. All individual data analyses as well as the
event and particle track reconstruction are employing the coding framework of ROOT,
the particle physics analysis tool invented at CERN [142]. FEach experiment has
established its own specific programming environment on the basis of C++ and ROOT.
In case of ALICE, the corresponding software is named AliRoot. Each piece of code to
be added or changed needs to fulfil the coding rules of ALICE, before being committed
to AliRoot.

3.3 Event and track reconstruction

The detector information stored during the read-out need to be translated into par-
ticle track information such as charge of the particle, the track curvature, the track
momentum, the track position and length, the specific energy loss in the detector
material. The detector information is available as digits or cluster of digits, which
are digitised signals (ADC counts) from the sensitive readout parts of the detector
components. By the help of the AliReconstructor (see figure 3.6) taking into ac-
count the track bending due to the magnetic field as well as the material budget, this
information from the several clusters is combined in order to reconstruct the particle
track and the collision vertex. During the reconstruction procedure of the raw data
containing the cluster information, the so-called offline (i.e. after the data taking) de-
tector calibration is performed. This procedure is repeated up to three times in order
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Figure 3.6: The ALICE data and track reconstruction framework for MC and data
[143).

to improve the quality of the calibration iteratively and to reduce the uncertainties
on the track information. The final data format of the output of the reconstruction is
called Event Summary Data (ESD). It contains lists of reconstructed tracks, i.e their
properties as well as global event properties like the collision centrality and the vertex
position.

A more detailed description of the tracking procedure in ALICE is given by the
sketch in figure 3.7. Directly after the clusterisation, the preliminary primary colli-
sion vertex finding is started using information of the SPD, the innermost layer of
the ITS. The primary vertex position serves as input for the next tracking step, the
track finding in the TPC. There, the preliminary tracks are calculated under the as-
sumption to originate from the primary vertex and to stem from pions, i.e. the pion
mass is associated with each track in order to calculate the momentum from the track
curvature. This step is followed by a matching procedure, which tries to find the
corresponding track parts in the ITS. Only if a match is found, the track finding in
the ITS is performed. The tracks are successively propagated in outward direction to
find matches in the other detector systems such as the TRD, TOF, EMCAL, PHOS
and the HMPID. Finally, the tracks are propagated in the inward direction trough the
whole apparatus. At this moment, the vertex reconstruction is revisited and finalized
with the fully propagated tracks. The assumption, that all tracks originate from the
primary vertex, however, is not true. Therefore, subsequently a decay vertex (second-
ary vertex) finding is performed before the reconstruction procedure is finalized.
The reviewed reconstruction procedure is also followed in case of simulated collisions.
Here, the collision is obtained from event generators such as HIJING [144] in case of
Pb-Pb, PYTHIA [145] or PHOJET [146] in case of pp and DPMJET [147] or EPOS
[148] for all collision systems. These generators are based on or use in some way
pQCD calculations as mentioned in chapter 2 and constraints provided by measure-
ments. The particles created in the generated collision are then propagated through
a detector simulation yielding the digits and clusters needed as input for the recon-
struction scheme (see figure 3.6). The detector simulation is currently performed with
the GEANTS3 software package [149].



3.4. Secondary vertex reconstruction

r ---------- . .
I Clusterization | Prehmln.ary (SPD) TPC track TPC track
i (all detectors) I-’ Interaction ™ findin ™ matching in ITS
bbb A vertex finding g g
Track |nw.ard Track ou.tward propagatlor\, length Standalone ITS |
propagation [®] integration for PID. Matching to TRD, track findin
with final refit TOF, EMCAL, PHOS, and HMPID g
Final inte.rac.t'ion | Seconda.ry Yertex L, Céscfade
vertex finding (VO) finding finding

Figure 3.7: The ALICE track reconstruction scheme [131].

3.3.1 Calibration

The calibration strategy includes the online calibration, i.e.a calibration already ap-
plied during data recording, and the offline calibration, which is performed during the
event and track reconstruction process.

Important for the online calibration is information about the conditions, as for ex-
ample the temperature and pressure conditions for each detector system, because they
affect the detector response and operation. These data are continuously monitored
by the detector control system (DCS) and are processed by the DAQ system. Finally
the calibration data are stored in the online calibration data base (OCDB) for each
run. A run is defined by the events continuously recorded until the data acquisition
is stopped.

The offline calibration is performed during the reconstruction process, which is ex-
ecuted after the data acquisition. During cpass0O, only a few events of each run are
reconstructed in order to obtain input for the following calibration process. "The com-
plete calibration reconstruction sequence is thus: cpassO, calibration, cpassl, quality
assurance and calibration, manual multi-run calibration, validation pass, quality as-
surance, physics reconstruction pass, quality assurance." [131] The complete calibra-
tion, however, is finalized after the data taking period. The reason for this is the
quality assurance process including run-wise checking, which needs to be manually
performed.

3.4 Secondary vertex reconstruction

Two procedures for secondary vertex reconstruction are implemented in AliRoot. Fig-
ure 3.8 depicts the track topology of the daughter particles from K¢ (K — 7% + 77)
and =~ (2= — A+7) decays. The basic principle of finding a secondary vertex is the
combination of two tracks from particles of opposite signed tracks, which are close in
3D and which are presumably originating from the decay of one mother particle. At
this stage, no mass for the daughters is assumed, the secondary vertex is reconstruc-
ted via geometrical considerations and only a 3D momentum vector is calculated from
the daughter tracks. The properties of the combined tracks as well as of the resulting
mother momentum are requested to pass some quality selection criteria before being
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Figure 3.8: Secondary vertex reconstruction principle, with K? and Z~decays shown
as an example. For clarity, the decay points were placed between the first two I'TS
layers (radii are not to scale). The solid lines represent the reconstructed charged
particle tracks, extrapolated to the secondary vertex candidates. Extrapolations to
the primary vertex and auxiliary vectors are shown with dashed lines. Figure and
caption taken from [131]. A° means in this case A.

stored as secondary vertex and as a so called V® candidate respectively. The term V°
accounts for the V-shaped track topology of the daughters and 0 stands for the decay
of neutral particles. The identification of a V° candidate with a specific particle spe-
cies, i.e. with a specific mass, is performed at the analysis level via an invariant mass
analysis assuming specific masses of the daughter particles. This analysis technique
is explained in more detail in chapter 4.

Whereas the so-called offline V° finder is executed after the tracks were reconstruc-
ted, the so-called on-the-fly VO finder is already operated during the track fitting.
The on-the-fly V° finder checks if the y? for a track matching with the primary vertex
is above a minimal value. In case of a large x2, the track is assumed to originate
from a secondary vertex and is combined with a candidate of opposite charge from
the so-called track hypothesis tree (a virtual intermediate storage system during the
reconstruction process). The tracks are re-fitted under the assumption to stem from
this secondary vertex candidate taking into account the material budget®. The latter
can be different for the re-fitted track as compared to the first reconstruction due to
a possibly changed track position and curvature. Nevertheless, the track information
from the global fitting are kept and stored for further usage. The V° track candidates
and the secondary vertex candidate, i.e. the mother particle, need to fulfil a number of
conditions, which are similar to the offline V° finder but less restrictive. In case of the

5The detector material causes an energy loss of the particles while traversing the detectors and
needs hence to be carefully taken into account.
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offline V? finder, due to the larger amount of combinatorial background from random
track combinations, the storage and the computing time would be too large if there
were no tight selections. The on-the-fly finder reduces the combinatorial background
via the causality selection. This selection minimizes the impact of falsely associated
clusters. In detail, the absence of space points in ITS layers which lie between the
primary vertex and the decay vertex can be required. Hence, in comparison to the
offline VY finder, the on-the-fly finder procedure strongly relies on the quality of the
performance of both, TPC and ITS, as well as on the detector geometry and ma-
terial budget description. The following selections (cuts) are applied during the V°
reconstruction process:

e DCA /o: The Distance of Closest Approach (DCA) of the V? candidate mo-
mentum vector to the primary vertex is required to be below a given threshold
in order to increase the probability of finding a primary V particle and to re-
duce the combinatorial background (BG). Within the V° finder algorithm this
variable is scaled by the error ¢ of the DCA determination, since this quantity
forms a Gaussian shape, where the width is independent of the particle mo-
mentum. It also takes into account the possible difference in the reconstructed
track position in the transverse plane and along the beam direction [150].

e DCA,/0: The normalized DCA between a daughter track of a VO candidate to
the secondary vertex (DCA; and DCAj; in figure 3.8). Also here, the DCA4/0
is expected to be below a given value in order to reject false VO candidates or
reduce the number of candidates with an insufficient vertex resolution. Indeed,
this selection reduces the BG as well. In addition, a minimal DCA of a daughter
track to the primary vertex can be required in order to ensure that the track
does not origin from the primary vertex and hence does not belong to a V°,

e cos(PA): The cosine of the Pointing Angle (PA), which is represented by 6 in
3.8, is a comparable variable to the DCA. However it offers a higher granularity
and the effect of a cut in cos(PA) is stronger than a cut on DCA thus reducing
also more BG.

e mass hypothesis: If the daughter tracks of a V? candidate are associated with
the masses of the decay products of an assumed mother particle, it is not clear
whether the assumption represents the truth even if the mass of the mother of
interest is reproduced from the 4-momenta of the daughter tracks. If at the
same time the same daughter tracks are associated with the masses of the decay
products of another particle and if the mass of the latter particle is reproduced
as well, then the V° candidate is rejected. This selection represents a cut on the
mass hypothesis.

3.5 Centrality determination in Pb—Pb collisions

Collisions or events, respectively, can be characterised and identified via trigger schemes.
Such schemes do not only contain selections on real collisions or on the incidence of
a special particle type above a momentum threshold, also a classification in terms of
the collision centrality can be performed, either at the trigger level or at a later stage
of the analysis.
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Figure 3.9: Fit of a Glauber model calculation to the VZERO amplitude represent-
ing the charged particle multiplicity at mid-rapidity measured by ALICE in Pb-Pb
collisions at \/sxny = 2.76 TeV. The area is split into the centrality classes (see text).
Figure taken from [31].

The impact parameter of two colliding extended objects describes the distance of

closest approach in the transverse plane to the collision axis between the centres dur-
ing the reaction. In order to study changes of the system behaviour with the impact
parameter, the determination of the latter of each collision is necessary since it cannot
be induced from outside i.e. it is not possible to control the overlap with the help of
the accelerator system. Technically, it is impossible to collide two single Pb ions or
protons at these high energies due to their dimensions of femtometer. Therefore, in
order to enhance the success rate of a collision, bunches of 10'° densely packed Pb
ions are collided instead; this underlines again the necessity of triggering on interest-
ing events.
Furthermore, the impact parameter is also not directly accessible via detector in-
formation. The key observable for its extraction from data is the charged particle
multiplicity for each collision (or the corresponding detector amplitudes), which is
sampled for all recorded events yielding the distribution in figure 3.9. The frequency
distribution of the amplitude in the VZERO detector is shown, which is proportional
to the charged particle multiplicity in the given acceptance. This distribution is over-
laid with a calculated curve obtained from the Glauber model [151] for the given
experimental conditions. The connection between the multiplicity and the impact
parameter is established by the model linking the multiplicity of a collision with a
minimal and maximal impact parameter via the so-called nuclear thickness function
Taa. Consequently, the relation between the impact parameter and the multiplicity
is not unique due to the fact that only the probability of a certain multiplicity at a
given impact parameter is predicted by the model.

A common method in the field is to determine the centrality of a collision in percent
of the overall hadronic cross section o or of the total number of hadronic interactions
Ny, respectively. The total hadronic cross section is given by the integral of the
measured particle multiplicity distribution for a given collision energy and system. In
figure 3.9 the centrality classes are indicated by the areas between the vertical lines. A
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centrality class is fixed by a minimal and maximal multiplicity and can thus be related
to a certain range of the impact parameter. "In ALICE, the centrality is defined as the
percentile ¢ of the hadronic cross section oas corresponding to a particle multiplicity
N, above a given threshold (N ):
1 7 do
cr —

oan J dNg
Ntr

ch

dNgp. (3.2)

The percentile of the hadronic cross section is determined for any value of the VZERO
amplitude by integrating the measured VZERO amplitude distribution normalized at
the anchor point VOAP, it is necessary to know the particle multiplicity at which the
purity of the event sample and the efficiency of the event selection becomes 100%.
We define the Anchor Point (AP) as the amplitude of the VZERO detector equivalent
to 90% of the hadronic cross section. For example, if we define V as the VZERO
amplitude, the top 10% central class is defined by the boundary V010, which satisfies
3.3

[ (@Ne/dV)av
V010 —— ' [31] (3.3)

[e.e]

[ (dNe/dV)dV

VOAP

Although the Glauber model is not directly needed for the centrality class determin-
ation, it is vital for the calculation of the total cross section, which is the input for
the centrality class definition (equation 3.2): At low multiplicities (amplitudes), the
trigger efficiency decreases and the collisions are dominated /influenced by electromag-
netic and other background processes. Hence, the measurement yields larger values at
low multiplicities that need to be corrected by the Glauber fit to the higher multipli-
cities in order to determine the unbiased number of events at low multiplicities. The
centrality for each event can then be independently calculated from the multiplicities
detected by VZERO-A, VZERO-C, ZDC, SPD, and TPC. The total hadronic cross
section in Pb-Pb events at /sy = 2.76 TeV is

opppp = 7.7 £ 0.1(stat.) "0 0 (syst.) b [131]. (3.4)

Another advantage of the Glauber model fit is that variables as the number of parti-
cipating nucleons in the collision Ny, the number of colliding nucleons N and the
nuclear thickness Typ are accessible for each centrality class as average values over
the corresponding impact parameter range. Table 3.1 provides a compilation of these
values for the centrality classes studied in this work.

3.6 Cross sections in pp

A centrality classification of pp events is not adequate due to the elementary charac-
ter of the reaction. Thus, analyses for multiplicity classes are commonly performed
instead. Although this is not the case in this work, the determination of the total
inelastic cross section is reviewed in the following, because the normalisation of the
particle spectra to this cross section is needed as it is explained later.
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| centrality class | (Neon) | (Npart) | (Taa) (mbarn™) |

0- 5% 1685 382.7 26.32
5-10 % 1316 329.4 20.56
10 - 20 % 921.2 260.1 14.39
20 - 40 % 438.4 157.2 6.85
40 - 60 % 127.7 68.56 1.996
60 - 80 % 26.71 22.52 0.417

Table 3.1: Mean number of binary collisions (/N ), mean number of participants
(Npart) and the mean nuclear thickness (Tha) for different centrality classes. Compil-
ation of values from [31].

In Pb—PDb collisions, the total inelastic cross section is basically given by the total
hadronic cross section. Inelastic, non-hadronic processes, such as diffraction and elec-
tromagnetic reactions only contribute at very low multiplicities. Due to the triggering,
these kind of events are mostly rejected, for which reason the measured cross section
needs to be corrected. The resulting uncertainty in Pb—Pb is small since the major
part of the distribution at higher multiplicities is fully given by measurements. As
pp collisions show similar multiplicities as low multiplicity Pb—Pb events, the effect
of missed events is much larger, resulting in a larger correction of the hadronic cross
section to the total number of inelastic events. Furthermore, the correction procedure
is more complex, because the Glauber model is not applicable here.

The fraction of missed inelastic events in pp is extracted from the so-called van der
Meer scan® of events triggered as VZEROand or MBand. The chosen reference process
for all of these scans is the coincidence of hits in the VZERO detectors on the A and C
sides (MBand). The resulting cross section of this process is oypana = 47.4 + 0.9mb
[131]. For MBor events, a cross section of oype = 55.5+ 1.0mb was obtained [60,
153] at a trigger efficiency of 88.1% [153]. Concerning the procedure for extracting the
total inelastic cross section, "a Monte Carlo simulation, tuned so as to reproduce the
fractions of diffractive events observed in data, was used to determine the efficiency
of the MBand trigger for inelastic pp interactions. The MBand cross sections were
then corrected for this efficiency"[131], which yields

omer = 62.8735 (MC) =+ 1.2(vdM) mb (3.5)

for \/s = 2.76 TeV [153].

SFurther details can be found in [152].



Analysis: Reconstruction of KU and A(A\)
transverse momentum spectra

4.1 Transverse Momentum spectra

The transverse momentum spectra determined and analysed in this work for K

and A(A) are represented by the following relation:

1 &N 1 dN 1 1 1
= [R A — . FDCOIT abes 41
Neydprdy  Ney(tioem) Apr Ay eff. BR (pr) normy, (4.1)

where N, is the number of analysed events, Ay is the rapidity window, "eff." means
efficiency, BR denotes the branching ratio of the selected decay channel, FD o (pr)
the feed-down correction and norm,,. represents some additional normalisation abc.
The invariant yield, i.e. the yield being invariant under Lorentz transformation® and
describing the total cross section of the VY production, can be calculated by dividing
each yield for a given pt by 27pr:

d?’_cr B d3o B d3o N d2o B od?N ( 2)
dp? dgprdp,dpr  deprdydpr 2rprdydpr  2mprdydpr

The normalisations and corrections in equation 4.1 are elucidated in the following.

e N,: The spectrum is normalized to the number of analysed collisions (events).
These events have to be selected according to defined quality criteria such as the
performance of the detectors, the trigger scheme and the vertex position as well
as reconstruction quality. Concerning the detector performance, the so-called
run condition table can be considered in order to select the runs corresponding
to the required detector criteria. If an event passes these selections, the event
is investigated further according to its vertex properties. The standard vertex
position window along the beam axis (z) is | Zyerter| < 10 cm. If an event is finally
excepted, it counts as analysed event and the pr spectra analysis is processed
subsequently.

LShift of the 4-D (time, 3D space) reference frame in one direction with a constant velocity. This
is the case if a steady observer watches a moving system with a constant velocity. In the latter
system, the physics and the velocity of light in particular must be the same as for the observer.

—73—
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e Avy: The rapidity window represents a selection in longitudinal direction. The
rapidity itself is a relativistic representation of the longitudinal velocity of a
particle with energy E and longitudinal momentum py:

1 E+pr, -1 (pL)
=_1 = tanh — 4.3

where p,/E = fr, = vy /c. Contrary to pr, pr, is not invariant under Lorentz
transformation in z-direction. Therefore, the choice of the rapidity instead of
pr for the definition of the yield is a must. Usually, a rapidity window around
mid-rapidity is selected since the spectra, i.e.the particle production, are con-
sidered to be independent of the rapidity or at most weakly dependent there.
Most theoretical models also restrict the calculations to this window in order to
facilitate the modelling, because boost-invariance can be assumed. Moreover,
at mid-rapidity, the particle production is largest, allowing a large variety of
studies.

e Apr: denotes the width of the pr bin, i.e. the pr range of a given data point.

e efficiency: The efficiency correction is important due to imperfections of the
detector and the reconstruction procedure. In addition, selections on the par-
ticle track qualities and variables reduce the measured yield, which needs to
be corrected for. In the following, the efficiency includes also the acceptance
correction accounting for the limited apparatus size and coverage.

e BR: The branching ratio is included in order to scale the Vs to the total yield,
which is expected, if all decay channels were measured. Usually, the analyses
of decay particles are restricted to a certain decay channel either for feasibility
reasons or due to the very small BR of the other channels permitting a thorough
study.

e FD o (p1): The so-called feed-down correction is needed in case particles of
the same species not originating from the collision process itself but from a

particle decay contribute to the yield. This is important for A(A) but negligible
for K2.

e normg,y.: In case of pp, some additional normalizations are needed, which was
already mentioned in section 3.6.

If there is no difference in the treatment of A and A, the symbol A refers to both
particles.

Invariant mass analysis

The yield per pr bin of a VY particle is extracted via the invariant mass analysis. For
each pr bin, the invariant mass,

M2 =P2= (P, + Py = (B + E) — (0 +13)° (4.4)

is calculated for each available VO candidate, where P = (E,?) is the four-momentum
(Lorentz vector) of the mother particle and P; are the four-momenta of the daughter
particles. Associating the daughter 3D momenta (ﬁ and 171>) with the masses of the
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Figure 4.1: Invariant mass distributions of A (top left), A (top right) and K? (bottom)
candidates measured in Pb—Pb events integrated over all pr. The arrows indicate the
value of the literature mass of the particles.

decay particles in a specific decay channel of the considered V° particle yields £, and
E, via E? = m2+ p;2. Only if the VO candidates represent the VO particle of interest,
the invariant mass distribution exhibits an enhancement around the given mass value.
Figure 4.1 shows such an invariant mass distribution for KY — 7+ + 7~ in the lower
panel, for A — p + 7~ in the left and for A — p + 7 in the right panel.
The fact that a mass peak with a non-vanishing width is observed in the measurement
instead of a delta function, has two reasons: First, a definite peak width is given for
quantum mechanical reasons reflecting the mean lifetime 7 of a particle, whereby the
width is given by I' = A/7. This width is however of the order of eV to keV, which is
very small as compared to the second effect: the momentum resolution is limited due
to limitations of the detector as well as due to the measurement itself affecting the
tracks, as for example the material budget, causing an energy loss of the particles. The
momentum resolution ranges from 1.5 - 10% within the momentum range considered
in this work. Hence, widths of a few MeV can be expected. Actually, through the
measurement of the peak width, the resolution of the detector can be cross-checked.
Finally, the enhancement of the invariant mass distribution needs to be quantified,
which is performed via the subtraction of the background (BG). This background
mainly consists of V® candidates, whose daughters were obviously associated with
incorrect masses, or of the combination of tracks, which do not stem from any V°
decay. These candidates are summarized as combinatorial BG.

The following section documents the run and event selection for Pb—Pb and pp,
respectively. In addition, the Monte-Carlo (MC) simulation samples used for the cor-
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Data set or sub-set ‘ no. of events ‘

minimum bias 17 M
cent. 0- 5% 849 k
cent. 5-10% 850 k
cent. 10 - 20% 1688 k
cent. 20 - 40% 3397 k
cent. 40 - 60% 3394 k
cent. 60 - 80% 3397 k

Table 4.1: Number of events of the Pb—Pb 2010 data set (minimum bias) and the
sub-sets according to the centrality selection.

rections of the spectra are specified. In section 4.3 the track selection for V° candidates
is discussed, which is followed by the review of the yield extraction procedure and a
short detailed discussion of the peculiarities of the pp reference. After the present-
ation of the raw spectra in Pb—Pb and pp, the previously introduced corrections to
the spectra are explained and documented. Before the final results are presented, the
systematic uncertainties are reviewed and discussed.

4.2 Data selection

Pb—Pb collisions at \/s\y = 2.76 TeV

Data

For this analysis, the Pb-Pb data at /sy = 2.76 TeV recorded in 2010 was analysed.
The corresponding data sample was processed in the ESD format. The run selection
was based on their quality labels: A "good" run is given if all main tracking detectors
(ITS and TPC) were sending signals and were performing in the expected manner
during the data recording. Moreover, the calibration of these runs must have had to
be properly executed before the reconstruction. The selected runs are listed in the
appendix B.1.

The number of events before event selection is 46.5 M. After the selection of collision
candidates and the vertex selection this number reduces to 17 M. In table 4.1, the
numbers of events for the different centrality classes are collected. The following
listing summarizes the event selections for Pb—Pb collisions:

1. Physics selection: Collision candidates
2. Trigger class selection

3. Vertex position: The vertex determined by all global tracks was used. The
z-vertex position was required to be within +/— 10 cm on the z-axis.

MC

The MC productions used for this analysis are minimum bias samples containing
events simulated with the HIJING event generator. Only the runs of the MC sample,
which correspond to those used in the data analysis, were taken. In two of these
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samples, additional particles were generated on top of the underlying HIJING event
in order to increase the statistics of high-momentum particles. These injected particles
are

e 4 A and A with an my-scaled pr spectrum

e 1 K? and 1 A with a flat pp spectrum from 1 - 10 GeV/c and from 1 - 20 GeV/c,
respectively

e 3= and =% with a flat pr spectrum from 1 - 15GeV/c.

These particles were injected with a flat 6 distribution, which implies a different
rapidity distribution as compared to the data.

In order to determine the systematic uncertainty due to the material budget estim-
ation, two additional the MC productions were studied. In one sample the material
budget is enhanced by 7%, whereas in the other it is reduced by 7%. The findings from
this study can also be used for the pp analysis since the material budget uncertainty
is not expected to be strongly multiplicity dependent.

pp collisions at /s = 2.76 TeV

Data

In case of pp at /s = 2.76 TeV, the data from 2011 was analysed. Two data sets
with different reconstruction schemes are available. The data sample was reconstruc-
ted once with and once without SDD information. The corresponding names of the
resulting two data sets used in this text are wSDD and nSDD, respectively. The
selected runs, which are the same for both reconstructions, are listed in the appendix
B.1.

The total number of analysed events before the physics selection is 75 M for wSDD
and 80.2 M for nSDD. After all event cuts, the remaining statistics is 24.5 M for wSDD
and 52 M for nSDD. The difference in the final statistics is owing the fact that the
readout time of the SDD is twice as slow as that of the TPC (500 us busy time).
Therefore, if the data taking rate is adapted to the TPC readout time, only each
second event contains information from the SDD. Thus, if the SDD is required in the
reconstruction scheme, each second event, the one without SDD information, is not
considered. As a result, the final statistics of the wSDD sample is half the statistics
in nSDD. In order to take advantage of both the larger statistics in nSDD and the
additional detector information for the tracking in wSDD, both samples were studied.
In the next chapter the impact of the SDD in- and excluded, respectively, during the
reconstruction is discussed in more detail.

Contrary to Pb—Pb, the primary vertex selections become very important in pp due
to the lower number of produced particles, which complicates the vertex determination
but enlarges the vertex resolution if a vertex is found. The number of particle tracks,
which contribute to the primary vertex determination, was required to be larger than
one in order to ensure that a real vertex for the triggered event was measured. In
summary, these event selections were applied:

1. Physics selection: Collision candidates

2. Trigger class selection
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3. Existence of a vertex: Requirement of more than one particle track contrib-
uting to the vertex position measured by the SPD or TPC.

4. Vertex position: The vertex determined by all global tracks is used. The
z-vertex position was required to be within +/— 10 cm on the z-axis.

MC

The MC productions were specifically produced for this analysis. Only events which
contained at least one A, A or K0 with pr > 2GeV/c were accepted during the
simulation. For systematic studies especially of the low pr region, also the default
minimum bias samples and one sample with different injected particles were studied.

4.3 Track selection

The event selection is followed by the selections on the VO candidates as well as on the
VO daughter track properties. The V° finder employed in this work is the on-the-fly
VO finder.

In section 3.4, the default selection criteria for on-the-fly VO candidates and their
daughters were already discussed. These selections enhance the probability of obtain-
ing a real V° among the fakes as well as the amount of secondary vertices with a
reconstruction of good quality in the sample. However, they do neither guarantee a
high quality of the daughter tracks nor a specification of the mass of the daughters
and thus of the mass of the mother. Therefore, in addition to the internal cuts of
the V? on-the-fly finder, cuts on the daughter tracks regarding their pseudo-rapidity
(to be within the TPC acceptance), their measured space points in the TPC and the
specific energy deposit were introduced. In order to further reduce the BG, the selec-
tions on the DCA,, of the mother to the primary vertex?, on the cosine of pointing
angle (cos(PA)) of the mother and the DCA between the daughters (DCA4) were
tightened. Additionally, a cut on the transverse decay vertex R,, was introduced,
which is discussed later.

In case of K?, a cut in the Armenteros-Podolanski diagram?® was applied in order to
smooth the BG. The latter has initially a very irregular shape due to the internal
on-the-fly VO finder selections. In figure 4.2, this diagram is shown, relating gr, the
relative transverse momentum of the positive daughter to the mother, to «, which
basically describes the decay asymmetry in longitudinal direction. The ellipse span-
ning the whole diagram represents the K, whereas the smaller ellipses on the left and
right hand side mark the A and A, respectively. The intended cut, which is applied
for the figure, removes the contributions by A and A from the K° distribution via
requiring the K? values for gr to be above an a-dependent limit represented by the
lines perpendicular to the K? ellipse in the diagram. Hence, this cut removes BG
contributions as well as those VO, which could either yield a K0 or a A. In case of A,
no such cut was used since it introduces an irregular BG shape.

For the proton identification in case of A, the specific energy loss information from
the TPC was used. In order to select protons, the cut of nopotonTrc < 3.00 was

3

2Since the vertex resolution in z-direction is worse than in zy and a cut in zy imposes a constraint
in z as well, the cut in the xzy-plane was chosen.
3For details see appendix A.1.
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selection criterion VU || value (Pb—Pb) value (pp)
or applied or applied
or pr range or pr range
daughter track variables
7| < 0.8 < 0.8
x? per cluster < 4 < 4
TPC crossed rows > 70 > 70
TPC refit yes yes
found/findable TPC cluster > 0.5 > 0.5
DCA between Kl || < 023 cm | < 0.4 cm
daughters Al < 0.35 cm | < 0.4 cm
PID TPC dE/dz for p(p): no | A || < 30 < 3o
VY candidate variables
rapidity |y| < 0.5 < 0.5
DCA,, K? | < 04cm | < 0.4 cm
DCA,, A < 1.2cm | < 1.2 cm
cos(PA) KO || > 0.99 > 0.99
cos(PA) A > 0.998 > 0.998
decay radius R, > 5 cm | > 5 cm
Armenteros-Podolanski:
q. > 02|« K || all GeV/e | < 6 GeV/c

Table 4.2: Selections on the VY candidate and its daughters in addition to the on-the-
fly VO finder cuts. Explanations see text.

applied in the full momentum range. In case of the pions from the A, no such cut
was introduced, since the correlation between the proton and the pion momentum
resulting in the correct A mass already works as a quite good selection on the pions.
For the pions of K°, no dE/dz selection is needed, since the applied topological cuts
are much stronger. In addition, roughly 90% of the measured charged particles are
pions, hence the effect of a dE/dx cut is small as compared to protons.

All cuts presented in table 4.2 were balanced such that they optimize the background
(BG) shape for fitting as well as the signal-to-background ratio or the significance,
respectively, and impose only a relatively small amount of signal loss. Corresponding
figures showing the impact of these cuts are presented in section 4.4.3.

As compared to the offline V° finder, the background shape for V% from the on-the-
fly finder is more difficult to describe. However, the efficiency at low and high pr is
larger for the on-the-fly V° finder and thus allows to extend the pr reach with the
same statistics by one to two additional bins at high pr, increasing the pr range by
70% (KY) and 35% (A) from 12 to 20 and to 16 GeV /¢, respectively.

4.4 Yield extraction procedure

In the following, the yield extraction from the invariant mass distributions of K

and A(A) is described: First, the BG underneath the mass peak needs to be deter-
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Figure 4.2: Armenteros-Podolanski diagram in Pb—Pb collisions at /sy = 2.76 TeV.
The red lines mark the cut applied for K?. Only K? with gp values above the lines
were accepted.

mined. This can be achieved via the mixed-event method?, the like-sign method® or
via a fit considering the regions on the left and right hand side of the peak at the same
time. Since the VO candidates are already built during the reconstruction, where the
daughter momenta are refitted to match the secondary vertex, neither the mixed-event
nor like-sign method is applicable for the on-the-fly Vs. Second, the estimated BG is
subtracted from the invariant mass distribution leaving basically only the peak. The
yield corresponds to the amount of entries in this remaining peak. This procedure is
depicted in figure 4.3, where an invariant mass distribution for A is shown together
with the BG fit. The BG subtracted peak is shown in addition.

4.4.1 Background fit for background subtraction

For the determination of the BG underneath the mass peak, a fit of the BG excluding
the peak region was performed. The fit range and the size of the peak window was
varied with pp according to the change of the peak width and the background shape.
For the fit function, a polynomial was chosen. Its order was changed with pr from 5th
to second or first order at high pr. The order dependence on pr is documented in table
4.3 for KY and 4.4 for A, respectively. When the statistical error and the statistical
fluctuations became large at the same time, the fit method of x? minimization was
changed to the likelihood method (see table 4.5). Contrary to the first method, the
latter takes empty bins into account, which becomes important in case of low statistics.
The quality of the BG fit was checked via monitoring the y? for each pr bin and in
addition by eye. In case of a large x?, the fit range was iteratively varied during the
fitting procedure.

4Combination of a daughter track from one event with another from another event.
5Combination of two particle tracks in the same event with the same sign.
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Figure 4.3: Example of an invariant mass distribution of A candidates in central Pb—
Pb events for 1.5 < pr < 1.6 GeV/c. The red line is a fit to the BG excluding the mass
peak region and the orange area marks the remaining peak after the BG subtraction.

Pb—Pb Pb—Pb Pb—Pb PP
order | cent. 0 - 20% | cent. 20 - 60% | cent. 60 - 80% MB
) 0.5<pr<3.4 0.6<pr<3.4 0.6<pr<2.6
3 0.1<pr<6.0 0.1<pr<0.5 0.1<pr<0.6 0.1<pr<0.6
3.4<p1r<6.0
6.0<pr<12.0 | 6.0<pr<12.0 3.4<pr<6.0 | 2.6<pr<5.5
1 12.0<py 12.0<pr 6.0<pr 5.5<pr

Table 4.3: pr regions in GeV/c for the usage of a given order of the polynomial for
the BG fit of K?.

4.4.2 Signal extraction

The signal was extracted by subtracting a histogram filled partially with the values
of the fit function and partially with those from the BG from the invariant mass
distribution. The mass window, where the fit function was used instead of the true
BG distribution, corresponds to the mass peak range from the aforementioned fit
procedure. Afterwards, the remaining distribution consisting of the mass peak and
few remnants from BG subtraction was fitted with a Gaussian® to determine the mass
(i.e. the mean) and the peak width (o). The peak width serves as input for the mass
window determination used for the subsequent signal extraction, which was performed
by bin counting. The mass range was about 4o for all studied particles. At high pr
(pr > 6 - 7GeV/c¢), this was changed to 3.5 due to the larger binning in the invariant
mass distribution. The values of the windows in each pr bin were used again during

6The pr smearing caused by detector effects has a Gaussian shape. Therefore, the peak structure
can also be assumed to be Gaussian in first order. However, due to the interplay of different detector
systems with different pp smearing, the peak may be a superposition of several Gaussians with
different widths.
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Pb—-Pb Pb-Pb Pb-Pb PP
order | cent. 0 - 40% | cent. 40 - 60% | cent. 60 - 80% MB
5 0.6<pr<0.8 0.6<pr<0.8
4 0.8<pr<5.0 0.8<pr<5.0 1.5<p1<3.0 1.5<pp<3.0
3 5.0<pr<6.0 5.0<pr<5.5 0.6<pr<1.5 0.5<pr<1.5
3.0<pr<3.6
6.0<pr 5.5<pr 3.6<p1<6.5 3.6<pr<7.0
1 6.5<pr 7.0<pr

Table 4.4: pr regions in GeV/c for the usage of a given order of the polynomial for
the BG fit of A.

| collision class | (KD | pr(d) ]
Pb-Pb cent. 0-60% | >80GeV/c|>36GeV/c
Pb—Pb cent.  60-80 % | >3.2GeV/c | >3.2GeV/c
pp >32GeV/e | >26GeV/e

Table 4.5: pr threshold for the usage of the likelihood minimization method instead
of the x? method for the BG fit.

the efficiency extraction. In figures B.11 and B.12 in the appendix the edges of the
signal extraction windows are shown for A and K? in Pb-Pb and pp collisions.

The error of the remaining signal yield S after the BG (B) subtraction N — B = S is
given by

AS? = AN? + ABGZ,
AN’=N=S+B

with (4.5)

(4.6)

and with BGgy as some statistical error due to BG subtraction if independent error
propagation is applied. The latter is however not allowed to be assumed, because
the BG and the signal are statistically not independent. Therefore, no statistical
errors were assumed neither for the values of the BG nor of the BG fit function here.
Moreover, the statistical error extracted from the fit was found to be negligibly small
as compared to the statistical error of N. Thus, the statistical error squared is given
by the yield of the peak S plus that of the BG only. Uncertainties due to the BG fit
and the BG subtraction, respectively, were addressed by a systematic study using a
linear fit function in a tight window around the peak (see section 4.7) - a linear fit is
the simplest ansatz for a BG shape estimation - and by varying the fit range at high
pr, where the statistics is lower.

4.4.3 Systematic cut studies

In order to optimize the VO candidate and the daughter track selection, the impact
of the cuts was studied. Helpful in this case is the comparison of the cut value
distribution in data and in MC reconstructed as data (MCieeo) and the monitoring
of the change of the BG as well as of the significance, s = S/+/S + B, induced by
the cuts. The former is of importance, because the amount of V°, which are rejected
due to not passing the selections, needs to be quantified in order to correct for the
loss. This quantification is performed via the efficiency determination with the help
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Figure 4.4: Comparison of the rapidity of KU in data with that in MC rescaled with
the data pr distribution in central Pb—Pb collisions. The ratio of MC and data is
normalized to the ratio of the distribution integrals.

of MC simulations. The amount of the BG reduction and significance enhancement
is discussed later.

MC to data comparison

The following figures 4.4-4.7 and the figures in appendix B.4 show the distributions
of the cut variables in MC,e, (MC reconstructed as data) compared to those from
data in central Pb—Pb collisions. Since neither the pr distribution nor the particle
(secondary) abundances in MCi, correspond to reality, the variables as a function of
pr need to be scaled to the data pr distributions before dividing by the corresponding
variable distributions from data. In case of A, also the secondary A contribution in
MCheco Was rescaled by the pr distribution of the raw secondary A spectrum (see
section 4.6). Afterwards, the primary A spectrum from MC,e., was rescaled with the
feed-down corrected raw A spectrum and added to the secondary A distribution in
MCeco. As a result, the inclusive A distribution as it is experimentally measured is
obtained for MC,, in that way.

For the rescaling procedure a two dimensional histogram with the variable of interest
versus prp was filled for MCheeo. The latter was treated as data but requiring the V°
candidate to be a K2 or A (this is not possible in data), respectively, and to have
decayed via the channel investigated in data. According to the VO PDG code’ as well
as to the identifying numbers for the daughters from MCy, iy, i.e from the collision
simulation before the propagation through the detector simulation, the intended V°
candidates can be selected in MC,e,, since the numbers are preserved. Before filling
the histogram, the mass range of A and K? was restricted to a window of 40 of their
peak width integrated over pr. The final 2D histogram, which represents the analogue
to the raw data case (but without BG), was sliced in pr using the pr bin width of
the raw data pr spectrum. Each slice was divided by the integral of this pr slice and
multiplied with the corresponding value from the raw data pr spectrum. Afterwards,
all pr slices were added up finally yielding the variable of interest distribution rescaled
to data pr.

"The Particle Data Group (PDG) code is also called the MC numbering scheme as defined by the
PDG. Each elementary particle as well as all hadrons are assigned to an individual number. The
distinction between a particle and its anti-particle is made via assigning the same number with a
minus sign to the anti-particle.
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Figure 4.5: Comparison of the number of crossed rows in the TPC for the positive K°
daughter in data with that in MC rescaled with the data pr distribution in central Pb—
Pb collisions. The ratio of MC and data is normalized to the ratio of the distribution
integrals.
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Figure 4.6: Comparison of the rapidity of A in data with that in MC rescaled with
the data pr distribution in central Pb—Pb collisions. The ratio of MC and data is
normalized to the ratio of the distribution integrals.

Concerning the resulting figures for the MC-to-data ratios of the number of TPC
clusters and of the TPC found-over-findable clusters, only a cut on the the (pseudo-)
rapidity as well as the Armenteros-Podolanksi diagram for K% and the dE/dz cut
for A, respectively, were applied. In all other cases, the cut on crossed rows and on
found-over-findable clusters were applied in addition.

Impact of the cuts

The impact of the cuts applied for K and A as function of pr is demonstrated
in figures 4.8, 4.9, 4.10, 4.13, B.51, B.52, 4.14 for Pb—Pb central collisions. The
equivalent figures for pp collisions are 4.16, 4.17, 4.18. The markers represent the
ratios of spectra with cuts to those without cuts, whereas the lines show the ratio of
the BG for the corresponding spectra. In figures 4.11, 4.12, 4.15, 4.16, 4.17, the ratio
of the significance for the cut to no cut scenario is presented in addition.

For A, the raw distributions contain all A, i.e. primary and secondary A. The cuts
were also selected such, that they reduce the secondary contamination. Therefore a
20% signal loss due to a cut, for example, does not necessarily mean a 20% loss of
primary A.
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Figure 4.8: Ratio of raw K? spectra in central Pb-Pb collisions with the cuts indicated
in the legend applied over those spectra without these cuts applied.

Results of the cut studies and MC-to-data comparison

In the following list, the details and results of the MC,¢., to data comparison and the
cut studies can be found for each cut variable. In general, the variables of K are
rather well described by MC,.,, which is however not always the case for A.

e rapidity: If a rapidity window of |y| < 0.5 for K and A is selected, the data
is best reproduced by MC,ee,. Figures 4.4, B.22 and 4.6, B.41 show a flat
MC,eco-to-data ratio in the selected rapidity range. For larger rapidities, the
MC deviates from the data due to a strongly differing 7 distribution. The latter
is a result of the flat # distribution of the injected particles in the MC,qco.

pseudo-rapidity: Figures B.14, B.15 and B.32, B.33 show a flat MC,.,-to-data
ratio in the selected rapidity range.

crossed rows TPC: A minimum of 70 crossed (read-out) pad rows was re-
quired, which removes only a small fraction of V? (< 1%) and is rather well
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Figure 4.9: Ratio of raw K spectra in central Pb-Pb collisions with the cut indicated
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Figure 4.10: Ratio of raw K? spectra in central Pb—Pb collisions with the final cuts
to the case without the indicated cuts. In addition, the BG ratio is shown.

described by MC,.,, as it can be seen in figures 4.5, B.23, B.31, 4.7, B.43 and

B.42.

found-over-findable clusters TPC: Concerning the cut on found-over-

findable TPC clusters, a minimal value of 0.5 was required. A stronger cut was
not introduced, since at larger values the deviation between data and MC,.,
becomes too strong or the shape differs too much, i.e.there, the ratio MCi,cc,
to data is not flat (see figures B.16, B.24 and B.35, B.34, B.45, B.44). The
requirement of the found-over-findable ratio of TPC clusters being smaller than
1 has only a small effect as well, since after the cut on 70 crossed rows, most of
the tracks with the ratio larger than 1 are removed already.
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Figure 4.11: Ratio of raw K? spectra in central Pb-Pb collisions with the final cuts
to the case without the indicated cuts. In addition, the significance ratio is shown.
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Figure 4.12: Ratio of raw K? significance in central Pb-Pb collisions for cuts applied
over no cuts applied. The effect of the cos(PA) cut is shown here in particular.

e cos(PA): In case of K2, if the significance ratios in figure 4.12 are considered,
this cut is only causing an increase of the significance and a reduction of the
BG if no cut on the decay radius is applied. Since the decay radius cut was
introduced for the offline VO finder analysis [154], it was also applied here in
order to obtain a comparable sample of VY to that of the published analysis. In
pp it is questionable if the cos(PA) cut shall be used at all since it is not well
reproduced in MC,e., (see figures B.17, B.25), which is also seen in the spectra
comparison figures.

In case of A, the distribution is rather well reproduced by MCie, (see figures
B.36, B.46), and was hence applied in order to also decrease the secondary A
contribution.
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Figure 4.13: Ratio of raw A spectra in central Pb—Pb collisions with the cuts indicated
in the legend applied over those spectra without these cuts applied. In addition, the
BG ratio is shown. The signal loss also contains the reduction of secondary A.
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Figure 4.14: Ratio of raw A spectra in central Pb—Pb collisions with the final cuts to
the case without the indicated cuts. In addition, the BG ratio is shown. The signal

loss also contains the reduction of secondary A.

e decay radius: Regarding the decay radius, it was found in the offline V° ana-
lysis of Pb—Pb data [154], that below 5cm in the 2D radial direction, the decay
radius distribution in data at low pr is not described by MC,e.. This becomes
obvious in the corresponding c7 analysis. Thus, a cut on the 2D decay radius

removing the decays from 0 - 5 cm was introduced.
vertices that appear before the second layer of the
reduces the centrality dependence of the efficiencies,

This cut rejects secondary
SPD. In addition, this cut
which can be seen in figure

4.19. Since the mean lifetime of the K? is below 5cm, this cut removes a huge

fraction of K at low to intermediate pr (see figure

4.10).

In case of A, it is questionable if the decay radius selection is needed. First, the
mean life time of A is 7.89 cm, which is beyond the cut value and therefore, the
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Figure 4.15: Ratio of raw A spectra in central Pb—Pb collisions with the final cuts to
the case without the indicated cuts. In addition, the significance ratio is shown. The
signal loss also contains the reduction of secondary A.
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Figure 4.16: Ratio of raw K? spectra in pp collisions with the final cuts to the case
without the indicated cuts. In addition, the significance ratio is shown.

contribution of A with smaller decay radii is much lower than for K. On the
other hand, considering figures 4.14 and 4.15, the BG reduction and the signifi-
cance are consequently improved by the cut, except for pr < 1.5 GeV/c. Second,
the radius distribution is rather badly reproduced by MC,ce,. At the moment,
the cut is applied in order to maintain consistency between the analyses.

In pp collisions, the radius cut was introduced in order to maintain consistency
between the analyses of the data from the two collision systems. The effect in
of this cut turned out to be very small for K?, as it can be seen in figure 4.18.
Since only values above pr = 0.3 GeV/c¢ were used for the spectrum, no signi-
ficant difference was found. For A, deviations from 8-5% from 0.6 < 1.5GeV/c
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Figure 4.17: Ratio of raw A spectra in pp collisions with the final cuts to the case
without the indicated cuts. In addition, the significance ratio is shown. The signal
loss also contains the reduction of secondary A.
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Figure 4.18: Ratio of the corrected K? (A) spectrum in pp collisions with a decay
radius to the spectrum without this cut.

are visible. This difference was added to the systematic uncertainties.
Compared to Pb—Pb, the significance is strongly reduced by the radius cut,
which is about 80% for K° and 35% for A at low pr, which is shown in figures
4.16 and 4.17.

e DCA,4: The distribution of the DCA between the daughters is rather well
described by MC, if the integral of the distribution is considered. For K
the MC,o-to-data ratio is flat above 0.4 cm in pp and for all values in Pb—Pb.
Therefore, cutting at 0.4cm in pp (fig. B.26) and 0.23 cm in Pb-Pb (fig. B.18)
is appropriate. In case of A, the ratio is flat above 0.4 cm in pp (fig. B.47) and
0.3 cm in Pb—Pb (fig. B.37), which allows to cut at 0.4 cm in pp and 0.35cm in
Pb-Pb. The data above 1.0 cm are neglected due to the low statistics.

The DCA4 cut in Pb-Pb removes 10% of the K? signal at pr < 4GeV/c and
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Figure 4.19: Ratio of the K? efficiency in peripheral to central events. The black
rectangles show the case with the 2D decay radius cut whereas the blue rectangles
represent the case without this cut.

roughly 5% above this range. The BG reduction is about 50% and in addition
with the cut on DCA,,, still 35% are removed in addition (see figure 4.9). In pp
collisions, there is nearly no signal loss and no change of the significance for this
cut combination (see figure 4.16). The A signal in Pb—Pb is reduced by about
10% at pr < 4GeV/c¢, while the BG is reduced by about 60-30% depending
on pr (see figure 4.13). In combination with the cut on DCA,,, the impact is
similar. The same is true in pp, although the BG reduction is about 10%.

e DCA,,: Whereas the MC,.c,-to-data ratio shows a flat behaviour in Pb-Pb for
K? (fig. B.19), this is the case for A only above 1.0 cm in pp (fig. B.48) and in
Pb-Pb (fig. B.38). In pp however, this is limited for K? to values above 0.3 cm
(fig. B.27). The chosen cuts of 1.2cm for A and 0.4cm for K? in pp as well as
in Pb—Pb are within this flat region.

e Armenteros-Podolanski variables: A cut in the Armenteros-Podolanski
variables can be corrected with MC, since the distribution is purely based on
kinematics.
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4.4 4 Raw spectra in Pb—Pb collisions at /syy = 2.76 TeV

The raw pr spectra in Pb—Pb collisions for all measured centralities after cuts are
shown in figures 4.20. The data points were calculated by dividing the bin content by
the bin width. The spectra were normalized to the number of analysed events (vertex
position within |z,eqe.| < 10cm), to the rapidity window and to the branching ratio.
Furthermore, the mass peak properties, such as peak position, which corresponds to
the mean V° mass and the peak width ¢ are extracted for each particle and pr bin.
The values for K? and A, shown in figures 4.21 and 4.22, are obtained from a fit with
a Gaussian to the BG-subtracted peak in the invariant mass spectrum®. Although
the peak shape is not perfectly described by a Gaussian distribution, the fit results
give a good estimate of the pp-dependent trend of the masses and peak widths, which
reflect the detector calibration quality and the momentum resolution/smearing, re-
spectively. The mass difference of A and A as shown in figure 4.23 can reveal a shift in
the momentum times particle-charge distribution, since the masses should be ideally
exactly the same for each pr bin.

Within the uncertainties, no centrality dependence of all discussed quantities is ob-
served (see additional figures in appendix B.3). The mass difference to the literature
value, taking the uncertainties into account, is at maximum 2GeV/c for KY and
0.5GeV/c for A. Concerning the mass difference of A and A, a negligible shift of
0.1GeV/c is observed below pr = 6 GeV/c. Above this pr, except some statistical
fluctuations, which are in the range of £1 MeV, no significant mis-calibration is found.
The peak width and mass differences are all well reproduced by MC,e., for most pr
bins and within £1 MeV at maximum outside the statistical uncertainties for a few
pr bins.

4.5 pp reference at /s = 2.76 TeV

The pp reference spectra are accompanied by an extra dimension of complication due
to the two reconstruction schemes in- and excluding SDD information. As only each
second event contains SDD information, the data set wSDD consists only of half of the
statistics recorded. In order to extract the maximal pr reach, a strategy for combining
the advantages of both data sets was needed. The reason why not only the nSDD
data set with twice the statistics was used is based on the working principle of the
on-the-fly VO finder, which relies strongly on the full ITS information. Due to the
lack of measured SDD hits in the nSDD sample, one third of possible I'TS information
is not available. This information, however, is important for the track refitting and
re-calculation of the momenta of the daughters with respect to a possible secondary
vertex, taking into account the material budget. As shown in figure 4.24, the loss of
K? for the case without SDD is up to 80% at low pp. This loss is unfortunately not
reproduced by MCieeo. On the other hand, for pr > 6 GeV/¢, this difference vanishes
for K? as well as for A. Therefore, the nSDD sample was taken for the high pr region
in order to profit from the two times larger with respect to the wSDD sample. The
final spectra were extracted from the wSDD sample for pr < 6 GeV/c and those from
nSDD for pr > 6 GeV/c.

8These plots are limited to the most central, most peripheral and pp collisions. For all centralities,
see the following figures in the appendix B.3.
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Figure 4.20: Raw pr spectra
Pb—Pb collisions.

Raw spectra pp

The raw pr spectra of A and

of A (upper left), A (upper right) and K? (bottom) in

K? were calculated by dividing the yield per pr bin by

the bin width. The spectra were then normalized to the number of analysed events
(vertex position within |zyeqe:] < 10 cm) and to the rapidity window. The results
from pp shown in figure 4.25 were additionally normalized to minimum bias and

inelastic collisions.

The kink at pr = 6 GeV /¢ for K? is a result from the cut in the Armenteros-Podolanski
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Figure 4.21: Difference of the mass obtained from a Gaussian fit of the K? (left) and
A (right) peak after BG subtraction to the nominal mass as function of pr for data

and MC,e, in Pb—Pb and pp collisions.
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Figure 4.22: Peak width obtained from a Gaussian fit to the K¥ (left)

and A (right)

invariant mass peak after BG subtraction as function of pr for data and MC,. in
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A as function of pr in data and MC,, in Pb—Pb and pp collisions.
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space, which was not applied for the nSDD sample, i.e.above this pr threshold, for
reasons of statistics.

The binning was chosen to be the same as for the Pb—Pb spectra. Nevertheless, an
alternative binning, especially at high pr was tested and found to impose no effect on
the results. Therefore, for simplification in view of the calculation of R, the binning
from Pb-Pb was kept. Since the pp reach in pp is smaller than in Pb—Pb, the final
spectra need to be extrapolated, which is discussed later.

The extracted values for the masses and peak widths can be found in figures 4.21, 4.22
and 4.23. Within the uncertainties, no difference to the values obtained for Pb—Pb is
observed.

4.6 Corrections and normalisations

4.6.1 Efficiency correction

The efficiency and the acceptance correction as function of pr was determined with
the help of MC simulations. After the review of the efficiency calculation procedure,
the MC samples are discussed.

Efficiency calculation

The efficiency correction is needed in order to recover the lost Vs, which can either
happen due to not reconstructing them (loss of one or more daughters) or due to a re-
jection according the selection scheme for quality insurance. The ideal case (MCiryn)
is represented by the output of a suitable event generator, in this case PYTHIA for pp
and HIJING for Pb-Pb. In order to estimate the detector effects on the track meas-
urement, the simulation of the collision is followed by the propagation of the particles
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Figure 4.25: Raw pr spectra of KY, A and A in pp /s = 2.76 TeV. Data points at
pr < 6 GeV/c are from the wSDD sample and at pr > 6 GeV/c¢ from the nSDD
sample.

through a the experimental set-up, where the detector response is modelled and raw
data information is generated. In the next step, the simulated data are reconstructed
in an analogous way as real data, yielding the set of reconstructed tracks (MCieco)-
The efficiency is given by the ratio of MC,eco t0 MCypyin, while the efficiency correction
is defined by the inverse ratio.

The physics and vertex selections were applied for both MC,e., and MCy,n. The
pr distribution in MCy,, was constructed such that only A and Kg from MCiutn
in the rapidity window of |y| <0.5 (as in data) were considered. Furthermore, only
those A and K? were accepted, which stem directly from the collision, i.e. which are
primary particles. Moreover, only those Vs entered in the calculation, that decayed
into the channel investigated in data. In other words, those A and K? were selected,
that decayed into p + 7~ and 7t + 7—, respectively.

The pr distribution in MC,e, consists of the yield of A and K% in MC,e, per gen-
erated (simulated) pr bin. The generated pr was preferred to the reconstructed pr,
because the pr-smearing is not correctly treated in MC,e,. Although the smearing
is nearly negligible, using the generated pr helps to avoid binning effects due to the
non-physical pr distribution in MC. If a VY was accepted in MCjyn, the daughter
identifying numbers (IDs) were used to find the corresponding V° in MCle. The
latter was searched by looping over all available V% in MC,.,. Since, as in data, in
MCeco the species of the VO is not known, it needs to be identified by its daughters,
which are linked to MCy.y,. In case of secondary A, the procedure is similar, but
instead of requiring a primary A in MCy,yyp, only secondary A stemming from the =
family were accepted (more on this in the following section 4.6.3). The subsequent
procedure for calculating the different particle variables and for applying the cuts was
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Figure 4.26: Efficiencies of K? (left) and A (right) in Pb-Pb collisions.

exactly the same as for data. The final invariant mass distributions of MC,e., do
not contain BG as it is the case in data, due to the requirement of the correct PDG
code for the mother. Although this requirement only yields real V%, the mass peak
window for the signal extraction from data was used pr bin-dependent here as well.
This is important in order to avoid that A and K enter in the efficiency calculation,
which are outside the peak region considered in data. If the values outside mass peak
region were taken into account, this would bias the efficiency by up to 10% at high pr.
A compilation of the K? and primary A efficiencies in Pb-Pb is shown in figure 4.26.
In case of A, the ratio of the A efficiency to the A efficiency is shown in figure 4.27,
in order to demonstrate the effect of the anti-proton absorption, which is addressed
in the next subsection. The secondary A efficiencies in Pb—Pb are presented in the
right panel of figure 4.29 and all efficiencies in pp are displayed in the left panel of
this figure. Concerning the secondary A efficiency, more information can be found in
the next paragraph.

The statistical error of the efficiency was calculated using the binomial error calcula-
tion. However, the statistical errors seem not to account for the bin-by-bin fluctuations
at higher pr. Hence, several efficiency distributions were fitted with a polynomial
and/or a distribution as in [155],

eff. = a-e® ™ f log(y/pr — g) - (1 —exp(k = pr) +1-pr+n (pr—7)?), (4.7)

where a, b, d, f, g, k, [, n, r are free parameters, in order to obtain a smooth
distribution, which should ideally be the case. The ratio of the parametrized efficiency
to the original efficiency can be seen in figure 4.28 for K%, A and A for the cases, where
the parametrization was used. The fit was not performed for the whole pr range,
since the fluctuations mainly occur at intermediate to high pr. For the correction
of data, the resulting parametrization in the given pr range was used instead of the
efficiency points. For A in Pb-Pb, the efficiency of primary and secondary particles
was parametrized, while for A a fit to the primary efficiency only was used. In case
of pp, fits were performed for K?, secondary A and secondary A.

MC productions

In Pb-Pb, due to the pr cut-off of the injected K% at pr = 20GeV/c the
LHC11al0b_ plus sample was used only up to pr = 19GeV/c. In order to enlarge
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Figure 4.27: Ratio of the A efficiency to the A efficiency in Pb-Pb and pp collisions
at «/syy = 2.76 TeV.

the pr reach of the K? efficiency up to pr = 20GeV/c corresponding to the reach
of the data spectrum, the efficiency was linearly extrapolated taking into account
the last three bins. In case of A, the efficiency needed to be extrapolated from
pr = 14.0 - 16.0 GeV /¢, which was also performed with a linear fit function.

For A, the secondary efficiency does not compare to the A secondary efficiency in the
same way as for the primary particles. Therefore, the ratio of the primary A to A
efficiency was used in order to obtain the secondary A efficiency: the secondary A
efficiency was scaled with the inverse of the primary A to A efficiency ratio.

In pp, additionally a minimum bias MC sample was investigated, where neither
particles were injected nor a triggering on special particles was performed. This
sample provides a reference for all other MC samples with special configurations. It
was found, that the K? efficiency from the triggered samples deviates from that of the
minimum bias sample by 5 - 8% for pr = 1.5 GeV/c. As a consequence, the efficiency
of the latter was used for the given pt range.

4.6.2 Absorption correction

The detector simulation package GEANT3, which is employed for the MC samples in
this study, reproduces the majority the detector effects. Concerning the absorption
rate of particles in the detector material, however, the programme fails to calculate the
particle losses correctly. Hence, an additional detector simulation programme, Fluka
[156], is usually invoked, in order to obtain a pr-dependent correction for the wrongly
calculated absorption rate affecting the efficiencies. This correction is strongest for
anti-particles, which are in this case anti-protons.

For this work, an MC sample using the standard version of GEANT3 in ALICE and
a sample with a newer version of GEANT3 including an absorption correction were
produced. This correction is based on a parametrisation of an optical model for
particle absorption. The parametrisation is derived from low-energy measurements
within the research field of astrophysics. It is assumed that this correction is collision
system independent. Finally, the ratio of the resulting efficiencies of both samples was
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used as the correction for A. Figure 4.30 shows the A efficiency ratio as a function
of pr. In addition, the GEANT /Fluka correction applied in ALICE for the low
pr analyses is shown. The deviation between these two corrections enters into the
systematic uncertainty estimation. In case of K? and A, the correction was found to
be negligible.

4.6.3 Feed-down estimation for A

The measured A spectrum is a sum of A originating from different sources. On the
one hand, there are primary A produced during the collisions and on the other hand
there are secondary A, which origin from the decay of particles, Ag. in the following.
The main particles which have a A in their most probable decay channel are the those
of the = family, the X° and the Q.

The main contribution to the primary A spectrum is the feed-down (FD) from =~
(E* for A) decaying into A and 7~ with a probability of 99.89%. There is also a
contribution from the decay of Z°, which is usually not reconstructed, because the
dominant decay mode is Z° — A + 7%, with the 7° mainly decaying into two photons
and hence complicating the analysis. The feed-down from =~ was therefore multiplied
by two in order to account for =%, whose pr spectrum is similar to that of Z=. In
case of 27, the A is the most probable decay product but with the yield being 6 -
10 times smaller than for =, it can be neglected as a secondary A source. The X°
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GEANT3.v14. The blue line represents the standard GEANT /Fluka correction.

contributes to the feed-down by an electromagnetic decay into A. However the decays
driven by the electromagnetic interaction take place at much shorter time scales than
those due to weak interaction (factor 10%), such as the = and the Q™", which makes
it impossible to resolve the decay vertex. Therefore, the feed-down from X% was not
subtracted here.

In the following, the method of subtracting the feed-down contributions is ex-
plained. The general idea is to use the measured =~, =t spectra as input and to
translate the pt of the mother particle into the pr of its decay product Ag.. Figure
4.31 shows the correlation of connecting both momenta via pure decay kinematics
(see further details in appendix A.2). The pr of Z~ is drawn versus the pp of Age.
in central (0 - 5%) Pb-Pb events generated with a stand-alone toy MC simulation of
100 M events. This correlation was compared to that obtained from the MC produc-
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Figure 4.31: = pr versus pr of the secondary A (daughter) from toy MC using pure
decay kinematics.

tions and found to be equal. The matrix generation was needed, since the statistics
available from the standard MC productions is too low. In [157], the =~ transverse
momentum spectra in Pb—Pb collisions measured by the ALICE collaboration are
published which serve as input for the generation of this matrix. In case of pp, the
preliminary spectra from [158] were used. The projection onto the x-axis of the matrix
yields the pr spectrum of Ag.. In Figure 4.32, the ratio of Ay to the =~ spectra is
shown for different centralities and pp. A shift of the maximum to lower pr values
is clearly visible. At large pr, the shape of the A distribution is similar to that of
its mother because the A with m, = 8-m, carries away the largest fraction of the
momentum.

Since the input to the calculation was a fully corrected =~ spectrum, the resulting Age.
spectra is in that sense also fully corrected and therefore cannot directly be subtrac-
ted from a measured raw A spectrum. In order estimate the feed-down contribution
to the raw A spectra, these "corrected" Ag.. spectra were multiplied with their ef-
ficiency (under the cut conditions applied for all measured A) extracted from MC.
After the subtraction of these "raw" Ay from the raw A in each pr bin, the primary
raw A spectrum was corrected with the efficiency of primary A. The procedure reads
mathematically as follows:

1

A(pT)ggzv = A<pT)gg£r : eﬁ(pT>sec : a
Apr)pim = Alpr)al” — AMpr)see (4.8)
A<pT)ra\]v
A corr prim v
(pT>pI'lm eff(pT)prim G )

with GA as the GEANT absorption correction. Since this correction is of 15 - 1% at
pr S 2GeV/ce for A and only of <1% for A, it is neglected for secondary A.
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Figure 4.32: Ratio of secondary A from =~ decay kinematics calculation to =~ for
different centralities in Pb—Pb and for pp collisions at /sy = 2.76 TeV.

If MC represented the reality for both the yield and the pr shape for = and A the
procedure of feed-down correction could have been simplified to:

Alpr)ait”
A corr — 7&
(pT)all eﬂ(pT)all
A(pT)MC (4.9)
Alpr)pim = Alpr)an” (1-0 - 7A<pT>§fé ) :
prim

Unfortunately the measured pr range of the =~ is smaller than that of A. The first
ends at 6 - 8 GeV/¢, the latter at 12 - 16 GeV/ ¢, depending on centrality. Therefore,
the =~ spectra needed to be extrapolated to higher pr. Regarding the pr range of
the =7, the cut-off of the spectrum is located around the pr region of the minimum of
the charged particle Raa, above which a power-law behaviour of the Pb—Pb spectra
is expected due to the nearly linear rise. When the =~ spectra were compared to
the spectra of protons [159, 160], it was found that their ratio is flat within their
uncertainties (figure 4.33). Thus, also the exponent of their power-law distributions
can be expected to be very similar. The pr reach of 20 GeV/c of the proton spectra
qualify them as a reference for the =~ extrapolation.

The protons were fitted with a combined fit function using a Tsallis-Pareto function
[161, 162]

dN? dN —1)(n—2 — —n
_ W = Dn—2) .<1 M) , (4.10)
dpr dy dy nA-(nA+(n—2)m) n-A
where n and A are free parameters, at lower pr and a power-law function,
2 —-n
A" _p <1 + @> : (4.11)
dpr dy Po
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Figure 4.34: Fit of p and =~ in central Pb—Pb collisions with different fit functions or
with the parametrisation of the protons. Left: linear x-axis, right: logarithmic x-axis.

at higher pr, where B, pg and n are free parameters. The resulting fit was down-scaled
to match the =~ by using a fit procedure with the scale as the only free parameter.
The intermediate pr region of the =~ spectra is either described by a Tsallis function
or by the parametrisation of the proton spectra. At high pr (pr > 5GeV/c¢), the
proton parametrization was always used. Furthermore, the =~ spectra needed to be
extrapolated to pr = 0 and parametrized in order to obtain a finer binning in the same
way as it was chosen for A. For the low pr region (pr < 2GeV/c) a Blast-Wave fit
(see equation 2.22) was applied. Figure 4.34 shows the =~ in central Pb—Pb collisions
together with a Blast-Wave fit, a power-law fit as well as with a fit with the proton
parametrisation using a power-law and a Tsallis function, respectively. At high pr,
the power-law fit of the protons was chosen for the extrapolation and the power-law fit
(cent 0-40%) or the Tsallis (cent 60-80%, pp) fit to the =~ was used for the systematic
error calculation.

Figure 4.35 displays the relative raw feed-down A(pr):2¥ /A(pr)5Y from =~ to A versus
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Figure 4.35: Relative feed-down for A in central, peripheral and pp collisions.

pr of A for central and peripheral events in Pb—Pb as well as for pp (the procedure
was performed for all other centralities, too). The error bars show the statistical
uncertainties. For events of centrality 0 - 5% and 5 - 10%, the feed-down calculated
from the =~ spectra in 0 - 10% central events was up- (for cent. 0 - 5%) and down-
scaled (for cent. 5 - 10%), respectively by 7.5%. This scaling results from the Ny,
scaling of the yield [30]. The maximum relative feed-down is at pr = 1 GeV/c about
25% in central events. With decreasing centrality one observes a decreasing feed-
down, which is reversed at 1GeV/c < pr < 8GeV/c. At higher pr the feed-down
decreases again with decreasing centrality. The shape is a result of the similarity of the
primary A and =~ pr shape, that is caused by their comparable mass (1.115GeV/c
vs. 1.321 GeV/c¢). This becomes obvious if the ratio of Ag. to =, which is shown in
figure 4.32, is compared to that of the relative feed-down. At high pr, the ideal FD
contribution does not vanish, since the boost of the A into the =~ direction increases
with pr. Therefore, the A pr gets closer to the =~ pr yielding a constant, non-zero
FD contribution. Taking into account the steeper decreasing efficiency of Ag. with pr
as compared to that of the primary A, the measured FD indeed vanishes as soon as
the efficiency ratio approaches zero. Considering the left panel of figure 4.29, this is
not yet the case for the investigated pr range, leading to a significant FD contribution
of 6 to 10% at high pr. The observation, that the last data point in central collisions
suggests a rather constant behaviour at high pp within the statistical uncertainties
could be caused by the measured yield in this bin, which seems optically to be a little
too low if it is compared to the spectrum in the 5-10% centrality class (see figure
4.20). This is however covered by the signal extraction uncertainties.

4.6.4 Normalization of pp spectra

The normalization of the transverse momentum spectra in pp collisions is more subtle
than in Pb—PDb collisions. For the latter it is sufficient to divide by the number of events
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which pass the vertex selection criterion due to a fully efficient vertex reconstruction,
i.e. Nyertex/Niriggered =~ 1. For pp collisions, however, it is necessary to account for the
events which were triggered but do not have a reconstructed vertex. Since this analysis
was executed by applying a selection of the vertex position, one has to estimate those
events without vertex, which would have, if a vertex was found, a vertex position
within the £10cm window, Npino.10em- The corresponding correction, normmms 1oem;
to the so-called number of minimum bias events with vertex positions fulfilling the
10 cm selection Nyp 10em is about 13.8% (values see table 4.6) and pr independent.
The calculation of this correction is sketched here [163]:

NuB,10cm = Niino,10em + N1oem
N bin0 = N, triggered — N, vertex
N, . N NlOcm
bin0,10cm - bin0 * N.
vertex (4 12)
o NlOcm
NOrmmB,10cm —
N\B,10em
Nvertex
=NOTMMB,10cm N
triggered

Nipem denotes the number of events with a vertex reconstructed with a position in
+ 10cm on the z-axis. Ny are the events which are triggered but do not have
a reconstructed vertex. Npino10em 1S calculated from the assumption that the vertex
position distribution of the not reconstructed vertices of triggered events is the same as
for the reconstructed ones. This means, when normalizing the spectrum to the number
of events, the latter consists of the analysed events plus the Nyino 10em, Which is pr
independent. This assumption was compared to a calculation with MC information,
where the MC shape of the events without vertex (nycpino(z)) is normalized to the
vertex distribution in data (Nyerex(2)):

. HMCbino(Z)
Sme(z) - nMCvertex(Z) nvertex<z)
Sbi z
no(2) = Nmo fsbni()((;) (4.13)
in0 .
+10cm
Nbino,10cm = /10 Npino(2) dz
— cIm

Only a small deviation of the shape was observed which finally leads to a difference
of 2% in Npino 10em- On the basis of the MC information the assumption of similar
vertex distribution for events with and without a reconstructed vertex is valid. The
values needed for the mentioned calculations of Nying 10em are listed in table 4.6. For
the data sample with SDD a value of 0.892 was obtained and for the without SDD
sample the normalization is 0.881. After applying the vertex efficiency correction of
2%, the values are 0.874 for wSDD and 0.863 for nSDD. Currently the values without
this correction are taken since this correction needs to be verified.

A further correction was applied in order to obtain a spectrum normalized to all kinds
of inelastic reactions. The triggered collisions usually do not contain events from
diffractive processes, as explained in section 3.6 (see also [153]). The corresponding
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event categories # of events | # of events
wSDD (M) | nSDD (M)
Niriggered 30.60 66.00
Nyertex 27.30 58.15
Nioem 24.46 52.00
Nypino 3.30 6.15
Niino,10em 2.96 5.50
Niino, 10em With MC LHC12ble wSDD 2.50 6.00
Nyino,10em With MC LHC11b10a_ wSDD 2.93 6.94
NuB 10em 27.42 57.50
Nug10em with MC LHC12ble wSDD 26.96 58.00
Nus10em With MC LHC11b10a  wSDD 27.39 58.94
normalisation value value
NOTINB, 10ecm = 0.892 0.881
NOrmmB,10cm, corr — 0.874 0.863
normyg,10em With MC LHC12blc wSDD = 0.91 0.897
normyg 10em With MC LHC11b10a wSDD = 0.893 0.882

Table 4.6: Number of events for different event classes in pp and the corresponding
normalization factors to minimum bias events for the employed MC samples.

normalization value is

OMB
NOIrMiNgL, = = = 08831_882? (414)
OINEL

[153] and the final normalisation of the pp spectra is given by

NOIMy,, = NOIMMB,10cm - NOTMNEL, (4.15)

4.7 Systematic Uncertainties

In this section, the systematic uncertainties on the cut selection, the signal extraction,
the feed-down, the efficiency and the material budget are discussed.

For the estimation of the systematic uncertainties, the track and V° candidate
selections were varied. In table 4.7, the difference of the these cuts from the cor-
responding reference cuts mentioned in section 4.3 are shown. For some variables,
the changes due to the cut variation by 4+1 ¢ of the cut variable distribution were
investigated. For all other variables, the procedure of estimating the uncertainties is
explained in the listing at the end of this section.

In order to remove contributions from statistical fluctuations in data influencing the
BG fitting (especially at high pr) and hence the extracted yield, the changes of the
spectra resulting from the cut variation were studied for the raw spectra and for the
efficiency separately. Since the distribution of the relative change due to the cut
variation behaves rather smooth with pr for the MC efficiency, the statistical fluctu-
ations in the corresponding raw spectra distributions can be figured out by overlaying
both distributions. In case of symmetrical fluctuations around the efficiency ratio
or if the statistical error in the data ratio crosses the efficiency ratio, the resulting
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selection criterion | VY Pb—Pb: pPp:
value or + or value or + or
applied applied applied applied

V? daughter
track variables
| < 0.8 < 08
x? per cluster < 4 +1 < 4 +1
TPC crossed rows KV || > 70 12 > 70 12
TPC crossed rows Al > 70 16 > 70 20
TPC refit yes no yes no
found/findable KV || > 0.5 0.06 > 0.5 0.05

TPC cluster A > 0.5 0.07 > 0.5 0.06
DCA between KV < 0.23cm | 0.05cm < 04cm | 0.04cm

daughters A || < 0.35cm 0.08 cm < 0.4 cm 0.07 cm
PID TPC dFE/dz

for p(p): no A< 3 1 < 3 1
VY candidate
variables
ly| < 0.5 0<y<05 | < 0.5 0<y<0.5
ly| < 0.5 05<y<0|l< 05 |-05<y<O0
DCA,, K| < 04cm 0.06 cm < 04cm | 0.05cm
DCA,, A< 12cm 0.2 cm < 12cm 0.175 cm
cos(PA) K| > 0.99 + 0.002 > 0.99 + 0.002
cos(PA) A || > 0.998 + 0.001 > 0.998 +0.001
cos(PA) A || > 0.998 — 0.008 > 0.998 — 0.008
decay radius Ry >  Hcm + 2 cm >  Hcm + 2 cm
Armenteros-

Podolanski:

gL >b-lal, b K| = 0.2 0.03 = 0.2 0.03

Table 4.7: Selections on the VO candidate and its daughters with cut variations for
the systematic uncertainty determination.

systematic uncertainty was neglected or a constant systematic error value of the last
non-fluctuating point was used.

For each pr bin, the systematic uncertainties due to the cut variations lowering or
enlarging the yield, respectively, were added separately. Finally, the largest error of
the two was taken as the symmetric uncertainty in this pp bin.

In addition to the cut variation, the uncertainties originating from the BG fitting,
yield calculation, the feed-down, efficiency correction and the material budget were
estimated. The following list contains explanations of the different systematic uncer-
tainty sources, which are not covered by the procedure of the cut variation by +1 o:

1. rapidity: The analysis was performed in the forward and backward rapidity
region, respectively, in order to estimate the rapidity dependence of the analysis.
For K? in Pb-Pb, the variation of the spectra from the forward to backward
region is about 2% in central events, for A and A this is about 3% in central

107




108

Chapter 4. Analysis: Reconstruction of K? and A(A) transverse momentum spectra

| collision class | A ] KU |
Pb-Pb cent 0-60% | 3.0% | 3.0%
Pb-Pb cent 60-80% | 2.0% | 2.0%
pp 1.5% | 1.5%

Table 4.8: Systematic uncertainties due to a linear fit to the background of the in-
variant mass distribution of V° candidates instead of the standard polynomial fit of
order 2 - 6.

and 1% in peripheral events below 6 GeV/c. In pp, a difference of l% was found
for K2 below 6 GeV/c¢, 4% for A below 3 GeV/c and no effect for A. The errors
were added to the cut variation systematics.

2. x% per cluster: The cut variation of x? per cluster to < 3 was not taken into
account for the systematics, because the difference of the distributions in data
and MC is largest below 4. Therefore, the cut of 3 would introduce a large
bias as compared to x? =4 or 5, where the distributions are much more similar.
Consequently, only the case for y?> < 5 was investigated for the systematic
uncertainty estimation.

3. PID: The cut variation for the PID was chosen to be no = 20 and no = 40. In
case of the latter, the uncorrected A spectra with no = 40 were compared to the
uncorrected standard spectra with no = 30, because in the MC efficiency cor-
rection, the PID is not applied in the present analysis. The difference between
the two configurations enters in the pt dependent error calculation. The uncer-
tainty resulting from the selection of no = 20 was determined by applying the
PID in data as well as in the MC efficiency calculation for the case of no = 20
and no = 30 (this is not the case for the final spectra) while using the tuned
splines from data. Then the ratio of the correspondingly corrected spectra with
no = 20 and no = 30 was built. From that, an error of 5% in central Pb—Pb, 3%
in peripheral Pb-Pb and 2% in pp was derived. For no = 40, 2.0% in central,
1.2% in peripheral and 1.0% in pp was obtained on average. The individual
value for each pr bin maximally varies up to theses values.

4. Linear background fit in tight fit range: A linear fit between the edges of
the mass window was performed up to that pr bin, where the polynomial order
is 1 by the default procedure. The resulting uncertainties were determined as
a pr-independent value, as RMS? of the distribution of the deviation from the
standard procedure vs pr. The values for all centralities and pp can be found
in table 4.8.

5. Signal extraction in MC treated as data: The signal extraction procedure
was also performed using MC.,..,, which was treated as if it was data. The corres-
ponding pr spectra were compared to the MC,, spectra used for the efficiency
calculation (pure distributions without background due to PDG code selection).
A difference between them reveals the uncertainty of the background fitting
method. The resulting uncertainties were determined as a pr-independent value,
as RMS of the distribution of the deviation from the standard procedure vs pr.

9Root Means Squared.
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| collision class | A | KY
Pb-Pb cent 0-40% | 3.0% (5 - 10% pr > 8 GeV/c) | 2.5% (5% pr > 12 GeV/c¢)
Pb Pb cent 40-60% | 2.5% (7% pr > 6 GeV/c) 2.5% (5 - 10% pr > 10 Gev/c)
Pb-Pb cent 60-80% | 2.5% (7% pr > 6 GeV/c) 2.5% (10% pr > 16 GeV/c)
PP 2.5% (7-10% pr > 6 GeV/c) | 2.5% (7 - 14% pr > 9 GeV/¢)

10.

Table 4.9: Systematic uncertainties due to signal extraction.

For detailed values including also the following uncertainties from signal extrac-
tion tests see table 4.9.

Mass peak window: The limits of the mass peak window were changed by
2%0 for A and 1% in case of K in order to study the stability of the signal
extraction. In this way, the mass peak window for the BG fitting was either
enlarged or tightened. This relative change was chosen according to the scale
and the range of the peak width and the mass window, which are around a few
MeV, corresponding to per mill in case of A. The deviations to the standard
procedure are however already covered by the previous check. Thus, they were
not added to the signal extraction error.

Background fitting with likelihood minimisation in adapted fit ranges:
In some high-pr bins with low background statistics, where the likelihood fit
procedure was used instead of the standard x? method, the fit range was adapted
to the smaller range of filled background bins. This error is added to the signal
extraction error.

. Integral of Gauss fit function instead of bin counting: The default pro-

cedure for the signal yield determination is the counting of bin contents in a
window of 3 - 4 times the width of the mass peak depending on pr. This method
was compared for higher pr values to the integral of a Gauss fit to the back-
ground subtracted signal for pr > 7 GeV /¢, where the bin content fluctuations
become relevant. This error is added to the signal extraction error.

Counting all bins instead of applying a mass window: The standard
method was compared to counting all bins in the full mass range. This was
found to give similar results within the statistical uncertainties for K% in Pb-
Pb, 17% in the last pr bin in pp and 5% difference for A above pr = 6 GeV/c in
peripheral Pb—Pb and pp collisions. This error is added to the signal extraction
error.

Feed-down: The systematic uncertainties due to the feed-down correction are
dominated by the parametrization and extrapolation of the == spectra. The
main effect was observed at high pr, where the parametrization of the protons
was used. If instead of the latter, a power-law fit to the =~ was performed,
the feed-down corrected A spectrum (Appeorr) changed by up to 10% (figure
4.36). For peripheral events the feed-down even changes at lower pr, since the
fit range of the Blast-Wave needed to be adapted. However, the protons give
at least a guidance with respect to the high pr region and an estimate of the
exponent through exhibiting a power-law pattern above 7 GeV/c. Therefore, the
estimation based on the proton spectra is used for the feed-down contribution at
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Figure 4.36: Ratio of feed-down corrected A spectra using a power-law fit to =~ for the
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spectra extrapolation to the spectrum, where the standard procedure is applied

(see text).

11.

12.

high pr, and half of the difference to the =~ power-law fit is taken as systematic
uncertainty.

Another uncertainty on the feed-down correction results from the statistical and
systematic uncertainties of the input =~ spectra. Therefore, the feed-down was
also calculated from =~ spectra, where for one case the error (quadratic sum of
the statistical and systematic error) was subtracted and for the other case added
to the extrapolated and parametrized spectra. In that way, the maximal and
minimal possible feed-down could be estimated.

Efficiency: The spectra were corrected by a bin-wise division of the spectrum
by the efficiency, if there were no statistical fluctuations and the statistical
errors were small, which was mostly the case for pr < 2GeV/c. At larger
pr, the efficiency was parametrised in most cases in order to obtain a smooth
distribution. The systematic uncertainty resulting from the bin-wise efficiency
correction are the statistical errors of the efficiency. In case of the usage of the
parametrisation, the largest error out of the following three sources was taken:
statistical error, error from the fit and the difference of the fit function to the
efficiency value.

Material budget: The systematic uncertainty due to the uncertainty on the
material budget estimation was determined with the help of two MC samples,
where the material budget was changed by + 7% in Pb-Pb. In figure 4.37
the ratios of the efficiencies from those two samples are shown for A, A and
K? integrated over all centralities. Despite the large statistical errors, one can
conclude that the main influence of the material budget change takes place at
low pp and that it is strongest for A and A. Using the ansatz from the multi-
strange analysis in ALICE [164], it is possible to deduce from these distributions
the systematic uncertainty on the spectra knowing that the uncertainty of the
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Figure 4.37: Ratio of efficiencies calculated from MC with +7% to those from MC
with -7% material budget estimation. The black rectangles show K?, the red open
circles represent Aand the blue hollow crosses A.

13.

material budget is about 4.86% for Pb—Pb and pp [165]. The formula for the
error calculation is:

1.0 — ratioes(pr) 0.0486
2 0.07

(4.16)

€ITsyst, material (pT> =

with ratioeg(pr) as the ratio between the efficiencies from MC(+7%) to
MC(-7%), 0.07 being the magnitude of the relative change of the material budget
in the MC samples and 0.0486 as the uncertainty of the material budget estim-
ation. The division by 2.0 is needed, since the ratio of the efficiencies was
calculated for the case of +7% to -7%. Therefore, the ratio to 0% change in the
material budget lies in the middle of the ratio of +7% to —7%, for example at
0.91 at around 0.5GeV/c for A. In order to obtain the errors for the binning
used for K? and A, the points of the efficiency ratio were interpolated.

The corresponding errors are assumed to be centrality independent and were
therefore also used for pp. For K? a constant value of 1.74% up to pr = 2GeV/c
and for A maximal values of 6.25% and minimal of 1.04% up to pr = 1.5GeV/c
were obtained. Above these pr values, no influence of the material budget
change on the spectra was assumed.

Absorption correction: The difference of the anti-proton absorption correc-
tion obtained in this work to the standard correction enters into the systematic
uncertainty of A. Furthermore, the difference of the fit used to parametrize the
correction to the distribution is added to the absorption correction uncertainty.
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relative error

Figure 4.38: Systematic uncertainty sources for K? in pp collisions at /s = 2.76 TeV.

relative error

Figure 4.39: Systematic uncertainty sources for A in pp collisions at /s = 2.76 TeV.

All in all, the final systematic uncertainty in each pt bin was calculated as the quad-
ratic sum of all the individual systematic errors. In figures 4.38, 4.39, 4.40, 4.44, 4.45,
4.46 all systematic error components are shown for K, A and A in pp as well as in
central Pb—Pb collisions. Similar figures for the remaining centrality classes can be
found in appendix B.6. Figures 4.41, 4.42, 4.43 show the total systematic uncertainties
for both species in each pr bin together with the statistical errors. The corresponding
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plots for Pb—Pb collisions are presented appendix B.6.2.
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Figure 4.40: Systematic uncertainty sources for A in pp collisions at /s = 2.76 TeV.
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Figure 4.41: The statistical uncertainties vs. pr together with the total systematic
uncertainties for K? in pp collisions at /s = 2.76 TeV. Also shown, errors assigned
to the extrapolated parts of the spectra.




Chapter 4. Analysis: Reconstruction of K? and A(A) transverse momentum spectra

= 0.3 T w \ T \ .
2 relative uncertainties for A in pp 2.76 TeV .
o - this work
2025 statistical I— - ,
% ------ stat. extrapolation | | ]
= 0.2 — systematic | I ]
— - syst. extrapolation | [
0.15F I .
0.1- b
0.05[ N
I R S B TV R RV R 1

P, (GeV/c)

Figure 4.42: The statistical uncertainties vs. pr together with the total systematic
uncertainties for A in pp collisions at /s = 2.76 TeV. Also shown, errors assigned to
the extrapolated parts of the spectra.
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Figure 4.43: The statistical uncertainties vs. pp together with the total systematic
uncertainties for A in pp collisions at /s = 2.76 TeV. Also shown, errors assigned to
the extrapolated parts of the spectra.
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Figure 4.44: Systematic uncertainty sources for K in central Pb-Pb collisions.
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Figure 4.45: Systematic uncertainty sources for A in central Pb—Pb collisions.
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Figure 4.46: Systematic uncertainty sources for A in central Pb-Pb collisions.
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4.8 Proper particle lifetime

The proper life time (c7) distribution follows an exponential with the mean life time
as the inverse decay constant. If this distribution with the correct mean life time can
be extracted from data, the detector calibration was sufficient and the analysis was
properly performed. In case of Pb-Pb, the mean lifetime of K? and A was extracted
within the offline V° finder analysis in [154] and found to be consistent with the values
from [13]. Since the spectra of this analysis and the offline V° finder analysis agree
(see section 5.1.3), it is left to this analysis to extract the mean life time for pp.
In order to measure the proper life time distribution, the values extracted from raw
data according to

or = Ly - 0t (4.17)

pr

with the transverse decay length Lt and the literature mass m;;, need to be corrected
for efficiency. A 3D histogram was filled with the invariant mass, pr and c7 for
data and a 2D histogram with ppversus c¢7 for MCy,n and MCeeo. The mass range
in MC,eco was restricted to a common mass window for all pr before filling. The 2D
projection of the KS from MC,., was divided by the respective histogram from MCi,yp
in order to obtain the 2D efficiency in pr versus c7. For each invariant mass interval
in data, the corresponding 2D plane of pr versus c¢r was divided by the 2D efficiency.
Afterwards, the corrected 3D histogram in data was projected on the invariant mass
versus c¢7. The resulting 2D distribution was subsequently analysed in bins of ¢7 while
subtracting the BG from the mass peak region (same procedure as for the pr spectra).
The corrected cr spectrum for K? together with an exponential fit is shown in figure
4.47. The mean life time extracted from the fit is 2.732 £ 0.005 cm (fit parameter 1
in figure 4.47) which is roughly 2% larger than the literature value of 2.686 cm [13].
If a 1D correction in pr was used instead of the mentioned 2D correction in pr versus
ct, the mean life time increases by 15% (open rectangles in figure 4.47).

Summary

In this chapter the analysis procedure was documented and the raw spectra of K°
and A(A) were shown. The following chapter presents the corrected spectra after the
application of the described corrections and normalizations. Furthermore, observables
extracted from the spectra are displayed. The discussion of the results follows in

chapter 6.
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Figure 4.47: Corrected c7 distribution of K? in pp /s = 2.76 TeV. The black rect-
angles show the case for a 2D efficiency correction, whereas the blue hollow rectangles
show the case for a 1D efficiency correction. The fit with an exponential to the black
rectangles is represented by the red line. The legend contains the corresponding fit
values with p0 as the normalization and pl as the mean life time.







Results

In this chapter, the results of K and A(A) transverse momentum spectra analysis
are presented. First, the pr spectra are shown and compared to the published results
of the offline V° finder analysis. Afterwards, the spectra of K? are compared to
the charged kaon (K 7) spectra results. This is followed by the discussion of the
extracted yields in view of strangeness suppression in pp as well as in the context
of the baryon-to-meson comparison. Finally, the nuclear modification factors of K’

and A(A) are presented.

5.1 Transverse momentum spectra of K and A(A)

5.1.1 Results in Pb—Pb collisions

In figure 5.1, the corrected K? spectra including the systematic uncertainties are
presented for all centralities in Pb—Pb. Figures 5.2 and 5.3 show the corrected A and
A spectra, respectively.

Comparing the spectra shapes of each particle type with regard to the collision central-
ity, the increasing influence of the radial flow with centrality becomes visible through
the growing enhancement for pyr < 5GeV/¢, which causes a growing mean transverse
momentum. For the high-pr region, a power-law like behaviour as in pp collisions
(see section 2.1) is suggested in the double logarithmic representation. The exponent
slightly decreases with centrality yielding harder spectra in central collisions.

Figure 5.4 shows the A to A ratio for central, mid-central and peripheral Pb—
Pb collisions (other centralities in figure C.1). The systematic error of the ratio
contains all systematic uncertainties of both particles and thus represents the maximal
systematic uncertainty. At low pr, where the yield is maximal, the production of
particle and anti-particle is the same as it is expected at LHC energies. The ratio
is compatible with unity within the uncertainties up to pr ~ 6 GeV/c¢ for all shown
collision classes, while at higher pr, it tends to decrease with pp. The dip at 10 -
12 GeV/c is however only seen in central and peripheral collisions. The A/A ratio at
high pr is subject to further studies, in particular with respect to possible instabilities
of the yield extraction imposed by fluctuations of the mass peak position and width,
see also figure 4.23. A separate investigation of the two magnetic field configurations
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Figure 5.1: Transverse momentum spectra of K in Pb-Pb at \/syy = 2.76 TeV
for different centralities. The boxes around the data points represent the systematic
uncertainties, whereas the vertical error bars show the statistical errors. Left panel:
logarithmic scale. Right panel: linear scale.
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Figure 5.2: Transverse momentum spectra of A in Pb-Pb at \/syy = 2.76 TeV for
different centralities. The boxes around the data points represent the systematic
uncertainties, whereas the vertical error bars show the statistical errors. Left panel:
logarithmic scale. Right panel: linear scale.
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at \/snxn = 2.76 TeV. The boxes around the data points represent the systematic
uncertainties, whereas the vertical error bars show the statistical errors.

in the Pb—Pb data set could not provide information on a possible mistake of particles
and anti-particles since the statistics at the considered pr was too low.
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Figure 5.5: Transverse momentum spectra of K and A(A) in pp collisions at
/s = 2.76 TeV. The open symbols show the extrapolated points. The boxes around
the data points represent the systematic uncertainties, whereas the vertical error bars
show the statistical errors. Left panel: logarithmic scale. Right panel: linear scale.

5.1.2 Results pp

The results in pp collisions at /s = 2.76 TeV are shown in figure 5.5. In order to obtain
the same pr range as for Pb—Pb collisions, which is needed for the Ra calculation,
the pp spectra were extrapolated. A power-law fit (eq. 4.11) was performed from
3 < pr < 16GeV/c for K? and from 4.5 < pp < 12GeV/c for A. The pr range of the
extrapolation for K¥ is 14 < pr < 20GeV/c and for A 12 < pp <16 GeV/c. Although
a mass peak is observed for the pr bin 14 - 16 GeV/c of K?, the bin was neglected
due to the systematic uncertainty caused by the signal extraction, where a strong
deviation from a Gaussian peak shape results into a too small extracted peak width.
Within the statistical uncertainties though, the yield in this pt bin from the standard
signal extraction procedure compared to counting all bins in the range estimated from
the previous pr bin agree.

For the fit procedure, the statistical and systematic errors were added quadratically.
The systematic uncertainty of the extrapolated data points was calculated from the
following sources: First, the difference to the results from fits to the spectra, which
were shifted to the upper and lower edge of the systematic errors were calculated.
Second, the fit results from different starting values of the fit were evaluated. Third,
the difference of the power-law function to a simple power-law (1/p%}) entered into
the systematic error estimation. Concerning the statistical error, the point by point
error from the fit was taken. The ratio of the data to the corresponding fit is shown
in figure 5.6. Within the given fit range, the data are well described by a power-law
function. The choice of a lower fit range limit for K? as compared to A is related to
their spectra shape, which in case of K? converts to a power-law at lower pr due to
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Figure 5.6: K? and A(A) in pp /s = 2.76 TeV with power-law fits for the extrapolation.
The errors represent the quadratic sum of the statistical and systematic uncertainty.
Lower panel: ratio fit over data.

particle: | K¢ | =+ A + A | £

| exponent: | 6.08 [ 0.05 | 7.48 [ 0.19 [ 7.52 | 0.2 |

Table 5.1: Exponent of the power-law fitted to K and A(A) in pp collisions at
Vs = 2.76 TeV.

its lower mass. The exponents of the power-law fit are shown in table 5.1.

In figure 5.7, the A/A ratio is shown for pp collisions. The spectra agree within
systematics for the whole pr range though a slightly decreasing trend with pr is
observed as in Pb—Pb collisions.
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Figure 5.7: Ratio of A to A in pp collisions at /s = 2.76 TeV. The boxes around
the data points represent the systematic uncertainties, whereas the vertical error bars
show the statistical errors.

5.1.3 Comparison to offline VV finder analysis

In the following, the KY and A spectra in Pb-Pb collisions are compared to the offline
VO finder analysis [154] in figures 5.8, 5.9 (K?) and 5.10, 5.11 (A). The uncertainties
of both analyses are treated as independent errors.

In case of K, the results from both V° finders are in good agreement. However, for
the centrality classes 0-20%, an enhancement of the offline K¢ is observed for the first
two pr bins, which exceeds the systematic uncertainties. The A spectra show a rather
good agreement from low to intermediate pr. At high pr, however, the spread of the
differences becomes large in central events, which is not covered by the systematics.
This is supposed to be influenced by the differences in the treatment of the feed-down
correction. While in this analysis the feed-down was determined for each centrality
separately, a constant correction was assumed for the published spectra. The pr
spectra of A were not published within the offline V° finder analysis.
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Figure 5.11: Comparison of the published A [154] (offline V? finder) in Pb-Pb collisions
to those from this analysis using the on-the-fly V finder for centralities 0-5%, 5-10%,
10-20% in the left panel and 20-40%, 40-60% and 60-80% in the right panel. The boxes
around the data points represent the systematic uncertainties, whereas the error bars
indicate the statistical uncertainties.



5.1. Transverse momentum spectra of K? and A(A)

" 'Pb-Pb sy, =276 TeV, ly| <05 |
K"+ K 2x K

e cent. 20-40% o cent. 20-40% |
+ cent. 40-60% < cent. 40-60%

= cent. 60-80% o cent. 60-80% -+
— - power-law fit — power-law fit

©Pb-Pb |5, = 2.76 TeV, ly| <05
K"+ K 2xKq

e cent. 0-5% o cent. 0-5%
+ cent. 5-10% ¢ cent. 5-10% |

T
[E=Y
o

- cent. 10-20% © cent. 10-20%

T

1/N d®N/(dp_ dy) (GeV/c)*
2
1/N d®N/(dp_ dy) (GeV/c)*

—. . it —power-law fit |
10 +... power-law fit N A ]
% % °
_15?0 cent. 0-5% x 10.0 i . % cent. 20-40% x 10.0
1t iii*ﬁﬁe cent. 5-10% x 4.0 10‘15 ** cent. 40-60% x 4.0 E
LI E ¥
- ]
%
10—1 L ii 7§ 10—2 3 ii |
= a
102¢ 1 10% 3
10° ] 0% h ]

this work 10° * this work 3

10-47\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\\é E\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\ﬁﬁ
0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
P, (GeVic) P, (GeVic)

Figure 5.12: Transverse momentum spectra of K¢ and charged kaons in Pb-Pb colli-
sions together with power-law fits to the data points for centralities 0 - 5%, 5 - 10%,
10 - 20% in the left panel and 20 - 40%, 40 - 60% and 60 - 80% in the right panel.

5.1.4 Comparison of K! to K™~

Pb-Pb collisions

Furthermore, the K? were compared to the charged kaons [159, 160] in Pb-Pb colli-
sions. The spectra are consistent within the systematic uncertainties, which can be
seen in figures 5.12 and 5.13. Although the spectra are in good agreement, small
discrepancies of the order of 5% are observed at low pr in all centrality classes as well
as 10% for the highest pr bins for the centrality classes 20 - 60%, which are however
all covered by the uncertainties. Figure 5.14 shows the ratio of the power-law fits
from figure 5.12 for K as well as for the charged kaons for pr > 7GeV/c to the data.
Above this pr value, the data are all well described by the power-law. The fit re-
sults for KO are compared to those for the charged kaons, which can be seen in figure
5.15. This comparison reveals a common trend for all centralities except the most
peripheral events: the slope of the charged kaon power-law is different to that of the
K?, resulting in a maximum difference of ~ & 10%. In peripheral Pb-Pb collisions,
the larger disagreement at high pr of the power-law fits is caused by the last two high
pr yields of the charged kaons, which pull the fit to lower values as compared to the
K?, since the latter has no entries in this pr region.
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Figure 5.16: KY transverse momentum spectrum in pp collisions at
Vs = 276 TeV together with the charged kaon results [159]. In addition,

power-law fits to the spectra are shown.

pp collisions at /s = 2.76 TeV

In pp, the K? spectrum is also in good agreement with charged kaon analysis [159],
which is shown in figures 5.16 and 5.17. The value of the last pr bin of KY at
pr = 16 - 20GeV /¢, that is a result of the extrapolation with a power-law, is how-
ever not compatible with the charged kaon yield. Figure 5.16 presents both spectra
together with a power-law fit. Since the K tend to show increasingly larger values
at high pr than the charged kaons, the exponent of the power-law is consequently
smaller, resulting in larger value for the extrapolated yield. In the left panel of figure
5.18 the ratio of the fit to the data is shown. The individual fits describe the spectra
well. The right panel of this figure contains the ratio of the power-law fit to the K?
spectrum to that of the charged kaons, where the tension at the highest pt bin be-
comes visible.

At low pr, the systematic pattern is a result of the three different analyses contributing
to the spectrum up to 3 GeV /¢, employing the TPC, TOF and HMPID, respectively.
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kaon [159] pr spectra in pp at /s = 2.76TeV to the data. Right: Ratio of the
power-law fits of K? to that of the charged kaon pr spectra.

5.1.5 Rapidity density extraction

The yield per unit rapidity (dN/dy), i.e the rapidity density, is estimated by the integ-
ration over the pr spectrum. Since the measurement is usually limited to finite values
of pr, an extrapolation of pr spectra to pp = 0 under the assumption of a functional
form is performed. As mentioned in section 2.2, the functions commonly used for
this purpose are the Blast-Wave (eq. 2.22) and the Tsallis-Pareto (eq. 4.10) function,
respectively. The following figures show fits of these functions to the K and A(A)
pr spectra. In case of Pb—Pb, in figures 5.19, 5.20, 5.21, mainly Blast-Wave fits were
performed up to pr = 2.5GeV/c (K?) and pr = 3.0GeV/c (A), respectively, since
they are best described by this function. On the other hand, the Tsallis-Pareto func-
tion was used to determine the systematic uncertainty on the extrapolation. However,
this function is only able to describe the spectra in fit range half as large as compared
to the Blast-Wave fit. In figure 5.22, the fits for pp collisions are presented, where
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Figure 5.19: Fit to Kg in Pb—Pb collisions at /syn = 2.76 TeV. The error bars
indicate the quadratic sum of the statistical and systematic uncertainties. The lower
panels show the ratio of the fit to the data.

the Tsallis-Pareto function was used to extract the rapidity density. In case of pp
collisions and of K? in peripheral events the quality of the Blast-Wave fit is worse
than that of the Tsallis function, therefore the latter was chosen for the extraction of
dN/dy. The difference to the result obtained with the Blast-Wave fit though enters
in the systematic uncertainty estimation.

The resulting rapidity densities of K and A(A) are shown in figure 5.23 as a
function of the average number of participants. The systematic uncertainties (boxes)
include the difference to the results using the Tsallis-Pareto (Blast-Wave for pp and K
in 60-80%) parametrisation, the maximum error obtained from shifting the spectra to
the upper and lower edge of the error bars (quadratic sum) as well as the uncertainty
of the centrality or Ny, determination. Table 5.2 summarises the extracted yields.
A linear trend with Npay at Npare > 100 is observed for both particles, which is also
seen for charged particles [30]. The yield of A and A is compatible within errors and
the yield of K? is about 3.5 times larger than that of A in all centrality classes, which
is displayed in figure 5.24. Additionally, this figure contains an estimate of the yield
ratio in central collisions obtained from a SHM fit to several hadrons measured by
ALICE [123], where a chemical freeze-out temperature of T, = 156 MeV was obtained.
Within the systematics, the SHM estimate agrees with the measurement.

The pr-integrated particle rapidity densities can be further investigated by comparing
the yields in Pb—Pb collisions to those in pp in order to study a possible (canonical)
suppression in pp as well as the normalised centrality dependence to other beam

131




132

Chapter 5. Results

Ain Pb-Pb \s, =276 TeV, ly| <0.5
this work

Ain Pb-Pb \s =276 TeV, [y| <0.5
this work

=
o

T
T

1/N d®N/(dp_ dy) (GeV/c)*
[N
o
H

1/N d®N/(dp_ dy) (GeV/c)*

® cent. 0-5% ® cent. 20-40%

+ cent. 5-10% + cent. 40-60%

=
Q
[N

o cent. 10-20% o cent. 60-80%

— Blast-Wave fit

| — Blast-Wave fit

|

o : ‘ “ ‘ ‘ o i ‘ % % % % :
S L1 8 1.1} 1 7
~ r ~ r T ]
= * ° = * 1
il 1; *o . 1; 8% %%% 1
g g ol ?
0.9 \ 1 0.9} 1

0 05 1 15 2 25 3 0 05 1 15 2 25 3

P, (GeV/c) P, (GeVic)

Figure 5.20: Blast-Wave fit to A in Pb—PDb collisions at /sxy = 2.76 TeV. The error
bars indicate the quadratic sum of the statistical and systematic uncertainties. The
lower panels show the ratio of the fit to the data.

energies and particle species. While the latter are shown and discussed in the last
chapter, the ratio to pp collisions for K2 and A(A) can already be found here in
figure 5.25. The K as well as the A(A) abundances in pp are suppressed by the
same amount, i.e. by about a factor two (1.5) as compared to central (peripheral)
collisions.

Moreover, the integration of the p spectra allow also the calculation of the mean
transverse momentum (pr), which serves as a variable to further characterize the soft
part of the spectra. Figure 5.26 presents (pr) of K and A(A) as a function of d N, /dn.
As expected from the different particle masses, (pr) of the heavier A(A) is larger than
that of the lighter K°. While in central events it exceeds the K? value by nearly a
factor two, which is driven by the twice larger mass of A, the difference decreases with
decreasing centrality, approaching a factor 1.3 in pp collisions. In comparison with
the protons, the mean transverse momentum of A is slightly larger ( 8%) in Pb—Pb
collisions as expected from the mass difference. However, in pp this difference seems
to vanish. In case of K, (pr) exceeds the values for pions by nearly a constant factor
or 1.6 at all ANy, /dn.
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Figure 5.21: Fit to A in Pb—Pb collisions at \/syy = 2.76 TeV. The error bars indicate
the quadratic sum of the statistical and systematic uncertainties. The lower panels
show the ratio of the fit to the data.
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Figure 5.23: Left: Rapidity density (dN/dy) of K and A(A) in Pb-Pb collisions at
VSN = 2.76 TeV and in pp collisions at the same energy as a function of the mean
number of participants (Np.). Right: logarithmic scale of the low (Npa) region.
The boxes around the data points indicate the systematic uncertainties of the yield.
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collision
class KY A A
Pb-Pb cent. | dN/dy + + dN/dy + + dN/dy + +
0- 5% 101.514 0.082 5.339 27.143 0.030 2.491 26.225 0.027 2.821
5-10% 84.835 0.080 4.664 22.701 0.026 2.268 22.322 0.024 2.256
10 - 20% 64.699 0.043 3.428 17.491 0.015 1.640 17.041 0.018 1.621
20 - 40% 36.323 0.021 1.982 9.910 0.007 0.951 9.800 0.007 0.970
40 - 60% 13.807 0.013 0.839 3.970 0.005 0.359 3.906 0.005 0.363
60 - 80% 3.621 0.007 0.237 1.047 0.002 0.097 1.037 0.002 0.098
PP 0.2305 0.0008 0.0209 0.0639 0.0002 0.0077 0.0624 0.0002 0.0071

Table 5.2: Rapidity density (d/N/dy) at mid-rapidity in Pb—Pb and pp collisions at /sx\y = 2.76 TeV. The first error represents the

statistical uncertainty, the second the systematic uncertainty.
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Figure 5.25: Rapidity density (dN/dy) of K and A(A) in Pb-Pb collisions at
VSN = 2.76 TeV scaled to the yield in pp collisions at the same energy as a func-
tion of the mean number of participants (Npat). The boxes around the data points
indicate the systematic uncertainties. In case of A and A, the values were shifted to
the left in x-direction for better visibility.
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Figure 5.27: Ratio of A to K? pr spectra in Pb—Pb and pp collisions at /s = 2.76 TeV.

5.2 Low-to-intermediate p.: Baryon-to-meson ratio

In figure 5.27 the ratios of A to K? in pp collisions as well as for all analysed centrality
bins in Pb-Pb collisions is presented. At intermediate pr (2 - 5GeV/c), a clear en-
hancement of A to K? is visible for central to mid-central collisions. This enhancement
decreases the more peripheral the collisions are, until it vanishes for peripheral and pp
collisions. Above pr= 8 GeV /¢, all ratios exhibit the same values. This observation is
similar to the baryon-to-meson enhancement in central collisions reported by RHIC
experiments and by the ALICE collaboration for protons and pions.

A detailed discussion of the observed pr spectra as well as the rapidity densities
and their possible physics implications will follow in chapter 6.

5.3 High p:: Nuclear modification factor Rxs of K2 and A(A)

Finally, the nuclear modification factor Ry of K and A as a function of pr is shown in
figure 5.28. The results are presented together with the Raa of charged particles [47].
The left panel shows Raa for central and the right panel for peripheral collisions,
respectively. The suppression of K? is very similar to that of charged particles for
the whole pr range, in peripheral as well as in central collisions. In contrast, the
suppression of A is smaller at lower pr as it can be expected from the A /K? ratio, where
the ratio in central collisions exceeds that in pp collisions. In particular, only little
nuclear modification, Raa~ 0.9, is observed for py= 2 - 5GeV/c in both centrality
classes. On the other hand, at high pr, the suppression is as strong as that observed for
K? and thus similar to that of charged particles. The Raa of K? in peripheral events
(right panel of figure 5.28) indicates a rather moderate but significant suppression of
Rap =~ 0.6 with almost no pr dependence. Thus the Rcp, the ratio of pr spectra
in central to peripheral collisions normalised to Ny, exhibits a similar pattern than
that of Raa for central events. The corresponding figures can be found in appendix
C.2.

In figure 5.29 the Raa for K and A are shown separately for all centralities. The low
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Figure 5.29: The nuclear modification factor Raa of K? (left) and A (right) for all
centralities in Pb—Pb collisions at /syy = 2.76 TeV. The boxes around the data
points indicate the systematic error.

pr region shows a stronger decrease of the modification with centrality for K? than
it is the case for the A. This behaviour is also already reflected in the A/K? ratio.
The local minimum of Raa around pr = 6 - 8 GeV/ ¢ observed for K? and the charged
particles weakens with decreasing centrality. This is in agreement with the assumption
of a vanishing radial flow with the collision impact parameter as mentioned in section
2.2.

Finally, the A Raa is compared to that of A for all centralities, which is displayed
in figure 5.30. Within the uncertainties, no differences are observed. However, the
agreement is better at lower pr than at the highest pr.

Comparison to the preliminary results at Quark Matter 2011

The Raa of K? and A is also compared to results of a preliminary analysis performed
at the beginning of this thesis work, which were presented at the Quark Matter 2011
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Figure 5.30: The nuclear modification factor Rxa of A and A (right) for all centralities
in Pb—Pb collisions at /sy = 2.76 TeV. The boxes around the data points indicate
the systematic error.
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Figure 5.31: The nuclear modification factor Raa of K% and A together with the
results shown at Quark Matter (QM 2011) for central (0 — 5%, left panel) and for
peripheral (60 — 80%, right panel) Pb-Pb collisions at /sxy = 2.76 TeV. The boxes
around the data points indicate the systematic error. In both panels the charged
hadron Raa measured by ALICE [47] is shown for comparison. The uncertainty from
the N.op scaling and from the normalization in pp are indicated by the black box at
unity.

conference [166], see figure 5.31. At high pr (pr> 7GeV/c), the results from the
present analysis agrees with those from the QM analysis for both A and K? within
the statistical and systematic uncertainties. At lower pr, the agreement is also very
good in peripheral collisions. In central collisions, however, the present results are
above the QM results for both A and K?. The discrepancy is at the limit of the
systematic errors. The main difference between the present and QM analysis is the
treatment of the feed-down correction for A and the consistent usage of the data sets
wSDD and nSDD in pp collisions (see section 4.5).



Discussion

6.1 Review of the results

This last chapter reviews the results with particular emphasis on relevant aspects in
the high and low pr region, respectively. Besides the comparison of the results to
other particle species at the same collision energy, the energy dependence of some
extracted quantities is discussed.

6.1.1 High pr: Comparison of K? and A Ry, to other particle species

The observation of a compatible suppression of strange and non-strange hadrons at
high pr, as presented in the previous chapter, can be interpreted as an indication that
the relevant mechanisms do not depend on the quark flavour. Figure 6.1 presents
a compilation of ALICE Raa results together with the results of this work for Kg
and A in central events (peripheral in figure C.10). This compilation and further
figures in appendix C.2, were the Raa for baryons (p, A, 2%, Q"7) and mesons
(77, K2, K™7), respectively, can be found for all centralities, underlines the flavour
independence with respect to u-, d- and s-quarks. A similar modification was however
also obtained for D mesons containing a c-quark. Since the c-quark is considered as
a "heavy" quark due to m. > Aqcp, the common modification pattern at high pr
seems not to be solely a feature of light-quark hadrons. Regarding the key questions
raised at the beginning of this document, it has to be clarified whether this similarity
in the suppression of the participles containing light- and c-quarks is caused by the
same partonic energy loss and/or by the same modified fragmentation. According
to [167], the observation of Raa(light) ~ Raa(D) is a "a consequence of a specific
combination of the suppression and fragmentation patterns for light partons, and it
does not require invoking an assumption of the same energy loss for light partons."
This aspect is further discussed in the following section.

The results from the CMS collaboration for the non-prompt J /1) Raa, mainly revealing
the B meson modification, however, show a smaller modification as compared to the
average D meson Raa. Figure 6.2 contains the integrated Raa of both particles for a
given high-pr range versus centrality. Thus, finally, a flavour-dependent energy loss
is observed, though only in the heavy-quark sector, following

RAA(light) ~ RAA<D) < RAA<B) = AE(U, d,s, C) > AE(b) (61)
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Figure 6.1: The nuclear modification factor Ry of K? and A together with that of
other hadrons measured by ALICE [47, 158, 159, 168, 169] in central (0 — 5%) Pb—
Pb collisions at /syny = 2.76 TeV. The boxes around the data points represent the
systematic uncertainties. The uncertainty from N, and from the normalization in
pp are indicated by the grey box at unity.

The current errors, also in the presented CMS data, are still quite large and a more
precise and differential measurement is needed to disentangle details of the underlying
suppression mechanisms.

6.1.2 High pr: Model calculations

While the bulk medium is successfully described by viscous hydrodynamics, trans-
port models offer to study the low- as well as the high-p regions on a microscopic
level [173, 174]. The Raa results for KO and A(A) of this work are also compared
with model calculations of BAMPS, a 3+1 dimensional transport model using the
Boltzmann Approach to Multi-Parton Scatterings [175], where the Boltzmann trans-
port equations are solved numerically. Allowed collisions between the partons are
2 — 2 (elastic, collisional) and 2 <+ 3 (inelastic, radiative) processes, which are em-
bedded in an expanding medium. The scattering cross sections are obtained from
pQCD. As input for the partonic momentum spectra the distributions from PYTHIA
are used, which are folded with the AKK fragmentation functions. In order to account
for radiative processes, the LPM effect with a cut-off is included. The LPM cut-off
imposes a constraint on the formation time of the emitted gluon that "allows only
processes, where the emitted gluon is already formed before the next scattering takes
place, thus, forbids all possible interfering processes"[176].

In figure 6.3, several ALICE light-quark hadron Rxa are shown together with the
corresponding calculations from BAMPS. The measurements are well reproduced by
the model for all species. Among the BAMPS results a vanishing difference between
the various particles is observed, which is much smaller than the present experimental
uncertainties. Moreover, no systematic uncertainties are given for the model calcu-
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Figure 6.2: Average D meson Raa versus mean Ny, weighted with N, measured
by ALICE [170]. The horizontal black error bars are the statistical uncertainties, the
empty boxes the total uncorrelated systematic uncertainties and the filled boxes the
correlated systematic uncertainties. The non-prompt J/i) Ras measured by CMS is
shown in addition [171]. The empty boxes show the total systematic uncertainties.
The normalization uncertainty plotted at unity. The lines show the calculations with

the MC@sHQ + EPOS2 model [172].

lations. Thus, a common modification of the compared hadrons is observed in the
measurements and from BAMPS calculations.

In order to discuss the implications of this finding, some details about the calcula-
tion of the momentum spectra are given in the following. The main equation yielding
the final hadron spectra,

dN/f h) ! dNi2 p% h 2
dphdy (v4) = Z o gy \ 2 ) P (@), (6:2)

with z = ph/p%, includes D! (z,Q?), the fragmentation function for parton i frag-
menting into hadron A from AKK. In this equation, no energy loss term is visible
since the energy loss enters via the parton spectrum, which is modified within the
BAMPS framework. Therein, u-, d- and s-quarks are classified as light quarks suffer-
ing the same energy loss. The predominant quark fragmentation contributions to the
light-quark hadron formation stem from light quarks. Hence, a difference in Raa for
light-quark particles could only arise from the different fragmentation functions. The
fragmentation process itself is not modified within BAMPS. To conclude, the BAMPS
results show that the assumption of the same energy loss for u-, d- and s-quarks in
combination with unmodified fragmentation functions seems to describe the meas-
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Figure 6.3: ALICE Raa for different hadrons together with the results of this work
for K%, A and the corresponding model calculations with BAMPS [173, 174]. The
grey band shows the systematic uncertainties of the measured charged hadron Rax.

urements and that the calculated light-quark energy loss accounts for the observed
suppression.

Figure 6.4 shows the probability for a hadron h with pZ to stem from a specific
parton ¢ with any momentum without ('initial") and after ("final") the energy loss of
parton ¢ as calculated with BAMPS employing the AKK fragmentation functions:

1

P=Mpy) = | de Pz, ph), (6.3)
with
PR ) = o (P8 i (2, 7) (6.4)
T dNE  dphdy \ z CAT ’ '
dpltdy

which is the probability that a hadron h with pf stems from a specific parton i
with momentum p%. = pf/z. In the unmodified case at lower pr, all hadrons mainly
stem from gluon fragmentation. At around 50 GeV/c¢ however, this is only true for
A, whereas the mesons, i.e.the kaons and the charged hadrons, are almost equally
produced from quark and gluon fragmentation. In case of A, this balance is reached
at 95GeV/c. Thus, the baryons (protons see appendix C.3) show a larger gluon
fragmentation contribution than the mesons below these pr. Beyond these thresholds,
the quark fragmentation dominates. In the "final" case including the energy loss, the
thresholds are shifted towards lower pr by roughly 25%. The kaons distributions
now differ more clearly from the charged hadron ratios. Moreover, the contribution
from gluon fragmentation is reduced and the quark contribution enhanced at all pr
by roughly 10 - 15% for all particles. This shows that the fragmentation is indeed
modified if the contributions from quark and gluon fragmentation to the hadron yield
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Figure 6.4: Probability, that a hadron with p stems from a specific parton i with any
momentum without ("initial', left panel) and after ("final", right panel) the energy
loss of parton ¢. These values are the basis for the Rxa model calculation within the
BAMPS framework in [173, 174] employing the AKK fragmentation functions. The
solid lines represent the case for quarks fragmenting to hadron X, whereas the dashed
lines show the case for gluons [177].

are considered at a given pr. The fragmentation process itself is however not modified
in this framework.

In figure 6.5 the charged hadron Raa at LHC is shown together with the results
of BAMPS for charged hadrons, quarks and gluons separately. As mentioned in the
introduction, the gluon energy loss in the medium is expected to be larger than that
of quarks due to C4/Cpr = 9/4, which is clearly visible in this figure. The quark
Raa is compatible with the charged hadron Raa above pr = 30 GeV/c. Whereas the
hadrons at lower pr are predominantly created by fragmenting gluons, for hadrons at
higher pr, the quark fragmentation contribution rises as discussed above. The main
contribution of partons to the hadron yield stems on average from py regions 1.5 - 2
as high as the hadron pt [173]. Therefore, the larger quark Raa value at a higher pf.
in addition with the lower gluon Raa value at p% = ph can thus lead to the charged
hadron Raa, which is lower than the quark Raa(ph) but similar as the quark Raa at
the hadron pr. In brief, the pr dependence of the hadron and the parton Raa should
not be directly compared.

Since mainly fragmenting gluons with a higher mean pr than the quarks contribute
to the hadron spectrum, it could be queried, if the energy loss of quarks and gluons
was switched, would the Raa of the different hadrons change with respect to the
correspondingly charged hadron Raa. A different change for baryons and mesons as
well as for strange and non-strange hadrons would reflect the different quark and gluon
fragmentation contributions to the hadron spectra, which is different for baryons and
mesons as seen above. A simpler version of the question is: Are the light-quark-hadron
R similar by chance or is the exact combination of quark and gluon energy loss with
the corresponding fragmentation functions and parton pr spectra necessary?

In figure 6.6 the regular charged hadron Rsa is shown together with the Raa for
the case of switched partonic energy loss. Up to 50 GeV/c, the latter Rpa is larger
than the regular Raa as expected, since the energy loss of the gluons is now smaller
and the gluons mainly contribute to this pt region. Above this pr, the situation is
accordingly inverted. Figure 6.7 shows in the left panel the ratios of the individual
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Figure 6.5: Ras of charged hadrons, quarks and gluons from BAMPS for central
Pb-Pb collisions at /syy = 2.76 TeV together with the ALICE and CMS results
[173].

hadron Raa to the charged hadron Raa for the standard case. In the right panel,
the case for the switched energy loss of quarks and gluons is presented. Considering
the A first, it seems that the difference to the charged hadron R4 starts to increase
stronger as compared to the standard case, reaching a 12% enhancement at 80 GeV/c
as compared to 9% decrease in the standard case. Referring to the mesons, at lower
pr, the charged kaon Raa differs by 10%, which is not the case for the regular Raa
calculation. This again reflects the fragmentation ratios in figure 6.4, where for the
kaons a lower gluon contribution is seen in this momentum region, but which is nearly
equal to that of charged hadrons at higher pr. The main observation here is, however,
that the spread between the kaon and the A distribution is increased over the whole
pr range in the "switched" case. Thus it seems that the observed similarity of baryon
and meson Ry, in particular for the present case of A and K2, may at least partially
caused by the particular combination of the different energy loss of quarks and gluons
(factor 9/4) and their fragmentation into baryons and mesons. This is indicated in
the naive case where the QCD colour factors of quarks and gluons are exchanged,
which would indeed lead to a notable splitting of A and K Ras. In this sense,
the experimental finding that A and K° are very similar may be interpreted as an
indication that the common pQCD-based energy loss picture is correct. On the other
hand, the overall changes caused by the exchanged partonic energy loss are close to
the differences of the individual hadron Raa as compared to the charged hadron Raa
in the natural case, which are not yet possible to resolve by measurements.

In the following, the energy loss of heavier quarks is discussed and compared to that
of light quarks. Figure 6.2 shows calculations with the MCQsHQ-+EPOS2 model [66,
172] in addition to the D and non-prompt J/¢ Raa. This model includes collisional as
well as radiative energy loss, recombination and a hydrodynamical background based
on the EPOS2 model. The observed suppression of both particles is rather well re-
produced by the model calculations. If the b-quark energy loss is exchanged with the
c-quark energy loss for the non-prompt J /1) R calculation, the resulting suppression



6.1. Review of the results

1» T T T T T T

f 0_9; Raa BAMPS Pb-Pb |, = 2.76 TeV ]
. h™ original energy loss ]
0.8 g 9 1
I ——— h"" switched energy loss ]
0.7; 9y g
0.6 :
0.5
0.4 E
0'35 / improved GB,X:0.3§
0.2F running coupling 4
b [£0.6 GeV/fm® ]
0'15 b=3.6 fm ]

0 10 20 30 40 50 60 70 80
P, (GeVi/c)
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VSNN = 2.76 TeV as in [173] and with a switched energy loss for gluons and quarks
[177].
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Figure 6.7: Ratio of Raa for K? and A to the charged hadron R, as calculated with
BAMPS [173] (left panel). The right panel shows the similar ratios for the case of
switched energy loss for gluons and quarks [177].

resembles that of the prompt J/1 Raa, showing that mainly the differing energy loss
of ¢- and b-quarks is causing the different modifications. In [176], the D meson and
non-prompt J/1 Raa were also investigated within the BAMPS framework. In the
left panel of figure 6.8, the in-medium energy loss per unit path length of light, c-
and b-quarks for 2 — 2 (elastic) 2 — 3 (radiative) processes is shown. In each case,
the b-quark energy loss is smaller than that of c-quarks. According to the authors,
the larger mass of the b-quarks causes a larger dead-cone as compared to that due to
the LPM cut-off. As a result, the radiative energy loss is reduced by roughly 40%.
Also the collisional energy loss differs by about 0.25GeV/fm between light, c- and
b-quarks, respectively, showing the expected mass ordering.

Both models, the MCQsHQ+EPOS2 as well as BAMPS are able to reproduce the
measured heavy-quark modification factors. The two models differ in the basic im-
plementation of the LPM effect, in the assignment of a mass to the emitted gluons in
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Figure 6.8: Left: Elastic and radiative energy loss per unit length of a light-quark
(M =0), a c.quark (M = 1.3GeV/c¢), and a b-quark (M = 4.6 GeV/c¢) traversing
a static thermal medium with temperature 7' = 0.4 GeV. Right: Dependence of the
radiative energy loss of light, ¢-, and b-quarks with £ = 10GeV on Xypy, which
denotes a prefactor in the LPM cut-off. Figures and captions from [176].

radiation processes as well as in the treatment of the background medium evolution,
i.e. hydrodynamics. However, in both cases a phenomenological factor ("K-factor")
is necessary to find agreement with the data. In MCQsHQ-+EPOS2, the elastic and
radiative interactions are rescaled with K = 0.8. In BAMPS, two scenarios were con-
sidered, one with scaled binary (elastic) collisions (K = 3.5) and another with elastic
as well as radiative processes employing a scaled LPM effect. The latter scaling lowers
"the formation time of the emitted gluon by a factor Xppy = 0.2, which effectively
allows more radiative processes for 0 < Xppy < 1"'[176]. As seen in the right panel
of 6.8, the influence on b-quarks is much smaller than for light and c-quarks, which
start to deviate below Xipym = 1.

Within BAMPS, the treatment of the LPM effect in the Rpa calculation is the same
for light and c-quarks. The authors found, that "small angle radiation off both charm
and light quarks is suppressed [due to the implementation of the LPM cut-off] and
both have a very similar radiative energy loss", leading to a similar nuclear modifica-
tion factor for D mesons and charged hadrons. This statement is based on figure 6.8
(left), where the radiative as well as the collisional energy loss are depicted. While the
first is similar for light and c-quarks, the latter shows a mass splitting with the lowest
energy loss for the b-quark. It is argued that the calculations are in good agreement
with data if both elastic and radiative processes are taken into account. However, in
order to describe Raa and the elliptic flow component v, of the D meson simultan-
eously, solely the scaled elastic scatterings are necessary, apparently ruling out the
combined energy loss from elastic and radiative processes for the D meson. Addition-
ally, the agreement of the Raa of non-prompt J /1 calculated with MCQsHQ+EPOS2
with the measurement is better in this case (the non-prompt J/¢ vy is not available
yet). While the energy loss of both scenarios in BAMPS is of the same order, the
transport cross section is significantly smaller in the latter. Thus, the Raa results are
similar but the v, results, mainly influenced by the transport cross sections, differ.
Coalescence or recombination is presently not included in BAMPS, which could in-

IrTs important to mention that the exact value of X1 py is not theoretically motivated and, thus,
a free parameter'[176].
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Figure 6.9: Left: Comparison of the charm-quark suppression predictions (full curve)
with the D meson suppression predictions (dashed curve), as a function of momentum.
Centre: Comparison of charged hadron suppression predictions (full curve) with light-
quark (dashed curve) and gluon (dot-dashed curve) suppression predictions. Right:
The dashed curve shows what would be the charged hadron suppression if only light
quarks contributed to charged hadrons. The dot-dashed curve shows what would
be the charged hadron suppression if only gluons contributed to charged hadrons,
whereas the full curve shows the actual hadron suppression predictions. Figure and
caption from [167].

crease the transport cross sections and thus enhance the relevance of the two-processes
scenario.

To summarize, according to the authors of [176], there are two reasons why the
D meson Raa is compatible with that of charged hadrons: First, the LPM cut-off
produces a "second dead-cone that overlays the dead-cone due to the heavy-quark mass
and effectively annihilates its influence' generating a "similar suppression for light and
heavy quarks." Second, the fragmentation process of the D meson, where contributions
from gluon jets are suppressed due to the large c-quark mass [178], causes the D meson
Raa to be compatible with the c-quark Raa, as seen in the left panel of figure 6.9
(from [167]). The suppression is similar to that of the charged hadrons predominantly
including light-quark hadrons. The Rap of light-quark hadrons stemming only from
quark fragmentation is however larger than the observed charged hadron Raa, as
depicted in the right panel of figure 6.9. For hadrons originating solely from gluon
fragmentation, the suppression is stronger and the total light-quark hadron Raa lies in
between the two limiting cases. Thus, the fragmentation process creating light-quark
hadrons shifts their Raa closer to the light-quark Raa, that is compatible with the
D meson and c-quark Raa. Taking additionally into account the BAMPS results for
the exchanged energy loss of quarks and gluons, it seems that the gluon and quark
suppression together with the individual hadron fragmentation functions "combine so
that, coincidentally, their "resultant" charged hadron suppression almost identically
reproduces the bare light-quark suppression'[167], which seems to hold for A and K
as well.

6.1.3 High p: Comparison of K and A Rja to measurements at lower
beam energies

As the formation of a QGP is expected both at RHIC and the LHC, the comparison of
the results from both energies might reveal further features/subtleties of its creation
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Figure 6.10: The nuclear modification factor Rcp of K? and A in Pb-Pb collisions
at /snn = 2.76 TeV in comparison to the measurement for Au-Au collisions at
VSnn = 200 GeV by the STAR collaboration [179] for the same centrality intervals.
In addition, the charged particle Rep from ALICE [47] as well as the neutral pion Rcp

by PHENIX [78] are shown. The uncertainty from Ny and from the normalization
in pp are indicated by the boxes at unity (black ALICE, blue STAR).

and its properties.

Figure 6.10 shows the comparison of the K? and A Rgp to the measurements by the
STAR collaboration in Au-Au collisions at /syy = 200 GeV for central collisions. For
both particles, a similar suppression is observed at RHIC and at the LHC within the
uncertainties. Albeit, for A at the LHC, however, a slight shift of the maximum of
Rcp to higher pr is indicated, which could be the result of the larger radial flow and
higher mean pr observed at the LHC [107]. In addition, the neutral pion Rcp from
PHENIX is shown, which is similar with that of charged particles at RHIC energies,
but offering a larger pr reach as well as smaller systematic uncertainties. Also in this
case, the suppression is similar at both energies.

While the similarity of Rcp for a given particle type at RHIC and at the LHC indic-
ates similar evolution of particle production modifications from peripheral to central
collisions, a somewhat different picture emerges if modifications with respect to pp
collisions, i.e. the study of R, is considered. This is shown in figure 6.11, where Raa
of K¢ and A in central Pb-Pb collisions from this work are compared to results from
STAR at RHIC (for peripheral collisions see figure C.11). At the LHC, the suppression
of both K? and A is smaller by roughly a factor 2.6. In case of K?, the Raa approaches
that of the neutral pions around 7 - 9 GeV /¢, while for A, the pr reach and the stat-
istical uncertainties only a slight trend towards the pion Raa is indicated. For this
representation, the STAR pp reference, which is normalized to non-single diffractive
events (NSD), was scaled by the ratio of cross-sections onsp/ongrL, = 30 mb/42mb.
Furthermore, in order to match the pr range of the STAR Au—Au spectra, the pp
references were extrapolated with a Tsallis-Pareto function from pyr =5 - 8 GeV/c.
The neutral pions at RHIC show only slightly less suppression than the charged
particles at the LHC, why it appears to be compatible within the scaling uncer-
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Figure 6.11: The nuclear modification factor Raa of K? (left panel) and A (right panel)
in central Pb—Pb collisions at \/syx = 2.76 TeV in comparison with the measurement
in Au-Au collisions at \/syy = 200 GeV by the STAR collaboration [179, 180] for the
same centrality interval. In addition, the charged particle Ry from ALICE [47] as
well as the neutral pion Ryx by PHENIX [78] are shown. The STAR pp reference was
scaled by the cross-section ratio onsp/omwgL, = 30 mb/42mb. The uncertainty from
Neon and from the normalization in pp are indicated by the boxes at unity (black

ALICE, blue STAR).

tainties. Thus, a similar high-pr suppression could be assumed for mesons at both
energies. As the STAR results are limited to the intermediate pr region, no statement
on high pr suppression of A and K with respect to pp collisions from RHIC to LHC
energies is possible yet.

Taking into account that the STAR K? and A Rcp is compatible to the results of
this work, the significant difference between the Rpa at low pr may be driven by the
pp references rather than by nuclear effects. Figure 6.12 shows the pr spectra of A in
central and peripheral AA as well as in pp collisions at both energies. Obviously, the
spectra at the LHC are much harder than at RHIC energies. Whereas in AA collisions,
the shape changes already at low pr, in pp, the shape is similar up to pr ~ 1.0 GeV/c.
The vertical lines mark the maxima of the spectra. Only in central collisions, the
pr of the maximum shifts significantly from 0.9 to 1.2 GeV /¢ with collision energy,
which could partially be related to the increased radial flow at LHC. Considering
the left panel of figure 6.13, where the double-ratios of the parametrisations shown
in figure 6.12 of Au-Au/pp collisions at /sy = 200 GeV to Pb-Pb/pp collisions at
VSN~ = 2.76 TeV are displayed, the ratio Au-Au/pp at RHIC is larger by a factor 1.5
for central collisions than that at LHC for 1.5 < pr < 3GeV/¢, already without the
normalisation to Ng. Together with the value of the inverse N, ratio of 1.7, this
yields a factor of 2.55, which corresponds to the R enhancement at RHIC compared
to that at LHC.

Regarding the pr-depended evolution of the spectra ratios in the right panel of figure
6.13, the decreasing slope is steepest in central collisions and flattest in pp as well
as in peripheral collisions, indicating a stronger modification in the shape in central
collisions. At lower pr, this could be caused by the increased radial flow, which shifts
the particle production to higher pr causing a harder spectrum. In pp, however, the
particle production is increased at all pp. While at lower pr, the shape does not change
with increasing collision energy, at higher pr also a much harder spectrum is observed
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Figure 6.12: A transverse momentum spectra of this work in Pb—Pb and pp collisions
at /sy = 2.76 TeV together with those measured by STAR [179, 180] in Au-Au and
pp collisions at /syy = 200 GeV. Parametrizations with a Blast-Wave (AA) and a
Tsalllis-Pareto fit (pp) are shown in addition (full curves). The dashed vertical lines
indicate the pr of the the maximum of the distributions. The STAR pp spectrum was
rescaled via the cross-section ratio onsp/ongr, = 30 mb/42 mb.

at the LHC, which does not significantly affect the particle yield but influences Rax.
Thus, the enhanced rapidity density by a factor of two in pp collisions at the LHC is
solely caused by the enhanced spectrum at low pr, whereas in Pb—Pb, the increased
rapidity density is mainly a consequence from the harder spectra. In other words,
predominantly more particles with higher momenta are produced in Pb—Pb at the
LHC. For Rcp, this change in the spectra slope eventually cancels and the change in
the magnitude at each pr is compensated by the difference in Noy.

These observations seem to be the case only for K? and A, because the neutral pion
R is comparable at both energies. Since the mean pr of charged kaons and protons
increases by =~ 30% and that of pions by roughly 10% in central Pb—Pb collisions
[107], this might be connected to the increased radial flow at LHC as well, which has
a stronger effect on A and K? than on pions.
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Figure 6.13: Left: Double-ratio of the parametrisations of the A pr spectra measured
by STAR (see figure 6.12) Au-Au/pp collisions at \/syy = 200 GeV to Pb-Pb/pp
collisions at /sy = 2.76 TeV obtained for A in this work. The horizontal lines
indicate the inverse ratios of N.. Right: Ratio of A pr spectra parametrisations in
AA and pp collisions at RHIC to those at the LHC. The ratios of N, (horizontal
lines) and the pr values, where the maximum of the spectra is reached, (vertical lines)
are shown in addition.

6.1.4 Low-to-intermediate-to-high p;: Baryon-to-meson ratio

The A/KY ratio in pp and Pb-Pb collisions at the LHC (see section 5.2) is compared to
the measured p/m ratio and several model calculations in figure 6.14. At all centralities
and pp, the peak of the p/m ratio is lower by roughly a factor 2 than that of A/K?. On
the other hand, the ratios reach the same values at pr > 8 GeV /¢, where the influence
of the radial flow vanishes and the power-law behaviour of the spectra sets in. In the
recombination picture, the yield at intermediate pr contains feed-down from higher
pr, where the partons suffered energy loss and a contribution from lower pr due to the
flow. Combining 3 instead of 2 partons, the overall pt gain is larger for baryons than
for mesons, enhancing the baryon yield at the considered hadron pr. The calculation
with a recombination model for A/K? as presented in figure 6.14 is able to reproduce
the trend in central collisions at pr = 3 - 6 GeV/¢c. The hydrodynamic model describes
the data up to pr = 3 GeV/c. Finally, the EPOS calculation combining hydrodynamics
with the interaction between jets and the hydrodynamically expanding medium can
reproduce the data up to pr = 5GeV/c. These considerations seem to support the
recombination picture in combination with hydrodynamics at least in a limited pr
range.

With regard to the nuclear modification factor at lower pr, a reduced suppres-
sion for A is observed as compared to KU and charged hadrons. The compilation of
ALICE Rap results in central collisions in figure 6.1 shows that all baryons exhibit
less suppression than the mesons in this pr range. Moreover, a mass hierarchy is
found, which seems to hold as long as baryons and mesons are considered separately.
Especially the ¢ and D meson, which both have masses larger than the proton seem
to support this observation. In case of the mesons, the pion suppression is stronger
as compared to that of the kaons with a four times larger mass. The baryons also
exhibit a mass hierarchy above pr = 2 GeV /¢, with the protons and Q% showing the
smallest and largest Raa, respectively. However, the difference between the A and
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Figure 6.14: Ratio of A to K! pr spectra in Pb-Pb and pp collisions at
VSN = 2.76 TeV together with the proton-to-pion-ratio measured by ALICE [159].
Calculations with a hydrodynamic model [181-183], a recombination model [184] and
with EPOS [185] are shown in addition.

=t~ Raa is rather small as compared to the difference between A and p, although
the relative mass difference is the same. Since no significant radial flow is expected
in pp, the local maximum of the Ras above pr = 1GeV/c could be related to the
flow in Pb—Pb as discussed above. Further figures, where the Rx for all centralities
of baryons (p, A, =%~ Q7)) and mesons (7™, K% K™7) are presented separately,
can be found in appendix C.2.

In the high pp-region, the discrimination of the jet-like part, stemming from frag-
mentation only, and the bulk part could shed some light on the interplay of recom-
bination effects and the transition to pure fragmentation as the respective dominant
hadron creation mechanism. Figure 6.15 shows in the left panel the proton-to-pion
ratio in central collisions for the bulk contribution of the spectra and the remaining jet
contribution (peak — bulk) from [186]. The latter distribution is compatible with the
results obtained from PYTHIA and with the proton-to-pion ratio seen in pp collisions
(see figure 6.14), representing pure fragmentation. On the other hand, the bulk ratio
resembles that of the inclusive ratios. The right panel of the same figure presents the
(A+A) /KO ratio from inclusive measurements and from hadron-jet correlations in p—
Pb collisions. Above pr = 8 GeV/¢, the PYTHIA result and the the jet measurement
reaches the values of the inclusive ratio.

To conclude this paragraph, fragmentation seems to be the dominant particle pro-
duction mechanism above pr = 8 GeV /¢, which appears not to be modified in Pb—Pb
or p—Pb collisions, since the ratios agree with those in pp and PYTHIA representing
the unmodified case. Thus, the suppression seen in the Rxa measurement appears to
be caused by partonic in-medium energy loss on the one hand and a subsequent un-
modified fragmentation as the dominant particle production mechanism on the other.
Having said that, the effect of a possible modification of the fragmentation could
simply cancel in the baryon-to-meson ratio as it seems to be the case for the energy-
loss. As a reminder, the latter is expected to be the same for light-quark hadrons.
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Figure 6.15: Left: Measured proton-to-pion ratio in the jet and bulk in a di-hadron
correlation analysis in Pb—Pb collisions. The measurements, which are not feed-down
corrected, are compared with PYTHIA results [186]. Right: (A+A)/K? ratio in p-Pb
from inclusive measurements (black points) and from hadron-jet correlations (coloured
points) in comparison with PYTHIA [187].

Hence it may be difficult to conclude on the fragmentation process modification. In-
deed, the CMS collaboration measured the jet fragmentation functions in Pb—Pb and
pp collisions [188]. In central collisions, only a small modification of the jet frag-
mentation functions is observed for the considered momentum range and a vanishing
difference in the pr spectra of the jet particles. At lower pr, an enhancement up to
1.6 is reported for the pr spectra of the latter, which could explain the difference
between the PYTHIA result and the measurement of the (A+A)/K? ratio in jets at
these momenta.

6.1.5 Low pr: Rapidity densities, temperatures and strangeness suppres-
sion

In the previous chapter, the rapidity densities of K? and A(A) were presented as a
function of Npa. Since Npa serves as a measure of the initial system size, it can
be used for the comparison of the results from different beam energies at the same
collision centrality. If dNy,/dn, the number of charged particles measured per pseudo-
rapidity range is chosen instead, the centrality classes from two different beam energies
are not comparable, because the particle multiplicities are different.

In the following, the relative rapidity densities of particles with different strange-
ness content are considered. Figure 6.16 contains such ratios measured by ALICE
and from this work, respectively, for all light-quark hadrons previously addressed. In
the legend of this figure, the hadron ratios with the same relative strangeness AS are
grouped. The same symbol refers to the same AS and the same colour refers to the
same denominator.

With regard to the centrality dependence, only the relative rapidity densities of =~
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Figure 6.16: Rapidity density (dN/dy) in Pb-Pb collisions at \/sxy = 2.76 TeV of
particle X relative to particle Y as a function of d N, /dn. The values of K and A were
taken from this work. The other results were obtained by the ALICE collaboration
in [107, 108] and the pp values were extracted from [158, 159]. The ALICE dN,/dn
values were published in [30, 189]. The error bars indicate the quadratic sum of the
statistical and systematic uncertainties. The horizontal lines show the results from
a statistical model fit with Ty, = 156 MeV and up = 0 for central collisions (high
dNg, /dn) [123] and a THERMUS [190] fit [191] with T, = 146 MeV, ug = 2.69 MeV
and s = 0.8 for pp collisions (low dNy,/dn).

and Q~ show an increase with dNy,/dn, while for the other hadron ratios no signific-
ant centrality dependence is observed, revealing that the individual rapidity densities
scale with dNg,/dn in the same manner. In addition, the particle ratios obtained
from a SHM [192] fit to the particle abundances at mid-rapidity in central collisions
with pp fixed to zero yielding a chemical freeze-out temperature of 156 MeV are de-
picted as horizontal lines. The line style corresponds to a certain value of AS and
the colour to that of the marker representing the corresponding measured particle
ratio. Except for the ratios that contain protons, all relative rapidity densities are
reproduced by the SHM within the experimental uncertainties, indicating a particle
production via statistical hadronisation from a thermalised medium. Furthermore,
the rapidity densities in pp collisions were fitted [191] with THERMUS [190] from
which a temperature of Ty, = 146 MeV, ug = 2.69 MeV and ~; = 0.8 were obtained.
The corresponding fit results for the particle ratios are indicated by the horizontal
lines at around d Vg, /dnp = 1. Besides the ratios including A and =~, all other rapidity
density ratios are rather well described by the fit. The extracted chemical freeze-out
temperature is not much smaller in pp than in Pb—Pb. The strangeness suppression
factor indicates a 20% strangeness suppression in pp as compared to Pb—Pb, where
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vs = 1. Tt has to be noted, that the x?/NDF = 70.23/11 is quite large.

Interestingly, the /=~ ratio is compatible with the =~ /A ratio and with the K?/7~
ratio, which all have AS = 1 in common but their mass differences disagree. Thus,
the relative decrease of the rapidity density from the lighter particle to the heavier
particle with an additional s-quark is similar. If the baryon-to-meson ratios are con-
sidered with AS = 0, the separation of the A/K? ratio and the p/7~ ratio is roughly a
factor 5.5. The SHM fit yields a factor 4, which leads to 5.2 if the measured "too low"
proton rapidity density of 30% is taken into account. Considering the ratios with
AS = 2, nearly a factor 5 is observed between the Q2= /A and =~ /p ratio. A factor
3.6 is expected from the SHM fit, which yields 4.7 with the 30% proton rapidity
density in addition. In general, the ratios to the non-strange proton with AS > 1 are
always larger by a factor 3.6 - 4 in the SHM. Whereas for the non-strange baryons
only ug plays a role, for strange particles ug, i.e. the strange chemical potential, as
well as ug are important. Basically, the large difference describes the energy needed
to implement strangeness at all in the system.

The origin of the low proton rapidity density is not yet clarified. The statistical had-
ronisation models cannot reproduce the low proton rapidity density. As discussed in
[122], several aspects might be considered, such as probably missing hadron states in
the models, non-equilibrium effects or a flavour-dependent, sequential freeze-out caus-
ing different Ty, for each species. "A low value of the p/7 ratio is naturally predicted
by non-equilibrium models as a consequence of the lower temperature (T, ~ 140 MeV)
needed to describe the data'[122]. Such a non-equilibrium thermal model is SHARE
[193-196], which is able to describe the data reasonably well. The price to pay for the
inclusion of non-equilibrium effects are additional free parameters.

Historically, to estimate the strangeness enhancement in AA or the strangeness
suppression in pp, respectively, the particle rapidity densities normalised to the rapid-
ity density in pp as well as to the initial system size N, have been investigated.
Figure 6.17 displays such relative rapidity densities of K?, A, protons, charged pions
and multi-strange particles measured by ALICE in Pb-Pb at /sxy = 2.76 TeV as
well as by STAR and by PHENIX in Au-Au at /syy = 0.27TeV. The ratios of all
particles are above unity, showing that the relative particle production is increased in
AA collisions.

Focussing on K? and A at the LHC, the rapidity densities relative to pp agree and
increase with Npa¢. This is also seen for RHIC energies when considering A instead
of A, but with values that are 1.1 and 1.2 times larger. For A at RHIC, the Npu
dependence is similar to that of A but exhibiting larger values. The multi-strange
particles show a comparable trend with Ny, as well for both energies though their
slope is steeper than for non- and single-strange particles. However, their relative
production is increased by a factor of two at RHIC. As mentioned in chapter 2, the
latter observation hints to the relaxed local strangeness conservation in pp at LHC
energies as compared to the 10 times lower RHIC energies causing a larger strange-
ness production in pp at the LHC. The results of A indicate that this is also the case
for single-strange particles. In case of the protons, the relative production is reduced
by 40% at the LHC, when considering the protons at RHIC and 30% smaller, if the
anti-protons at RHIC are regarded, which is analogue to the observation for A. While
at RHIC, the relative (anti-)proton production is comparable to the relative pion pro-
duction, this is not the case at the LHC, where the protons are below the pions for
non-peripheral collisions. On the other hand, the N, dependence of the protons
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Figure 6.17: Rapidity density (d/N/dy) in Pb-Pb collisions at \/syy = 2.76 TeV and
Au-Au collisions at /sxy = 0.2TeV relative to pp and scaled to mean Ny, as a
function of mean Np,¢. The points for A were shifted to the left in x-direction for
better visibility. The ALICE results were obtained from [107, 108] and the pp values
were extracted from [158, 159]. The PHENIX measurements from [197, 198] and the
values of STAR from [179, 199, 200]. The error bars indicate the quadratic sum of
the statistical and systematic uncertainties. Since the rapidity density ratios do not
contain the scaling error from the pp values, the relative scaling errors are separately
shown at Npa values below the dashed vertical line.

is similar for STAR and ALICE. In the mesonic sector, the relative rapidity density
of pions at both energies is compatible in central collisions. The same holds for K°
within uncertainties. Nonetheless it seems that the gain in collision energy in pp is
mainly relevant for the baryon production as well as for the (multiple) strangeness
production as mentioned earlier. Common to all relative particle rapidity densities
is that they do not saturate at large Npa. This contradicts the so-called wounded
nucleon model, where a saturation effect is expected to the geometry limiting the
particle production [24]. If also binary collision scaling is additionally included, the
rising d N, /dn distribution as function of Npat can be described [30]. Generally, the
discussed differences in the particle production at RHIC and the LHC should be taken
with care, since the scaling uncertainties of the pp measurements are large. Hence,
the following considerations may convey more information.

Since the pion production relative to pp scales stronger than linearly with N,
the study of pion production as a function of d/Vg, /dn may reveal additional inform-
ation. In particular, the pion rapidity density serves as a particle production volume
estimator as demonstrated in [103], where the correlation lengths of pions are meas-
ured and from which the source volume as a function of dNy, /dn was calculated. The
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Figure 6.18: Rapidity density (d/N/dy) in Pb-Pb collisions at \/syy = 2.76 TeV and
Au-Au collisions at \/syn = 0.2 TeV relative to the rapidity density of 7~ as a function
of dNu,/dn. The ALICE results were obtained from [107, 108] and the pp values were
extracted from [158, 159]. For better visibility, the ALICE proton results were connect
via a line. The ALICE dNg,/dn values were published in [30, 189]. The PHENIX re-
sults are taken from [197, 198, 201] and STAR results from [179, 180, 199]. The STAR
pp results were rescaled by the cross-section ratio ongp/omwgrL = 30mb/42mb. The
error bars indicate the quadratic sum of the statistical and systematic uncertainties
of the particle rapidity densities. In the ratios, the pion error is not included.

relative rapidity density of various particle types with respect to the pions versus
dNg,/dn for ALICE and STAR is presented in figure 6.18. In case of RHIC results,
the pions measured by the PHENIX collaboration were always used. This compilation
demonstrates that, contrary to the ratios to pp and Np,,¢, the particle production as
compared to the pion abundance has a weak centrality dependence and saturates at
large d Vg, /dn for almost all particles at both energies, i.e. the multiplicity per volume
appears to be constant. The values of =, however, slightly decrease at the LHC in
the most central collisions. According to [128], the rise of the =~ /7 ratio "is a result
of the larger relative absorption of the Z~and the larger relative production of pions".
The significant centrality dependence and the drop in central collisions is explained
by the authors with the concept of after-burning, i.e. deviations from chemical equilib-
rium. In addition the above-mentioned further aspects of particle production, inelastic
multi-hadron collisions in the hadronic phase could play a significant role, which is
usually not assumed in SHM. The baryon annihilation and their low regeneration is
suggested as the dominant effect causing a proton and =~ rapidity density reduction
of up to 20%, whereas mesons are less affected. Contrary to the baryons, the pion
multiplicity is even increased with centrality. The relative rapidity density modific-
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Figure 6.19: Ratio of the rapidity density (dN/dy) in central Au—Au (pp) collisions
at /sxv = 0.2 TeV to the rapidity density in central Pb-Pb (pp) collisions at
VSnn = 2.76 TeV. The ALICE results were obtained from [107, 108] and the pp
values were extracted from [158, 159]. The PHENIX results are taken from [197, 198,
201] and the STAR results from [179, 180, 199]. The STAR pp results were rescaled
by the cross-section ratio onxsp/omwer = 30mb/42mb. The anti-particle-to-particle
ratios were shifted to higher masses for better visibility. The error bars indicate the
quadratic sum of the statistical and systematic uncertainties of the particle rapidity
densities.

ation decreases towards peripheral collisions and finally approaches unity. Thus, the
chemical freeze-out seems to depend on centrality.

In pp, at dNy,/dn = 3 at RHIC and dNy,/dn ~ 5 at the LHC, the relative rapid-
ity densities are comparable at both energies within the uncertainties?, indicating
a similar relative particle production at both energies. In case of the multi-strange
particles, the particle production in pp may be increased at the LHC, but the current
uncertainties do not allow a conclusion.

The picture would change, if the STAR results for protons and pions in pp collisions,
which are 1.75 - 3.2 times larger than the PHENIX measurements, were used in-
stead. STAR quotes the non-single diffractive particle multiplicity [180, 199], whereas
PHENIX published the rapidity density normalized by the total inelastic cross-section
[197], which is also the case for the ALICE measurements. Although for this figure, the
STAR pp results were rescaled by the cross-section ratio oxsp/omwerL = 30 mb/42 mb,
the rescaling cannot account for the remaining difference in the proton and pion rapid-
ity densities between STAR and PHENIX. This might be connected with the fact, that
in case of these particles from STAR, no feed-down from A was explicitly subtracted,
which is in contrast to the PHENIX measurements. Therefore, only PHENIX results

2The relative rapidity densities do not include the pion rapidity density uncertainty, that is about
8-10% in Au-Au and 12% in pp at RHIC. At the LHC the values are 6 - 7% in Pb-Pb and roughly
5% in pp.
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for protons and pions are used and shown here for all considered collision systems and
centralities. If the rapidity density in the numerator is taken from STAR, the STAR
value for dN, /dn was used.

In figure 6.18, the anti-protons measured by PHENIX are shown in addition, because
the particle-to-anti-particle ratio is 0.7 - 0.8. This is in contrast to LHC energies,
where no significant difference in the particle and anti-particle production is found
[107]. Therefore, the anti-proton rapidity density represents the "true" production of
protons at RHIC. The anti-protons follow the trend of the protons by ALICE, while
the proton rapidity densities tend to increase with multiplicity. Although, within the
uncertainties the relative proton production is comparable with that at the LHC. For
K? and QF + Q" the relative production is indeed similar in AA collisions at RHIC
and LHC. In case of A and =7, this seems to be the case only within the uncertainties
and only up to the second to last centrality class at around dNy,/dn ~ 500, where
the RHIC values exceed those at LHC. On the other hand, the STAR results for A
are compatible with the A results at the LHC. These findings can also be deduced
from figure 6.19, where the rapidity densities from RHIC relative to those from the
LHC for central AA and pp collisions are shown. Since the particle and anti-particle
production is equal at the LHC, also the anti-particle yields at RHIC were divided by
the particle yields at LHC. Within the uncertainties, the relative increased particle
production appears to be the same in pp and AA. Although, in case of 2~ and Q"
at the LHC, a trend to an enlarged production in pp collisions and a less increased
production in Pb—Pb collisions compared to the other results may be concluded. If
the AA results of these particles are considred as reference, then the production in
pp is cleary enhanced. Additionally, the ratios of Npat, Neon and dNg,/dn at RHIC
to those at the LHC are shown. Whereas Ny, changes only slightly, the number of
binary collisions is increased by 40% at the LHC and the charged particle multiplicity
ratio reflects basically the relative pion rapidity density.

To summarize, the relative increase of the particle production from RHIC to
the LHC is similar in pp and AA. An exception may be the multi-strange bary-
ons, whose rapidity density seems to be stronger increased in pp, indicating a relaxed
local strangeness conservation in pp at the LHC. The strange hadron production in
relation to that of non-strange hadrons appears to be independent of the collision
energy. Already at the highest SPS energy (\/sny = 17.3GeV), a similar K+ /n*
ratio for central AA collisions was measured [202]. In case of the A/7™ ratio, only
the results in pp collisions at \/syny = 17.3 GeV agree with the LHC measurements,
whereas the central AA results are larger by nearly a factor of two. On the other
hand, considering the ratios at RHIC energies, which exceed those at LHC energies
but are smaller than the SPS measurements, the relative A production decreases
with the beam energy. With regard to the rapidity density evolution with central-
ity (dNu,/dn), only the multi-strange baryons exhibit a centrality dependent increase
towards central collisions.
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6.2 Summary

Measurements of the transverse momentum spectra of K? and A(A) in Pb-Pb and pp
collisions at /sy = 2.76 TeV with ALICE were presented for 0.3 < pp < 20 GeV/c
and 0.6 (0.5) < pr < 16 GeV/c (pp), respectively. In addition, the particle rapidity
densities at mid-rapidity and the nuclear modification factors of K2 and A(A) were
extracted.

e Transverse momentum spectra: The analysis was performed in six central-
ity classes in Pb—Pb and in pp collisions at the same energy. The transverse
momentum spectra presented in this work were measured employing the on-the-
fly VY finder. In contrast to the offline VY finder, on which the published ALICE
results in Pb—Pb collisions [154] are based, additional pr bins at high pr could
be achieved within this work, increasing the pr range by 70% (K°) and 35%
(A) from 12 to 20 and to 16 GeV/¢, respectively. Both analyses agree within
the uncertainties. Furthermore, the A spectra measured in Pb-Pb and pp at
VSNN = 2.76 TeV were shown for the first time. The A spectrum agrees with
that of A for the low-to-intermediate pr range within the uncertainties. For
higher pr, a small decreasing trend is observed for the A/A ratio, which needs
to be further studied.

Considering K?, the py distributions were found to be compatible with those of
charged kaons in Pb—Pb and pp collisions.

With regard to lower beam energies, the pr spectra are much harder at
Vsnn = 2.76 TeV than at (/syy = 0.2TeV. Whereas in Pb-Pb collisions
mainly the yield at higher momenta is increased, which shifts the maximum to
higher pr and generates on average 20% larger mean pr values, the spectra in
pp are significantly enhanced at all pp causing only a 10% increase in (pr).

e Rapidity densities: The multiplicities at mid-rapidity of K and A(A) show a

linear increase with Ny In case of A and A, the rapidity densities were found
to be equal at the LHC. The rapidity density ratio A/K? remains constant with
centrality including pp collisions. The calculated ratio from a SHM prediction
with T, = 156 MeV in central Pb—Pb collisions agrees with the measurement.
Regarding the strangeness production relative to non-strange matter, the results
of this work show that the relative multiplicities for single-strange particles are
rather constant with centrality including pp, and similar at RHIC and the LHC.
In case of the particle rapidity density scaled by Npar and by the rapidity density
in pp, a suppression of the strange and non-strange particle production in pp as
compared to Pb—Pb was found for all centralities, which is also seen at RHIC
energies. Comparing the strange- as well as multi-strange baryon production in
pp and AA, the rapidity density in pp at /s = 2.76 TeV seems to be stronger
increased as compared to /s = 0.2 TeV with respect to central AA collisions.
However, if the anti-baryons at RHIC are regarded instead, the increase in pp
collisions is only indicated for multi-strange baryons.
The enhanced rapidity density of A in pp at the LHC by roughly a factor two
as compared to that at RHIC is mainly determined by the overall increased
A production, while in central Pb—Pb collisions the similar gain in dN/dy is
predominantly caused by the harder spectra, i.e. by the increased yield of higher
momenta.
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e A/K? as a function of pr: A baryon-to-meson ratio enhancement is observed
for A/K? in central Pb-Pb collisions as compared to peripheral and pp collisions
in the intermediate pr region. Above pr = 8 GeV/¢, this enhancement disap-
pears and the A/K? ratios become similar for all centralities and pp. A similar
behaviour is also seen for p/7m measured by ALICE. Already at RHIC, this phe-
nomenon was observed for both particle ratios. Model calculations employing
viscous hydrodynamics at low pr and recombination/coalescence at intermedi-
ate pr are successful in describing the measurements.

e Raa: For the nuclear modification factors of K? and A a strong suppression

at high pr (pr > 8 GeV/c¢) in central collisions with respect to peripheral Pb—
Pb and pp collisions is found. The nuclear modification of both particles is
compatible with the modification of charged particles. Furthermore, the strange-
particle suppression is similar to the charm-particle Raa represented by the D
mesons. Only for B mesons, a smaller modification is observed by CMS. The
calculations of the transport model BAMPS for the Ras of K and A(A) are in
agreement with the measurements of this work.
Comparing the results of a simple R 5 description for charged particles assuming
constant energy loss for central and peripheral collisions, the energy loss appears
to be AFE ~ 5GeV for both systems, but the fraction of unaffected partons is
reduced by a factor of 5 in central collisions. These fractions are compatible
with those extracted for RHIC measurements at \/sxy = 0.2TeV although
the energy loss is increased by nearly a factor of two at the LHC. This probably
hints to a more opaque medium at the LHC, but the available Iy » measurements
indicate the opposite. All identified hadron Ras at the LHC merge and follow
the charged-particle Raa at pr = 6 - 8 GeV /¢, where the geometrical lower
bound of the hadronic Rya (equation 2.18) is reached.

At lower pr (pr < 5GeV/c¢), an enhancement of the Rax of A with respect to the
Raa of K? and is observed as expected from the A/K? ratio. The Raa of K? is
compatible with that of the charged hadrons, mainly including pions, i.e. mesons.
When comparing the available measurements for baryons and mesons, a mass
hierarchy is seen for each species in this pr sector, where the heavier particles
are less suppressed.

While the Rcp is similar at RHIC and the LHC, a significantly smaller Raa
of the A and K at intermediate pr in central and peripheral events is found
as compared to the STAR results, although the neutral pion Ran at RHIC
(analogue to the charged hadrons) is comparable to the charged-particle Raa at
the LHC.

6.3 Conclusions

Analysis

Within this analysis the K and A(A) spectra in pp collisions at /s = 2.76 TeV were
obtained, which have not yet been published and thus are unique. In contrast, the
Pb-Pb spectra of K? and A were already released, however employing a different V°
finder technique. Thus, the results presented in this work serve as a complimentary
consistency check of the published results. Furthermore, the A spectra in Pb-Pb were
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measured within this work, which were not yet published as well. As a result, with the
help of the now available pp spectra, the Ry of K? and A(A) could be determined.

Particle production at lower pr

The comparison of the extracted rapidity densities of K¢ and A(A) with the results
of a statistical hadronisation model calculation considering all hadrons measured by
ALICE, imply that at LHC energies the dominant particle production mainly con-
tributing to the rapidity density is statistical hadronisation from a thermally and
chemically equilibrated system. In case of the proton, however, further investigations
are needed since the measured multiplicity is smaller than expected from the thermal
model, indicating that additional aspects such as non-equilibrium effects probably
need to be taken into account [122].

The multi-strange particle production seems to be stronger increased in pp at
Vs = 2.76TeV as compared to /s = 0.2TeV than in AA collisions. According
to current interpretations within the SHM, this hints to a relaxed local strangeness
conservation and to a transition from a canonical to a grand-canonical system at
the LHC. The single-strange hadron production, i.e.the production of K? and A(A)
increases equally in AA and pp collisions when going from RHIC to LHC energies,
which is also true for pions and protons. Thus, the question could be raised whether
pp collisions at LHC energies serve as an appropriate reference, if particle production
mainly determined by low pr particles is regarded, in order to study and quantify the
differences of AA and pp collisions.

Model calculations employing viscous hydrodynamics at low and recombination/
coalescence at intermediate pr are successful in describing the measurements in this
work of the A/K? ratio in central Pb-Pb collisions versus pr. This agreement suggests
that the radial flow, which affects the baryons more than the mesons, causes the
observed enhancement structure on the basis of recombination mechanisms. Due to
the stronger radial flow in AA collisions at the LHC as compared to RHIC, the spectra
at the LHC are already harder in the low pr region, although the effect of the higher
collision energy is first expected at some higher pp. This is visible in the pp spectra,
which show a significantly harder slope above pr = 2GeV/c. In contrast to AA
collisions, the amplitude of the spectra in pp collisions is strongly increased.

Particle production at high pr

The measurements of the K and A(A) Raa within this work have shown that no
flavour dependence of the nuclear modification in Pb—Pb as compared to pp collisions
is observed in the high pr region at 8 <pr < 20 GeV/c within the light-quark sector.
Moreover, no difference for baryons and mesons was found in this pr region. This
observation was possible for the first time due to the harder spectra at the LHC and
the larger statistics as compared to RHIC measurements both generating a larger
pr reach. In combination with baryon-to-meson ratio measurements of the jet con-
tribution to the spectra in Pb—Pb collisions and with the respective ratios in pp, it
seems, that above the given pr, unmodified fragmentation dominates the particle pro-
duction. Comparisons with calculations of the transport model BAMPS also show,
that in-medium energy loss folded with the unmodified fragmentation functions is
sufficient to describe the measurements. Although within BAMPS, the energy loss of
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all light quarks is assumed to be the same, there could have appeared differences in
the Raa from the different fragmentation functions and the different quark and gluon
fragmentation contributions. However, these differences appeared to be too small to
cause different modifications, which are beyond the uncertainties of the measurement.
On the other hand, if the fragmentation was modified by medium interactions for
the considered particles in the same manner, it is questionable if this could be visible
in the studied baryon-to-meson ratios. Thus, there is a need for the measurement of
identified particle fragmentation functions in Pb—Pb in order to clarify if the fragmen-
tation process is modified or if all particles created in fragmentation stem exclusively
from partons that fragmented outside the medium.

The energy loss of the heavy c-quark was calculated to be the same as for light
quarks [167, 176]. The resulting suppression of charmed mesons in Pb—Pb collisions
is similar to that of light-quark hadrons. Therefore, due to the agreement of the Raa
model calculations with the measurements of the Rya of K and A(A) from this work
and with the charged-particle [47] as well as with the D meson Rax [168], a compatible
energy loss of u-, d-, s- and c-quarks could be concluded. The smaller modification of
B mesons seen in data is currently explained by the smaller energy loss of b-quarks
as a result of the stronger dead-cone effect as compared to that of c-quarks. This is
surprising since the mass of the b-quark is only three times larger than the mass of
the c-quark, whereas the light-quark masses are a factor 10 lighter than the c-quark
and no difference is observed although the c-quark mass is already above the QCD
scale of 200 MeV. The contribution of the radial and collisional energy loss needs to be
precisely determined in order to better understand the mass dependence of the total
in-medium energy loss. Therefore, more differential studies from the experimental
and theoretical side are vital.

Résumé: The production of K¢ and A(A) in Pb-Pb collisions relative to pp at
the LHC differs from that of hadrons solely composed of u- and d-quarks neither at
lower pr - regarding the rapidity density - nor at high pt with respect to the nuclear
modification. Furthermore, no significant difference between the respective baryons
and mesons was found, especially at high pr.

6.4 Outlook

Analysis

The presented KO and A(A) transverse momentum spectra, especially those in pp
collisions and those for A are planned to be published. Furthermore, the additional
pr bins increasing the pr reach of the published A and K? spectra will be included
there. In case of the A, a few aspects remained unsolved within this work, such as the
slightly decreasing trend of the A/A with pr. These issues will be addressed during
the publication preparation.

Physics, research

From the physics perspective, an increase in the pr reach could be interesting if the
fragmentation functions of baryons and mesons are considered, which were shown as
ratios of gluon and quark (4 anti-quark) fragmentation in figure 6.4. An equal num-
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ber of baryons and anti-baryons is produced in gluon fragmentation, which happens
mainly at lower pr, because the dominant contribution stems from fragmentation
of gluons, which are located at low x. At around pr = 50 - 60 GeV /¢, the contri-
bution from gluon fragmentation is as large as that from quark fragmentation and
at even higher pr, the quark fragmentation dominates. Thus, at very high pr, the
valence quarks with large x dominate. Consequently, the baryon production could
be increased over the anti-baryon production in this energy domain since the quarks
likely fragment into baryons [42]. Therefore, due to the dominance of quarks, the
relative gluon fragmentation contribution for anti-baryons is increased at these pr.
Since gluons suffer more energy loss than quarks and the relative contribution from
gluon fragmentation is larger for anti-baryons, the suppression of anti-baryons could
be stronger. The harder the fragmentation functions of the valence quarks are, the
more visible this effect should be, i.e. it depends on the baryon mass. In case of pions,
such an effect is not expected, since the valence quark fragmentation functions are as
soft as those from gluons as well as from sea quarks and the different energy loss of
quarks and gluons might not have an effect [42]. Furthermore, in this context, the
measurement of fragmentation functions of identified particles via jets could help to
disentangle the parton energy loss and a possibly modified fragmentation in AA col-
lisions. For such studies, sufficient high statistics and a thorough detector calibration
are vital. With the detector upgrade for the Run 3 (starting in 2020) and the now
fully available Transition Radiation Detector system, which allows to trigger on high
pr particles, such measurements might be possible in future.

With regard to the charm production, the measurement of heavy-quark hadrons
helps to constrain models, because high masses are much easier to implement in the
calculations due to their masses being larger than Aqgcp, the scaling parameter of
QCD, and thus higher order terms can be neglected. From the experimental side,
the precision of the corresponding measurements will be increased with the 2015-
2018 data taking where the collision energy will be enhanced by nearly a factor two,
which leads to an increase of the production cross section of D and B mesons by
around 50 percent. Furthermore, thanks to the foreseen detector upgrade for Run
3, a more precise determination of their decay vertex can be achieved. The latter
is challenging to measure due to the short lifetime of these particles translating into
decay lengths of a few um. The bottom quarks are created mainly at the beginning
of the medium formation and therefore they experience the whole system evolution
until the freeze-out when the detectable hadrons are formed. To measure its Raa over
a larger pr range with a sufficient granularity would be a considerable step forward
to the deeper understanding of the suppression and fragmentation mechanisms in
the system evolution of hot and dense nuclear matter. This implies the path length
dependence inside the created medium, the flavour and colour charge dependence
of the energy loss of the interacting partons surrounded by the medium. From this
input it could be possible to extract the medium density and to further constrain the
viscosity, which would enter into the phase diagram mentioned at the beginning of
this work.
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Definitions and variables

A.1 The Armenteros-Podolanski variables

The Armenteros-Podolanski [203] variables are used as a topological selection criterion
for VO candidates. Especially A and KY candidates are clearly visible as ellipses in
the Armenteros-Podolanski space, spanned by the asymmetry « of the decay and
a daughter pr relative to the mother momentum vector, which is named ¢r. The
variables are given by

_ P DL
Pt +pr

_ ?+ ) ?mother (A1)

: +
with PL | I mother‘ ’

and

‘?f % ?mother
qr = |7mother‘

A.2 Decay kinematics

In order to translate the pr distribution of the Z7 (=) into the pr distribution of the
A daughter, a toy MC was written on the basis of the kinematics of a two-body decay.
Input to this MC was the pr spectrum of the measured and corrected =~.

Before starting the calculations for each set of random values of the mother pr ac-
cording to the input histogram, the mother azimuthal angle and the daughter decay
angles, the 4-momenta of the mother with the mass M and the daughters with the
masses m; were initialized via

Py = (0,0,0, M) (A.3)
P, = (0,0,0,m1) (A.4)
P, = (0,0,0,m). (A.5)
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Within the centre of mass system of the mother particle:

M? +m?2 —m3

€1 = Wi (A.6)
M? — m3 +m3

€2 = Wi (A7)

P = e —m} = \/e3 —m3 (A.8)
and

Py = p™ - sin(f) - cos(¢) (A.9)
py " = p™ - sin(0) - sin(¢) (A.10)
pe™ = p™ - cos(6) (A.11)

=

Py = (pg™, py ™, pi™, e1) (A.12)

Py = (=p7™, —py™, —pi™, e2), (A.13)

where the polar angle 6 and the azimuthal angle ¢ were randomly chosen via
0 = arccos(2 - rand; — 1) and ¢ = 27 - rand,, respectively, with the random numbers
0 < rand; < 1. The transverse momentum of the mother was given by a random value
from the input histogram. While the azimuthal angle ¢j; of the mother momentum
vector was also chosen randomly in the same way as for the daughters, the polar angle
0y was fixed to 7/2, causing the longitudinal mother momentum p, = cos(ys) to be
zero. This yields for the mother variables

Ey =/ M? + p3 (A.14)
pz = pr - cos(Pur) (A.15)
Py = pr - sin(@ar) (A.16)
p. =0 (A.17)
=

Pax = (pr.py. 0. M) (A.18)
fe=g By=go =0 (A.19)

After the applying the rapidity cut of |y| < 0.5, the boost for each
daughter Lorentz vector (A.12, A.13) was performed with the ROOT function
TLorentzVector: :Boost(f3;,0,,0). Finally, a 2D histogram was filled for the ran-
domly chosen =~ pr and the corresponding secondary A pr.



Analysis documentation

B.1 Run lists of data sets

Pb—Pb

The analysed data sample was LHC10h.pass2, which was processed in the ESD format.
The following runs were investigated:

137161, 137162, 137231, 137232, 137235, 137236, 137243, 137366, 137431, 137432,
137434, 137439, 137440, 137441, 137443, 137530, 137531, 137539, 137541, 137544,
137546, 137549, 137595, 137608, 137638, 137639, 137685, 137686, 137691, 137692,
137693, 137704, 137718, 137722, 137724, 137751, 137752, 137844, 137848, 138190,
138192, 138197, 138201, 138225, 138275, 138364, 138396, 138438, 138439, 138442,
138469, 138534, 138578, 138579, 138582, 138583, 138621, 138624, 138638, 138652,
138653, 138662, 138666, 138730, 138732, 138837, 138870, 138871, 138872, 139028,
139029, 139036, 139037, 139038, 139105, 139107, 139173, 139309, 139310, 139314,
139328, 139329, 139360, 139437, 139438, 139465, 139503, 139505, 139507, 139510.

pp

The LHC11a sample was reconstructed twice, once with and once without the SDD in-
formation. The corresponding names of the data sets are LHC11a_with SDD.pass2
(wSDD) and LHC11a_ without_ SDD.pass2 (nSDD). The following runs were invest-
igated:

146746,146747, 146748, 146801, 146802, 146803, 146804, 146805, 146806, 146807,
146817, 146824, 146856, 146858, 146859, 146860.

B.2 Lists of MC samples

Pb—Pb
LHC11al0a_ bis, LHC11a10b_bis and LHC11a10b_ plus.

pp
LHC12bla,b,c and LHC12bla,b,c_ wSDD. These MC samples were specially produced
for this analysis. During the simulation, only events which contain at least one A
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(LHC12bla) or at least a A (LHC12blb) or a K (LHC12blc) with pr > 2GeV/c
were accepted. For the low pr region, the samples LHC11b10a (minimum bias) and
LHC11b10b (injected particles) were also studied.

Material budget study

LHC10h9 with a material budget enhancement by 7% and LHC10h10 with a reduction
of 7%.
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B.3 Invariant mass distributions
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Figure B.1: Invariant mass distributions of K candidates in central Pb-Pb collisions
for two pr bins, at lower pr (1.2 GeV/c < pr < 1.3 GeV/c) in the left panel and
for the last pp bin (16.0 GeV/c < pr < 20.0 GeV/c¢) in the right panel. The white
area underneath the peak represents the mass window which is excluded from the
background fit (red line). The interrupted red line is a fit result of the likelihood fit
method which was used in case of low statistics.
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Figure B.2: Invariant mass distributions of KY candidates in peripheral Pb-Pb colli-
sions for two pr bins, at lower pr (1.2 GeV/c < pr < 1.3 GeV/c¢) in the left panel
and for the last pr bin (14.0 GeV/c¢ < pr < 16.0 GeV/c¢) in the right panel. The
white area underneath the peak represents the mass window which is excluded from
the background fit (red line). The interrupted red line is a fit result of the likelihood
fit method which was used in case of low statistics.
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Figure B.3: Invariant mass distributions of A candidates in central Pb—Pb collisions
for two pr bins, at lower pr (1.2 GeV/c < pr < 1.3 GeV/c) in the left panel and
for the last pr bin (12.0 GeV/c < pr < 16.0 GeV/c¢) in the right panel. The white
area underneath the peak represents the mass window which is excluded from the
background fit (red line). The interrupted red line is a fit result of the likelihood fit
method which was used in case of low statistics.
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Figure B.4: Invariant mass distributions of A candidates in peripheral Pb—PDb collisions
for two pr bins, at lower pr (1.2 GeV/c < pr < 1.3 GeV/c) in the left panel and
for the last pr bin (10.0 GeV/c < pr < 12.0 GeV/c¢) in the right panel. The white
area underneath the peak represents the mass window which is excluded from the
background fit (red line). The interrupted red line is a fit result of the likelihood fit
method which was used in case of low statistics.
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Figure B.5: Invariant mass distributions of A candidates in central Pb-Pb collisions
for two pr bins, at lower pr (1.2 GeV/c < pr < 1.3 GeV/c) in the left panel and
for the last pr bin (12.0 GeV/c < pr < 16.0 GeV/c¢) in the right panel. The white
area underneath the peak represents the mass window which is excluded from the
background fit (red line). The interrupted red line is a fit result of the likelihood fit
method which was used in case of low statistics.
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Figure B.6: Invariant mass distributions of A candidates in peripheral Pb-Pb collisions
for two pr bins, at lower pr (1.2 GeV/c < pr < 1.3 GeV/c¢) in the left panel and
for the last pp bin (10.0 GeV/c < pr < 12.0 GeV/c¢) in the right panel. The white
area underneath the peak represents the mass window which is excluded from the
background fit (red line). The interrupted red line is a fit result of the likelihood fit
method which was used in case of low statistics.
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Figure B.7: Invariant mass distributions of K? candidates in pp collisions for two pr
bins, at lower pr (1.2 GeV/c < pr < 1.3 GeV/c¢) in the left panel and for the last pr
bin (14.0 GeV/c¢ < pr < 16.0 GeV/c) in the right panel. The white area underneath
the peak represents the mass window which is excluded from the background fit (red
line). The interrupted red line is a fit result of the likelihood fit method which was
used in case of low statistics.
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Figure B.8: Invariant mass distributions of K? candidates in pp collisions for the last
pr bin used at 12.0 GeV/c < pr < 14.0 GeV/c. The white area underneath the peak
represents the mass window which is excluded from the background fit (red line). The
interrupted red line is a fit result of the likelihood fit method which was used in case
of low statistics.



B.3. Invariant mass distributions

counts

10°

10°

10

this work ¥ inv. mass of A candidates
° pp \s=2.76 TeV, ly|<0.5 |
. 1.2< p, < 1.3 GeVic

— BG fit

1.06 1.08 1.1 1.12 1.14 1.16 1.18 1.2 1.22 1.24
M., (p + T0) (GeV/c?)

inv

counts

inv. mass of A candidates

[ this work
r pp Vs =276 TeV, ly| <0.5 7]
F 10.0<p_<12.0GeVic B
— BG fit

L - = FE E R & &
1.06 1.08 1.1 1.12 1.14 1.16 1.18 1.2 1.22 1.24
M, (p + T0) (GeV/c?)

inv'

Figure B.9: Invariant mass distributions of A candidates in pp collisions for two pr
bins, at lower pr (1.2 GeV/c < pr < 1.3 GeV/¢) in the left panel and for the last pr
bin (10.0 GeV/c < pr < 12.0 GeV/¢) in the right panel. The white area underneath
the peak represents the mass window which is excluded from the background fit (red
line). The interrupted red line is a fit result of the likelihood fit method which was
used in case of low statistics.
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Figure B.10: Invariant mass distributions of A candidates in pp collisions for two pr
bins, at lower pr (1.2 GeV/c < pr < 1.3 GeV/¢) in the left panel and for the last pr
bin (10.0 GeV/c < pr < 12.0 GeV/c) in the right panel. The white area underneath
the peak represents the mass window which is excluded from the background fit (red
line). The interrupted red line is a fit result of the likelihood fit method which was
used in case of low statistics.
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Peak windows
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Figure B.11: The edges of the mass window used for the bin counting of the signal
extraction for KY.
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Figure B.12: The edges of the mass window used for the bin counting of the signal
extraction for A.
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Masses and peak widths
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Figure B.13: Top: Difference of the mass obtained from Gaussian fit to the KY (left)
and A (right) invariant mass peak after BG subtraction to the literature mass doc-
umented in [13]. Middle: Peak width obtained from Gaussian fit to the K? (left)
and A (right) invariant mass peak after BG subtraction. Bottom: Difference of the
mass obtained from a Gaussian fit to the invariant mass peak of A and A after BG
subtraction.
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B.4 Figures of MC to data comparison
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Figure B.14: Comparison of the pseudo-rapidity of positive K? daughters in data with
that in MC rescaled with the data pr distribution in central Pb—Pb collisions. The

ratio of MC and data is normalized to the ratio of the distribution integrals.
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Figure B.15: Comparison of the pseudo-rapidity of negative KV daughters in data
with that in MC rescaled with the data pr distribution in central Pb—Pb collisions.
The ratio of MC and data is normalized to the ratio of the distribution integrals.
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Figure B.16: Comparison of the ratio found/findable cluster in the TPC for the
positive K¢ daughter in data with that in MC rescaled with the data pr distribution
in central Pb—Pb collisions. The ratio of MC and data is normalized to the ratio of
the distribution integrals.
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Figure B.17: Comparison of the cosine of pointing angle of KV in data with that in
MC rescaled with the data pr distribution in central Pb—Pb collisions. The ratio of
MC and data is normalized to the ratio of the distribution integrals.

= K Pb-PD |5, = 2.76 TeV s s 7 T T T T
§ 10° o P00 YSpy = 275 1€ < = 1.8F E
= cent. 0-5%, |y|<0.5 g 8 s
3 10° = data - = .6F 3
. o S 14f E
10 = MC ol
©
= 1.2]

this work 1

1/N d?N/(dDCA
[
o
[
H
o
D
"a
N
/ I
e
1

Y 0.4 ! ] 0.8 -\*”’°0‘o~ﬂ+b4+ + E
ﬂ-- . E g 06k ) ++ *

107 5 1 — data ' 4]
10° . o2 * - - BGdata 1 0.4 =
[ this work ' — MC 02¢ this work 7
10" PP BRI PRI BN R PP PRI B RN
0 02040608 1 12141618 2 GO 0.2 0.4 0.6 0.8 1 G0 0.2 04 06 0.8 1
DCA daughters (cm) DCA daughters (cm) DCA daughters (cm)

Figure B.18: Comparison of the DCA between the daughters of KY in data with that
in MC rescaled with the data pr distribution in central Pb—Pb collisions. The ratio
of MC and data is normalized to the ratio of the distribution integrals.
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Figure B.19: Comparison of the DCA of the K? to the primary vertex in data with
that in MC rescaled with the data pr distribution in central Pb-Pb collisions. The
ratio of MC and data is normalized to the ratio of the distribution integrals.
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Figure B.20: Comparison of the 2D decay radius of K? in data with that in MC
rescaled with the data pr distribution in central Pb—Pb collisions. The ratio of MC
and data is normalized to the ratio of the distribution integrals.
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Figure B.21: Comparison of the proper decay length (c7) of K? in data with that in
MC rescaled with the data pr distribution in central Pb—Pb collisions. The ratio of
MC and data is normalized to the ratio of the distribution integrals.
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Figure B.22: Comparison of the rapidity of K? in data with that in MC rescaled with
the data pr distribution in pp collisions. The ratio of MC and data is normalized to
the ratio of the distribution integrals.
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Figure B.23: Comparison of the number of crossed rows in the TPC for the positive
K? daughter in data with that in MC rescaled with the data pr distribution in pp.
The ratio of MC and data is normalized to the ratio of the distribution integrals.

d

d?N/(dfofi

1

-
o
oy

=
o
&

ML RLLL R R R R ma LR

0 02040608 112141618 2

= 3

T T
%pp Vs=2.76TeV 1
with SDD |y|<0.5 i
b
= data

« mc fethis WOI’k:

S Tyt [ e |

found/findable pos. daughter

=
> 1 data
é —— BG data
08— MC ]
0.6F ]
0.4 ]
02F
U this wor
1 1 1 1 1

L
Cb 02040608 1 12141618

found/findable pos. daughter

ratio (MC/data)

1.8F | _ ‘ -
1.6F ¢ E
1.4F +T+ 3
1.2F + ¢ . E

i t,_','o E
of 4 ]
0.6 4 -
0.4F ° g
02 . tlhisl wolrk E

1 1 1 1
Cb 0.20.40608 1 12141618
found/findable pos. daughter

Figure B.24: Comparison of the ratio found/findable clusters in the TPC for the
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in pp. The ratio of MC and data is normalized to the ratio of the distribution integrals.
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Figure B.25: Comparison of the cosine of pointing angle of KY in data with that in MC
rescaled with the data pr distribution in pp. The ratio of MC and data is normalized
to the ratio of the distribution integrals.
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Figure B.26: Comparison of the DCA between the K? daughters in data with that
in MC rescaled with the data pr distribution in pp. The ratio of MC and data is
normalized to the ratio of the distribution integrals.
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Figure B.27: Comparison of the DCA of K¢ to the primary vertex in data with that
in MC rescaled with the data pr distribution in pp. The ratio of MC and data is
normalized to the ratio of the distribution integrals.
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Figure B.28: Comparison of the 2D decay radius of K? in data with that in MC
rescaled with the data py distribution in pp. The ratio of MC and data is normalized
to the ratio of the distribution integrals.
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Figure B.29: Comparison of the lifetime of K? in data with that in MC rescaled with
the data pr distribution in pp. The ratio of MC and data is normalized to the ratio
of the distribution integrals.
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Figure B.30: Comparison of the z-component of the DCA of the positive K? daughter
in data with that in MC rescaled with the data pr distribution in pp. The ratio of
MC and data is normalized to the ratio of the distribution integrals.

185




Appendix B. Analysis documentation

A Pb-Pb

10%F

10 ™

S
<
k)
2
2 "
&
©
P4
<
=

10°%F

104F

T
A Pb-Pb

T T T T
Syn = 2.76 TeV

cent. 0-5%, |y|<0.5
data
MC

J:f’jf,

"~
£ if
E.I*..In.

. tllwisl WIOI’|§1

E

0 20 40 60 80 100120140160
crossed rows neg. daughter

Figure B.31: Comparison of the number of crossed rows in the TPC for the negative A
daughter in data with that in MC rescaled with the data pr distribution in central Pb—
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Figure B.32: Comparison of pseudo-rapidity of the positive A daughter in data with
that in MC rescaled with the data pr distribution in central Pb-Pb collisions. The
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Figure B.34: Comparison of the ratio found/findable clusters in the TPC for the
positive A daughter in data with that in MC rescaled with the data pr distribution
in central Pb—Pb collisions. The ratio of MC and data is normalized to the ratio of
the distribution integrals.
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Figure B.35: Comparison of the ratio found/findable clusters in the TPC for the
negative A daughter in data with that in MC rescaled with the data pr distribution
in central Pb—Pb collisions. The ratio of MC and data is normalized to the ratio of
the distribution integrals.
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Figure B.36: Comparison of the cosine of pointing angle of A in data with that in MC
rescaled with the data pr distribution in central Pb—Pb collisions. The ratio of MC
and data is normalized to the ratio of the distribution integrals.
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Figure B.37: Comparison of the DCA between the daughters of A in data with that
in MC rescaled with the data pr distribution in central Pb—Pb collisions. The ratio
of MC and data is normalized to the ratio of the distribution integrals.
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Figure B.38: Comparison of the DCA of the A to the primary vertex in data with
that in MC rescaled with the data pr distribution in central Pb—Pb collisions. The
ratio of MC and data is normalized to the ratio of the distribution integrals.
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Figure B.39: Comparison of the 2D decay radius of A in data with that in MC rescaled
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is normalized to the ratio of the distribution integrals.
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Figure B.40: Comparison of the proper lifetime ¢r of A in data with that in MC
rescaled with the data pr distribution in central Pb—Pb collisions. The ratio of MC

and data is normalized to the ratio of the distribution integrals.
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Figure B.42: Comparison of the number of crossed rows in the TPC for the positive
A daughter in data with that in MC rescaled with the data pr distribution in pp

collisions. The ratio of MC and data is normalized to the ratio of the distribution
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B.4. Figures of MC to data comparison
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Figure B.43: Comparison of the number of crossed rows in the TPC for the negative
A daughter in data with that in MC rescaled with the data pr distribution in pp
collisions. The ratio of MC and data is normalized to the ratio of the distribution
integrals.
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Figure B.44: Comparison of the ratio of found/findable clusters in the TPC for the
positive A daughter in data with that in MC rescaled with the data pr distribution in
pp collisions. The ratio of MC and data is normalized to the ratio of the distribution
integrals.
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Figure B.45: Comparison of the ratio of found/findable clusters in the TPC for the
negative A daughter in data with that in MC rescaled with the data pr distribution in
pp collisions. The ratio of MC and data is normalized to the ratio of the distribution
integrals.

191




Appendix B. Analysis documentation

— T T T T
F10°F App V5=2.76 Tev E
< 1ok with SDD |y|<0.5
7 = data -
;8/ 1F = MC an® -
> i
S gfpmermmtttT 9
=z
S
107 i
-
103F " -
- L ut
—a
10“:-'" thls work«
1
0.58 0955 0957 0996 0988 1
cos(PA)

S
o 1F .
g this work .
. J"-' » I-' I
il ) T e pa ]
10’2-J - — data E
- — BG data
[ — MC
— MC primary
L . L MC secondary

0.99 0992 0994 0996 0998

cos(PA)

1

ratio (MC/data)

0.6E -
E - 4

-6F R %0 ®®

.",0.'_0

>0

[ oo™

0.2F . . thls work E

0099 0 992 0 994 0 996 0 998 1

cos(PA)

Figure B.46: Comparison of the cosine of pointing angle of A in data with that in MC
rescaled with the data pr distribution in pp collisions. The ratio of MC and data is
normalized to the ratio of the distribution integrals.
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Figure B.47: Comparison of the DCA between the A daughters in data with that in
MC rescaled with the data pr distribution in pp collisions. The ratio of MC and data

is normalized to the ratio of the distribution integrals.

b T T T T T T T T
€ App Vs =2.76TeV
S 107 ; E
= with SDD |y|<0.5
© . = data
51070 3
< = MC
9] -3
o 10 E
g L
i 10* L h#’f E
g |
= 10° 3
6 L
10° .
this work
005 11.522.53354455

(cm)

vtx

integral

TP PYTTY FYTTY FYPTY PYVRY YPTY FRPTY PP I
C0 05 1152253354455

— MC primary
= = MC secondary

DCA,,, (cm)

ratio (MC/data)
P e

E this work | 4

N B o o N

2

3 E
fe
i

o
&

Si\ﬁimﬁ:

0.2

05 1152253354455
DCA ,, (cm)

Figure B.48: Comparison of the DCA of A to the primary vertex in data with that
in MC rescaled with the data pr distribution in pp collisions. The ratio of MC and
data is normalized to the ratio of the distribution integrals.
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Figure B.49: Comparison of the 2D decay radius A in data with that in MC rescaled
with the data pr distribution in pp collisions. The ratio of MC and data is normalized
to the ratio of the distribution integrals.
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Figure B.50: Comparison of the lifetime of A in data with that in MC rescaled with
the data pr distribution in pp collisions. The ratio of MC and data is normalized to
the ratio of the distribution integrals.
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B.5 Figures cut studies
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Figure B.51: Ratio of raw A spectra in central Pb—Pb collisions with the cut X
indicated in the legend plus cut Z applied over those spectra without cut X but with
cut 7 applied.
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Figure B.52: Ratio of raw A spectra in central Pb—Pb collisions with the cut X
indicated in the legend applied plus cuts Y+Z over those spectra without cut X but
with cuts Y and Z applied.
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B.6 Statistical and systematic uncertainties

B.6.1 Systematic uncertainties
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Figure B.53: Systematic uncertainty sources for KU (left) and A (right) in Pb-Pb
collisions with centrality 5 - 10%.
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Figure B.54: Systematic uncertainty sources for K? (left) and A (right) in Pb-Pb
collisions with centrality 10 - 20%.
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Figure B.55: Systematic uncertainty sources for K¢ (left) and A (right) Pb-Pb colli-

sions with centrality 20 - 40%.
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Figure B.56: Systematic uncertainty sources for K% (left) and A (right) in Pb-Pb

collisions with centrality 40 - 60%.
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Figure B.57: Systematic uncertainty sources for K? (left) and A (right) in Pb-Pb

collisions with centrality 60 - 80%.
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Figure B.58: Systematic uncertainty sources for A in Pb-Pb collisions with centrality

5-10% (left) and 10 - 20% (right).
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Figure B.59: Systematic uncertainty sources for A in Pb-Pb collisions with centrality
20 - 40% (left) and 40 - 60% (right).
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Figure B.60: Systematic uncertainty sources for A in peripheral Pb-Pb collisions.
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B.6.2 Statistical uncertainties
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Figure B.61: The statistical uncertainties vs. pp together with the total systematic
uncertainties for K? (left) and A (right) in Pb-Pb collisions with centrality 0 - 5%.
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Figure B.62: The statistical uncertainties vs. pr together with the total systematic
uncertainties for K? (left) and A (right) in Pb-Pb collisions with centrality 5 - 10%.
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Figure B.63: The statistical uncertainties vs. pr
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uncertainties for K (left) and A (right) in Pb-Pb collisions with centrality 10 - 20%.
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Figure B.64: The statistical uncertainties vs. pr together with the total systematic
uncertainties for K? (left) and A (right) Pb—Pb collisions with centrality 20 - 40%.
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Figure B.65: The statistical uncertainties vs. pr
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Figure B.66: The statistical uncertainties vs. py
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Figure B.67: The statistical uncertainties vs. pr together with the total systematic
uncertainties for A in Pb—Pb collisions with centrality 0 - 5% (left) and 5 - 10% (right).
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Figure B.69: The statistical uncertainties vs. pr together with the total systematic
uncertainties for A in Pb—Pb collisions with centrality 40 - 60% (left) and 60 - 80%
(right).
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C.1 A/A ratio: additional centralities
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Figure C.1: Ratio of A to A in mid-central Pb-Pb collisions at /syy = 2.76 TeV.
The boxes around the data points represent the systematic uncertainties, whereas the
vertical error bars show the statistical errors.
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C.2 RCP and RAA
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Figure C.2: The nuclear modification factor Rcp of A and K° together with that of
charged particles measured by ALICE for central (0 — 5%) and peripheral (60 — 80%)
Pb-Pb collisions at /syy = 2.76 TeV [47]. The boxes around the data points indicate
the systematic error.
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Figure C.3: The nuclear modification factor Rep of K? (left) and A (right) for all
centralities to peripheral (60 — 80%) Pb-Pb collisions at /s\y = 2.76 TeV. The
boxes around the data points indicate the systematic error.
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Figure C.4: Rxa compilation for baryons (left) and mesons (right) in central Pb-Pb
collisions [47, 158-160]. The = and Q2 Raa was measured for 0 - 10% centrality. The

uncertainty from N, and from the normalization in pp are indicated by the black
box at unity.
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Figure C.5: Raa compilation for baryons (left) and mesons (right) in Pb—Pb collisions
of 5 - 10% centrality [47, 158-160]. The = and  Raa was measured for 0 - 10%
centrality. The uncertainty from N, and from the normalization in pp are indicated
by the black box at unity.
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Figure C.6: Raa compilation for baryons (left) and mesons (right) in Pb-Pb colli-
sions of 10 - 20% centrality [47, 158-160]. The uncertainty from N and from the
normalization in pp are indicated by the black box at unity.
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Figure C.7: Raa compilation for baryons (left) and mesons (right) in Pb-Pb colli-
sions of 20 - 40% centrality [47, 158-160]. The uncertainty from N, and from the
normalization in pp are indicated by the black box at unity.
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Figure C.8: Rpa compilation for baryons (left) and mesons (right) in Pb-Pb colli-
sions of 40 - 60% centrality [47, 158-160]. The uncertainty from N, and from the
normalization in pp are indicated by the black box at unity.
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Figure C.9: Rpa compilation for baryons (left) and mesons (right) in Pb-Pb colli-
sions of 60 - 80% centrality [47, 158-160]. The uncertainty from N and from the
normalization in pp are indicated by the black box at unity.
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Figure C.10: The nuclear modification factor Raa of K? and A together with that
of other hadrons by ALICE [47, 158-160, 168, 169] for peripheral (60 — 80%) Pb—Pb
collisions at /syn = 2.76 TeV. The uncertainty from N, and from the normalization
in pp are indicated by the black box at unity.
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Raa with RHIC results
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Figure C.11: The nuclear modification factor Raa of KO (left panel) and A (right
panel) in peripheral Pb—Pb collisions in comparison with the measurement in Au—-Au
collisions at /sy = 200GeV by the STAR collaboration [179, 180] for the same
centrality interval. In addition, the charged particle Ry from ALICE [47] as well as
the neutral pion Rxy by PHENIX [78] are shown. The STAR pp reference, which is
normalized to non-single diffractive events (NSD), was scaled by the cross-section ratio
oxsp/oNeL = 30mb/42mb. The uncertainty from N, and from the normalization
in pp are indicated by the boxes at unity (black ALICE, blue STAR).
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C.3 BAMPS figures

CT 14| Fragmentation Fif_Ob- initial s, = 2.76 TeV . ] -CT 1.4}Fragmentation Fif_Ob- final \'s\, = 2.76 TeV ' ]
- — quarks to h™" —— 11" BAMPS with AKK] — _ [ =— quarks to h'" — Tt BAMPS with AKK
& 12f—«K" —p 1 % 12p—«" —p 1
—A — = gluons to hadron X 1 r—A — = gluons to hadron X
1 1
0.8F 0.8F
0.61 0.61
0.4F 0.4F
0.2} 0.2r
% 10 20 30 40 50 60 70 80 90 100 % 10 20 30 40 50 60 70 80 90 100
p? (GeV/c) pQ (GeV/c)

Figure C.12: Probability, that a hadron with pf stems from a specific parton i with
any momentum without ("initial", left panel) and after ("final", right panel) the energy
loss of parton ¢. These values are the basis for the Rxa model calculation within the
BAMPS framework in [173, 174] employing the AKK fragmentation functions. The
solid lines represent the case for quarks fragmenting to hadron X, whereas the dashed
lines show the case for gluons [177].
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