Charge correlations and
collective dynamics in Pb-Pb

collisions at /sy = 2.76 TeV

Ladungsabhangige Korrelationen und kollektive Dynamik in Pb—Pb Kollisionen bei
/5NN = 2.76 TeV

Zur Erlangung des Grades eines Doktors der Naturwissenschaften (Dr. rer. nat.)
genehmigte Dissertation von M.Sc. Jacobus Onderwaater aus Stavanger

*A TECHNISCHE
UNIVERSITAT
DARMSTADT

Fachbereich Physik
Institut fur Kernphysik




Charge correlations and collective dynamics in Pb-Pb collisions at ,/syy = 2.76 TeV
Ladungsabhangige Korrelationen und kollektive Dynamik in Pb—Pb Kollisionen bei ,/syy = 2.76 TeV

Genehmigte Dissertation von M.Sc. Jacobus Onderwaater aus Stavanger
Betreuer: Dr. llya Selyuzhenkov

1. Gutachten: Priv. Doz. Dr. Anton Andronic
2. Gutachten: Prof. Dr. Guy Moore

Prifungskommission:

Priv. Doz. Dr. Anton Andronic
Prof. Dr. Guy Moore

Prof. Dr. Tetyana Galatyuk
Prof. Dr. Thomas Walther

Tag der Einreichung: 18 Oktober 2016
Tag der Prifung: 7 November 2016

Darmstadt 2017 — D 17

Bitte zitieren Sie dieses Dokument als:
URN: urn:nbn:de:tuda-tuprints-69388
URL: http://tuprints.ulb.tu-darmstadt.de/6938

Dieses Dokument wird bereitgestellt von tuprints,
E-Publishing-Service der TU Darmstadt
http://tuprints.ulb.tu-darmstadt.de
tuprints@ulb.tu-darmstadt.de

@00

Die Verdffentlichung steht unter folgender Creative Commons Lizenz:
Namensnennung - Keine kommerzielle Nutzung - Keine Bearbeitung 4.0 International
https://creativecommons.org/licenses/by-nc-nd/4.0/deed.de




Abstract

The theory of the strong force is called Quantum Chromodynamics (QCD). Within experimental
limits it is observed that QCD respects CP-symmetry, although there is no confirmed fundamen-
tal explanation for why this is the case. This is known as the strong CP problem. Despite the
observed symmetry conservation, it is expected that fluctuations in a larger system may locally
result in a violation of CP-symmetry. It was argued that local parity violation, which is driven
by the nontrivial topological structure of the QCD vacuum, coupled with a strong magnetic field
may result in a separation of charges along the direction of the magnetic field. This phenomenon
is called the chiral magnetic effect (CME).

Relativistic heavy ion collisions such as at the LHC could meet the conditions for a mea-
surement of the CME. For this, knowledge of the orientation of the magnetic field, which is
perpendicular to the reaction plane, is needed. Collision symmetry planes can be estimated
with Q-vectors that quantify the preference in the azimuthal direction of measured particles. To
correct for detector imperfections in the measurement of the Q-vector, a ROOT-based correction
framework was developed, building on corrections proposed by Selyuzhenkov and Voloshin.
The functionality is increasingly used as a common tool in the ALICE collaboration. Due to its
general applicability to data from heavy ion experiments, the package is publicly available and
has already gained interest from researchers in CBM and NA61.

With understanding of the orientation of the magnetic field, the CME can be searched for with
parity-even two- and multi-particle correlations, such as the charge dependence of two-particle
correlations with respect to the reaction plane. However, these observables are also sensitive to
the presence of background correlations, notably arising from the anisotropic flow modulation
of locally created opposite charged particle pairs (local charge conservation), which obstructed
a definite conclusion on the origins of the observed charge dependence.

This work presents the measurement of an extended set of mixed harmonic correlations
based on (cos(yp, + pp — 2¥gp)), in Pb—Pb collisions at ,/syy = 2.76 TeV with ALICE, that
characterize the facets of the shape of the signal. Additionally, the mentioned correlation is
measured with one identified hadron (pion, kaon, or proton), reported as a function of the
identified hadron transverse momentum. The measurements of the correlators with different
sensitivity to the CME and background effects show varying degrees of charge dependence.
The (cos(y, + ¢p — 2¥gp)) correlation, which has maximum sensitivity to the CME but also
background effects, shows a charge dependence increasing towards peripheral collisions, as is
qualitatively in line with expectations. The second harmonic of this correlator is not sensitive
to the charge separation perpendicular to the reaction plane, as associated to the CME, but
can be used to quantify correlations from background sources, for example clusters of particles
exhibiting charge conservation with angular correlations modulated by anisotropic flow, and is
found to be consistent with zero within the systematic uncertainty. The measurement of the
CME correlator with pions, kaons and protons reveals a particle type dependence in the charge
dependence. More data for higher precision and model comparisons are required to make a
better defined and quantitative conclusion about the contributions from background sources in
the observation of the charge separation in the various correlations.







Zusammenfassung

Die Theorie der starken Kraft ist die Quantenchromodynamik (QCD). Innerhalb der experi-
mentellen Grenzen wurde beobachtet, dass die QCD die CP-Symmetrie erhélt, obwohl keine
bestatigte fundamentale Erklarung besteht, warum dies der Fall ist. Dies ist bekannt als starkes
CP Problem. Trotz der beobachteten Symmetrieerhaltung wird erwartet, dass individuelle
Wechselwirkungen die CP-Symmetrie in mikroskopischer Grofdenordnung innerhalb grof3erer
Systeme verletzen. Es wurde vorgeschlagen, dass lokale Parititsverletzung, hervorgerufen
durch die nicht-triviale topologische Struktur des QCD-Vakuums, in Verbindung mit einem
starken Magnetfeld, zu einer experimentell beobachtbaren Separation von Ladungen entlang
der Richtung des Magnetfeldes fithren konne. Dieses Phdnomen wird chiraler magnetischer
Effekt (CME) genannt.

Relativistiche Schwerionenstolde, wie jene am LHC, konnten die Bedingungen fiir die Mes-
sung des CME erfiillen. Dafiir sind Kenntnisse iiber die Orientierung des Magnetfeldes, das
senkrecht zur Reaktionsebene steht, notwendig. Symmetrieebenen der Kollision kénnen mit
Q-Vektoren abgeschitzt werden, welche die bevorzugte azimuthale Richtung der gemessenen
Teilchen quantifiziert. Um Detektor-Unvollkommenheiten in der Messung des Q-Vektors auszu-
gleichen, wurde ein auf ROOT basierendes Korrektur-Framework entwickelt, aufbauend auf
den von Selyuzhenkov und Voloshin vorgeschlagenen Korrekturen. Die Funktionalitat findet
zunehmend als ein verbreitetes Werkzeug in der ALICE-Kollaboration Verwendung. Aufgrund
der allgemeinen Anwendbarkeit auf Daten aus Schwerionen-Experimenten ist das Paket of-
fentlich zugdnglich und hat bereits das Interesse von Forschern in CBM und NA61 geweckt.

Mithilfe der erworbenen Kenntnisse iiber die Orientierung des Magnetfeldes kann der
CME mittels parititsgerader Zwei- und Vielteilchen-Korrelationen gesucht werden, wie der
Ladungsabhéngigkeit von Zweiteilchenkorrelationen in Bezug auf die Reaktionsebene. Diese
Observablen sind jedoch ebenfalls sensitiv auf Untergrundkorrelationen, insbesondere her-
vorgerufen duch Modulationen lokal erzeugter ungleichnamig geladener Teilchenpaare (lokale
Ladungserhaltung) durch den anisotropen Fluss, was eine definitive Antwort auf die Frage des
Ursprungs der beobachteten Ladungsabhéangigkeit verhinderte.

In dieser Arbeit wird eine Erweiterung von Messungen gemischt-harmonischer Korrelationen,
basierend auf (cos(p, + ¢p —2¥gp)), Pb—Pb Kollisionen bei /syy = 2.76 TeV, gemessen durch
ALICE, vorgestellt, welche die Aspekte der Form des Signals charakterisieren. Aufserdem wurde
die erwdhnte Korrelation mit einem identifizierten Hadron (Pion, Kaon oder Proton) gemessen.
Sie wird als Funktion des Transversalimpulses des identifizierten Hadrons prasentiert. Die Mes-
sungen von Korrelatoren mit unterschiedlich starker Sensitivitit beziiglich des CME und Unter-
grundeffekten zeigen unterschiedlich starke Ladungsabhéngigkeit. Die (cos(p, + ¢p — 2¥gp))-
Korrelation, die maximale Sensitivitédt beziiglich CME, aber auch beziiglich Untergrundeffekten
aufweist, zeigt eine zu periphiren Kollisionen hin zunehmende Ladungsabhéngigkeit, was qual-
itativ mit Erwartungen iibereinstimmt. Die zweite Harmonische dieses Korrelators ist nicht sen-
sitiv auf Ladungstrennung senkrecht zur Reaktionsebene, wie sie mit dem CME verbunden wird,
kann jedoch benutzt werden, um Korrelationen aus Untergrundbeitrdgen zu quantifizieren, wie
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zum Beispiel Cluster von Teilchen, die Ladungserhaltung aufweisen mit Winkelkorrelationen,
die vom anisotropen Fluss moduliert werden. Innerhalb der systematischen Unsicherheiten ist
diese nicht von Null verschieden. Die Messung des CME-Korrelators mit Pionen, Kaonen und
Protonen offenbart eine Abhédngigkeit vom Teilchentyp in der Ladungsabhangigkeit. Messungen
mit hoherer Statistik und Modell-Vergleiche sind notwendig, um besser bestimmte und quanti-
tativere Schlussfolgerungen beziiglich der Anteile von Untergrundbeitrégen in der Beobachtung
der Ladungstrennung in den verschiedenen Korrelationen zu ziehen.
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1 Introduction

The matter in our universe presents us with a puzzle of which only parts are solved. From
astronomical observations it is estimated that 96% percent of the matter in our universe is of
unknown origin; so far no theories for hypothetical dark matter candidates have been supported
with experimental evidence, but searches are being expanded and will continue in the foresee-
able future. The other 4% is made up by particles which were all discovered in the 20th century:
protons, neutrons, electrons, photons and neutrino’s. The protons and neutrons themselves con-
sist of more fundamental particles, the socalled quarks. The quarks and the other fundamental
particles make up the elementary particles of the Standard Model, which provides an incredibly
accurate framework for many properties of the different particles. However there are still open
questions, for example the underlying reason for the values of the free parameters in the Stan-
dard Model (like the Higgs mass), or the exact properties of neutrinos. These open questions
drive many fields of research in nuclear physics, particle physics and astronomy.

The Standard Model includes a theory for interactions between quarks and gluons called Quan-
tum Chromodynamics (QCD). In the matter of the visible universe, QCD binds quarks in protons
and neutrons. If nuclear matter is pushed to a state of extreme temperature and density, the
quarks will no longer be confined and can behave as free particles in a new phase of matter
called the Quark Gluon Plasma (QGP). After the Big Bang, as the universe was created and
before atoms existed, for a few microseconds QGP was the state of matter in the universe. Cur-
rently it exists nowhere except for a tiny fraction of a second in heavy ion collisions, and possibly
in the core of neutron stars. The creation of QGP requires a considerable investment in the con-
struction and operation of large colliders, such as the existing Relativistic Heavy Ion Collider
(RHIC) in Brookhaven and the Large Hadron Collider (LHC) at CERN, as well as the particle
detectors that are placed at various interaction points around them. Other than for the study
of QGB colliders are very useful tools to study the properties of individual particles, to search
for new fundamental particles (Higgs or supersymmetric particles), composite particles (tetra-
or pentaquarks), or detect other previously unseen (un)expected interactions. The colliders
function as huge microscopes which allow to probe interactions between particles far below the
nuclear (1 fm) length scale. By making observations and developing models or new theories to
describe or predict those observations, we improve our understanding of fundamental interac-
tions and matter.

1.1 Fundamental forces of nature

Everything we know in our universe is subjected to at least one of the four fundamental forces
of nature, which are the strong, weak, electro-magnetic and gravitational force.

In everyday life, the strong force (the strongest force), which acts within atomic range (1 fm),
is the force that binds nuclei together, overcoming the Coulomb repulsion of the electrically
charged protons. The electromagnetic force locks electrons into orbit around the nuclei, and its
massless force carriers, the photons, illuminate the universe with indefinite range. The weak




Force Relative strength [1] Force carriers
Strong 1 Gluons (g)
Electro-magnetic 102 Photon (y)
Weak 107° Intermediate vector boson (Z,W*) 107 ¥m
Gravity 107% - oo

Table 1.1: The fundamental forces and their relative strength (at 1 GeV), force carriers and
ranges. A force carrier for the gravitational force has not (yet) been experimentally
verified.

force is responsible for f—decay. Gravity warps time and space and affects everything existing
in that space. Early in the 20™ century it became understood that the electro-magnetic force
was carried in energy packages (quanta). This required a new perspective on the interactions
of this force and led to the development of quantum mechanics. The concept of quantum force
carriers was also part of the upcoming strong and weak theories. Only the gravitational force yet
escapes this concept, though gravitons and similar force carriers are postulated in yet unverified
theories.

1.2 Standard model

The force carriers of the fundamental forces and the fundamental particles whose interactions
they mediate together make up the particles of the Standard Model, shown in Figure 1.1.
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Figure 1.1: The Standard Model of elementary particles.




The particles in the electromagnetic sector are three generations of fermions, electrons,
muons, and tauons, as well as the electromagnetic force mediator, the neutrally charged photon.
The quarks which are principally in the strong sector are fractionally charged and also interact
electromagnetically, as do the W bosons in the weak sector. In the strong sector there are three
generations of quarks, which are the fundamental particles of all hadrons. They come in three
flavours: red, green, blue. The gluons themselves also carry color, and cause a self-interaction
not seen in the electromagnetic sector. In the weak sector the W and Z bosons are the only par-
ticles to interact with three neutrally charged neutrinos, but interact also with all other known
existing particles. With the recent discovery of the Higgs boson which explains the mechanism
through which particles acquire mass, the existence of the last particle of the standard model
was confirmed experimentally.

1.3 Quantum-chromo dynamics

The strong force only applies to particles carrying ‘color’, namely quarks and gluons. The theory
describing the strong interactions between these particles is called quantum-chromo dynamics
(QCD). In addition to the color charge, quarks carry fractional electric charge, % for u,c,t and
—% for d,s, b quarks, and all have spin % Of the six quarks, only the lightest two, the u and d
quarks, are stable. The symmetry of QCD with respect to the color charges is described by the
Lie group SU(3). The group is generated by eight independent Hermitian traceless matrices.
There is one gauge field associated to each independent generator. The QCD Lagrangian is

"(gQCD = Z 'L/Jq,a(iyua,u5ab - ngM tgbAi - mq5ab)'4}q,b - %(F‘Z\VFAW/); (1.1)
q

where y* are the Dirac matrices, vy, the quark fields spinor for quarks with flavor q and
mass my, which have 3 possible color charges from a = 1..3. Ai are the eight gluon potentials
with C = 1..8 for the eight types of gluon. t,;, represents the eight generators of SU(3) (related
to the Gell-Mann matrices by t,;, = A,;,/2) and g, is the dimensionless QCD coupling constant.
The gluon field tensor Fﬁv is

Fﬁv = 8MAI?; - 3vAﬁ - 8szBcAﬁA2, [, %] = ifapct, (1.2)
with fzc the structure constants of the SU(3) group. The first two terms are also familiar to
QED, being the kinetic term of a massless vector field. But the last term is very different, it
introduces the self interaction of gluons. Using Feynman rules one can now calculate different
interactions between quarks and gluons, including 2- and 4-gluon vertices which have no equiv-
alent in QED. The structure of the QCD Lagrangian is defined by local gauge invariance under
SU(3) transformations.

The coupling of the strong interaction (as of the EM interaction) depends on the transferred
energy. This has two reasons. One is due to ‘dressing’ of the leading order (LO) diagram
(gluon/quark loop) with higher order diagrams (double gluon/mixed quark-gluon loops etc.)
as the energy is increased, which modifies the measured ‘effective’ coupling. Predictions for ob-
servables in QCD rely on renormalization because of this changing coupling with the momentum
scale, as(,u}%), and is described by the renormalization group equation (RGE):
33-2n;

da;
T a2 = (o) = 1o % +0(a?), (1.3)




where f3, is LO beta-function coefficient. The LO loop has two vertices, hence the scaling with
asz. The number of flavors ny changes with the energy scale. Below the charm threshold, n; = 3,
and the value increases incrementally as the threshold for heavier quarks is reached. The minus
sign reflects that the coupling gets weaker at higher momentum scales. If one takes the number
of flavors as constant and ignoring higher orders, the coupling is given by

1
bO ln(‘u}zq/A(ngD)

a () = (1.4)

The integration constant Agcp sets the non-perturbative scale of QCD, it is experimentally de-
termined as Agcp ~ 200MeV.

QCD can be characterized by two main features: confinement and asymptotic freedom. Con-
finement is the requirement that all observable objects in nature are neutral in color. That
means that particles carrying color ((anti-)red, (anti-)blue and (anti-)green) are part of a com-
posite object that overall is color neutral. Hence we can combine quarks in color-anticolor pairs
(mesons) and in red-green-blue (antired-antigreen-antiblue) triplets (baryons). One can also
imagine color neutral objects consisting of four quarks (possibly recently observed by LHCb)
or five or more quarks. Also composite gluon objects (glueballs) or the gluon singlet are a
possibility.
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Figure 1.2: Running of the strong coupling constant [2].

Asymptotic freedom is the dependence of the coupling (strength) a, = i—i of the strong force
on the energy transfer Q between two interacting bodies. As shown in Figure 1.2, if the energy
transfer is small, the coupling is large. Conversely for high energy transfer, the coupling is
small. As a result of asymptotic freedom, at high energies it is possible to precisely calculate the
total likelihood of the interaction by considering the likelihood of specific paths that the strong
force can mediate the interaction (this regime is called perturbative QCD, or pQCD). However
at low energies (a; > 1), the more complex the path, the more likely it becomes, and precise
calculations become impossible (this regime is called non-perturbative QCD). The concept of
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asymptotic freedom also led to the prediction that at very large densities, quarks and gluons can
form a soup where they barely interact with each other.

1.4 The QCD phase diagram

An instructive illustration of how the strong force shapes the phases of partonic matter is shown
in Figure 1.3, where (net) baryon density is plotted on the x-axis and temperature on the
y-axis. The world around us consists of partons contained in protons and nucleons in the
ground state. In the early universe the temperature was high and net baryon density close to
0 (the matter/anti-matter asymmetry notwithstanding). The current generation of relativistic
heavy ion collisions probe the same region of the phase diagram, up to approximately 300 MeV.
Surrounding the region of normal nuclei is the hadronic matter, in which phase partons are
confined in color neutral objects. This is also the region where chiral symmetry is broken,
which generates most of the mass of the light flavor hadrons. If we compress baryonic matter
sufficiently, or heat it enough, the relevant degrees of freedom change from hadrons to partons
and a phase transition occurs to the quark-gluon plasma. At the same boundary, or close to it,
chiral symmetry is restored and the quarks only carry the bare Higgs mass. At low baryonic
density, lattice QCD calculations indicate that the phase transitions is crossover [3]. For higher
baryonic densities, it is expected that there is a critical point beyond which the phase transition
is of first order. The CBM experiment at the future FAIR facility will probe the phase diagram
towards high baryon density, and provide measurements in the search of the critical endpoint.
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Figure 1.3: The QCD phase diagram [4].

1.5 Fundamental symmetries

Symmetry was defined by Weyl in the following way [5]: if one doesn’t change the physical ob-
servation by changing something about an object, the change itself is connected to a symmetry.

1



| Operation | Conservation |
Translation in space momentum
Rotation in space angular momentum
Translation in time energy
Uniform velocity in a straight line Lorentz invariance
Reversal of time
Reflection of space Parity
Interchange of identical atoms or identical particles
Quantum-mechanical phase Charge
Matter-antimatter
Baryon number
Lepton number

Table 1.2: Symmetry operators and corresponding conservation laws.

Later Noether recognized that for every symmetry continuous there is a conservation law [6]. In
nature, there are many symmetries that are perfectly upheld. Others are slightly broken, but are
still useful to describe related phenomena. The following table lists an overview of symmetries
and their corresponding conservation laws.

There are two types of symmetry breaking: explicit and spontaneous. Examples of explicit
symmetry breaking is through the presence of mass. Isospin symmetry is explicitly broken in
the light quark doublet due to the different masses of the u and d quarks. The Brout-Englert-
Higgs mechanism is an example of spontaneous symmetry breaking. The non-zero vacuum
expectation value gives rise to a scalar boson that gives mass to the Z and W bosons while
leaving the photon massless, breaking the electroweak symmetry. It was long thought that the
discrete symmetries of Parity (P), Charge (C) and Time (7) were fundamental and preserved
symmetries of nature. In 1953, particle physicists were confronted with the 6 — © puzzle.
Two decay processes were observed that pointed to a parent particle with identical properties,
however due to their different intrinsic parity (the 6 decays to two pions and has parity +1,
while the T decays to three pions and thus has parity —1), P-conservation dictated that the 6
and T are two distinct particles. Lee and Yang thought that parity might be violated in weak
interactions and suggested an experiment to test the assumption [7]. Wu led the experiment
where ®°Co was cooled to low temperatures and placed in an external magnetic field, which
caused the nuclear spin to align. It was observed that the electrons from the —decaying cobalt
had a preferential direction along the nuclear spin [8]. In a parity transformation of this setup,
the electrons would travel opposite to the nuclear spin. Thus this observation proved P-violation
in weak decays, and the 8 — v puzzle was resolved since they were now allowed to be the same
particle (the K*). From the discovery that neutrinos only couple when they are left-handed
neutrinos or right-handed antineutrinos, it was clear that also C-symmetry is violated. It was
thought that C’P-symmetry might still be preserved, but this was disproven with the discovery
of the C’P violating decay K S — n* 7t~ in the Cronin-Fitch experiment in 1964 [9].
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1.6 Chiral anomaly & the QCD vacuum

The QCD Lagrangian as commonly described in the previous section in fact has a generalized
version that includes an additional term that explicitly allows for CP-violation:

@ =L pA fauv, (1.5)

This part of the Lagrangian, where 0 is a free parameter, has important implications in QCD.
The value of 6 determines the vacuum structure. The vacuum is not empty but consists of
particle pairs jumping in and out of existence. There are an infinite number of solutions for
the ground state, each corresponding to a local minimum in the energy. From measurements
of the neutron dipole moment, the value of  is constrained to 8 < 107!° and indicates that
globally C’P-symmetry is to high extent conserved. Other (so far less constraining) methods
include measuring the branching ratio of CP-violating decays, for example n — n*7~ [10].
CP-symmetry may still be violated locally as follows. An infinite number of solutions exist
for the ground state, parametrized by the Chern-Simons number (N.5) which corresponds to
a specific region of the gluon potential. It was found that the chiral anomaly gives rise to
transitions between the different states [11-13], which results in symmetry non-conserving
effects. In an environment of high energy density, a state can transition to another through
an instanton (tunneling) or sphaleron (over the potential barrier). Such a transition implies
changing N¢g and is CP-odd. Above Agcp ~ 200 MeV it is thought that while instantons are
suppressed, the rate of sphaleron transitions greatly increases [14]. Massless quarks present in
regions with nonzero N can interact with this field configuration, after which

(N, —Ng) = 2Ngg, (1.6)

where N; and Ny are the number of respectively the left- and right-handed quarks. This effect
may lead to observations such as discussed in the next section.

1.7 Heavy-ion collisions at relativistic energies

At the RHIC and LHC accelerator complexes, heavy nuclei are accelerated up to high relativistic
energies (currently up to a maximum of ,/syy = 200 GeV and ,/syy = 5.26 TeV) respectively. As
shown in the left panel of Figure 1.4, as observed from the lab frame (which coincides with the
rest frame for beams containing identical particles), the Lorentz factor contracts the nuclei along
the beam axis and both nuclei are observed as two flat disks. In the ensuing collisions between
the ions, in addition to the mass density of the overlapping nuclei, a tremendous amount of
kinetic energy is released by parton interactions and converted in mass and heat. In this dense
and hot environment quarks and gluons are no longer confined in their initial color neutral
objects. Instead, they can move freely through the medium. This phase of matter is called the
quark gluon plasma (QGP). The properties of this deconfined matter and the study thereof lie
at the heart of the physics programs at RHIC, as well as the dedicated ALICE experiment at the
LHC. When the medium expands it cools down and the particles are again confined to hadrons
in a process called hadronization. Aside from the usual up and down quarks that make up
almost all hadrons in our universe, the energy in the collision is sufficient to produce a wealth
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of particles drawn from the building blocks of the standard model. Some are very short lived,
like the Z-boson, but other particles travel through the medium before they, or their remnants,
are registered in detectors that function as state-of-the art 3d cameras recording almost all
particles and several particle properties as they pass through the detector. Through the tedious
process of putting all pieces back together, the goal is to obtain a full picture of the particles
created in the collision and their behaviour, and consequentially increase our understanding of
the laws that govern them.
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Figure 1.4: Sketch of a relativistic heavy ion collision [15].

We can look closer at the timeline of the heavy ion collision in Figure 1.5, where the beam is
displayed as a lightcone (since it is moving very close to the speed of light), with on the hori-
zontal axis the beam direction and on the vertical axis the proper time (7 = t/c). At the axis
origin the lead nuclei collide. Through scatterings in the following first tenths of fermiseconds
matter is created in the collision volume. Most of the hard scatterings, and thus the creation of
heavy quarks and bosons, take place in this initial collision stage. Through not exactly known
mechanisms the produced particles thermalize very quickly. This means that the momentum
distribution of the matter throughout the volume is thermal and consequently the laws of ther-
modynamics apply. At this moment the matter in the ‘fireball’ consists of QGP with a temperature
of several hundred MeV. In this stage it appears that the evolution of the matter with time can be
described with hydrodynamical models (a prerequisite for which is thermalization and a short
mean free path). After several femtoseconds of expansion and cooling the QGP transitions to a
hadron gas. This transition in itself is also one worth of extensive studies, regarding the phase
transition, the critical point and the mechanism of color recombination. In the hadron gas the
particles are still interacting, as well as evolving hydrodynamically. Then first chemical freeze-
out occurs (particles can no longer be created or destroyed). After the kinetic freezeout (7 )
particles no longer interact and enter the vacuum (and then possibly a detector).

Heavy-ion collisions are often popularly described as ‘little big bangs’, the reason for which
can be quickly glanced from the right side of Figure 1.5. In the laboratory the conditions of the
early universe (between 1071 and 107> s) are recreated, and from that moment follow a sim-
ilar evolution. It is remarkable that with something as small as two nuclei, we can recreate an
environment that resembles a state where all existing energy of the universe was relatively con-
centrated. Hence heavy-ion collisions are closely related to and can increase our understanding
of fundamental interactions and the evolution of our universe.
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Figure 1.5: Different phases of heavy ion collision (left) [16] and the early universe (right) [17].

1.7.1 Collision geometry and related phenomena in heavy-ion collisions

Several features of the heavy ion collision are determined by the geometric configuration of the
nuclei. The nuclei are highly charged, fast moving objects which induce a radial magnetic field
like the current in a wire. In the space between the centers of the nuclei, at the moment of
the collision, the fields superimpose and create the strongest man-made magnetic field in the
overlap region. The shape of the overlap area depends on the distance between the centers
of the nuclei and their internal mass distribution. In the following sections we describe these
features and their influence on the evolution of the collision in more detail.

In the general picture of two colliding nuclei as shown in Figure 1.6, the two nuclei ap-
proach each other with a transverse distance between the centers of the nuclei called the impact
parameter b. The plane that is spanned by the impact parameter and the direction of the nu-
clei (parallel to the z—axis) is called the reaction plane Wgp. The two orange circles show the
projection of the nuclei on the x — y plane.

Figure 1.6: Left: the two nuclei approach each other along the direction of the z-axis with im-
pact parameter b. The plane spanned by b and ¢, is the reaction plane. Right: the
spatial asymmetry develops through multiple scattering into a momentum asymme-
try.
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Anisotropic flow

From the distribution of matter and energy in the overlapping volume we can see pressure
gradients going from maximum at the core to zero at the edge (the boundary with vacuum).
This drives a collective radial expansion. In addition because of the almond shape the pressure
gradient is stronger in x- than in y-directions. Through multiple scattering the particles are
inclined to move along the pressure gradient and consequentially more particles move in x-
than in y-direction. This effect is simulated in Figure 1.7 where the time development of the

2_ .2
geometric eccentricity €,(7) = g 232;, and the momentum anisotropy are shown following a
hydrodynamic evolution.
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Figure 1.7: Simulation of the time evolution of the spatial and momentum anisotropy for Au-Au
collisions at RHIC with b = 7 fm [18]. The two lines represent calculations with an
equation of state for QGP only (EOS I) and one that additionally contains the phase
transition to a hadronic system (RHIC).

This results in a non-isotropic azimuthal distribution of particles that can be registered in a
detector. The modulation of the distribution can be quantified using a Fourier decomposition of
measured spectra,

dN(pr,y) 1 d°N S )
= (1+ ) 2v,cosn(p —Tgy). (1.7)
d¢ 27 prdprdy Zl *

Here n is the Fourier moment, v, the corresponding amplitude, ¢ the azimuthal angle and
‘llég) the n™ harmonic symmetry plane. Generally there is no preferred out-of-plane direction
which means that the sine terms are zero. Nevertheless there may exist phenomena that don’t
have this symmetry (see Section 1.7.2), in which case sine values can be of interest.

For the picture in Figure 1.6, the asymmetry creates a non-zero second harmonic Fourier mo-
ment, called v, or elliptic flow. It is expected that the magnitude of v, is proportional to the
eccentricity of the overlap area, which relates to the impact parameter b. The eccentricity as a
function of b is shown on the left side of Figure 1.8, where an optical Glauber model is used
to calculate the initial anisotropy ¢, both for the wounded nucleon (WN) density, which scales
with the number of ‘soft’ interactions, and the binary collision (BC) density, which scales with
the number of ‘hard’ interactions [18]. In Figure 1.8 the elliptic flow as a function of collision
centrality is shown. For low centrality (impact parameter), the overlap area is nearly circular
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and v, is small, while for more peripheral collisions the eccentricity and v, increase. The value
of v, does not reach zero for the most central collisions because event-by-event fluctuations in
the positions of the nucleons prevent the initial overlap area from being isotropic, which is not

taken into account in the calculations for the left figure.
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Figure 1.8: Left: the spatial anisotropy as a function of impact parameter b [18]. Right: elliptic
flow v, for charged hadrons as a function of collision centrality for Pb-Pb collisions
at 1/SNN - 2.76 TeV [19]

When particle identification is applied in the measurement of elliptic flow, a mass scaling is
observed that is further evidence of the hydrodynamic nature of the expansion. In a common
velocity field, heavy particles pick up more momentum. This is visible in Figure 1.9. On the left
side the v, as a function of transverse momentum is shown for several identified particles. At
low momentum the light pions have high v,, while the proton v, increases at higher momenta.
On the right side, the v, is measured as a function of the transverse kinetic energy divided by the
number of quarks in the measured particle. This scaling provides a test of the quark coalescence
picture, which implies that is the partonic content of the measured particles that is boosted
during the medium evolution. As is visible in the figure, an approximate scaling is observed.
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Figure 1.9: Left: Elliptic flow v, as a function of p;. Right: Elliptic flow v, as a function of
(my —my)/ngq [20].
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A closer view of the nuclear overlap area reveals that the nuclear matter density not as smooth
as depicted in Figure 1.6. Matter is clustered in nucleons, and the configuration of nucleons
within a nucleus is fluctuating. In a nucleus-nucleus collision this means that the overlap area
can not only take the shape of an ellipse, but also approximate a triangle, a square and so
on. These initial conditions give rise to additional flow harmonics, which have been observed
as well, as shown in Figure 1.10. The magnitude of elliptic flow for the higher harmonics is
relatively independent of collision centrality.
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Figure 1.10: Fourier coefficients v, as a function of centrality for n = 2, 3,4 for Pb-Pb collisions
at /syy = 2.76 TeV.

Magnetic field

According to Maxwell’s equations, an electric current induces a magnetic field. Similarly the
charges in heavy ions, which in the lab frame are moving at relativistic speed, generate a mag-
netic field. In fact, this field is the strongest magnetic field created in a laboratory. Possible
effects due to its presence, including on the nature of the chiral phase transition and charge
separation in the presence of a chiral imbalance [21], touch on fundamental physics and are of
great interest.

So far no direct measurement of the magnetic field in heavy ion collisions exist, but with
some assumptions the strength can be calculated. One of the earlier calculations [14] uses
the following recipe. The magnetic field of a moving charge in the labframe is given by the
Liénard-Wiechert potential:

(| —xz, ) xe,
[(@ — ) + (¢ sinh(Y) —z cosh(Y))2]3/2’

eB(x)=Zagy sinh(Y) (1.8)
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where x|, denotes the transverse position of a charge Z moving along the beam axis e, with
rapidity Y, and ', =, (t =0).

When the nuclei are considered to be flat due to the Lorentz contraction the density can be
projected on the x — y plane, the number density is given by

2

4.-n3
37'cR

pulz,)= VR2— (2 £b/2)20. (), (1.9)

where the projections of the nuclei on the transverse plane are
0.(z')) = 0[R*— (x| £b/2)°] (1.10)

and =+ is the sign of the direction along e,.

Now we can look at the contribution of the charges in the colliding nuclei. The spectators can
be considered to continue there movement undisturbed after the collision. For the participants
the distribution becomes

a
Y)=—— ¥ Y, <Y<Y, 1.11
f(Y) 2Sinh(aYO)e ,—Y <Y <Y, (1.11)

where Y, is the rapidity along the beam axis, which depends on the energy, and a is a factor
related to baryon stopping, experimentally determined to be around 0.5.
The magnetic field from the spectators can then be calculated with

eBI(t,n,z,)=*Zag)y sinh(Y, ¥ n)f d*z’ po(z')[1—6.(x')] (1.12)

x (@), —2)) x e, (1.13)
[(2/, —a, 2 + 72 sinh(Y, F )2 /2" |

and the participants with

Yo
eB;E(T, n,x,)=+Zagy J d’z’, J dY f(Y)sinh(Y F n)p.(x’)0:(x)) (1.14)

% (wlj_ - mJ_) X e,
[(x' —x,)? + 2sinh(Y, F 1)2]3/2°

(1.15)

Here T = v t2—22 is the proper time. In this approximation the particles that are produced
in the overlap area are neglected, since their net charge is zero due to charge conservation
and the directions are roughly outward, resulting in a much smaller contribution compared
to from the charges that are initially present. An evaluation of the above equations at the
origin for Au-Au collisions at 200 GeV is shown on the left side of Figure 1.11 for different
impact parameters. The initial value of the magnetic field shows an enormous magnetic field
of eB ~ 3m2 ~ 3 x 10'® Gauss [21], and it increases with increasing impact parameter. More
recently calculations of the magnetic field have been developed that better encapsulate the
dynamics of the heavy ion collision and medium properties [21, 22]. On the right side of
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Figure 1.11: The time evolution of the magnetic field in heavy ion collisions for different impact
parameters (left) [14] and values for the electric conductivity (right) [21] at RHIC
top energy for Au-Au collisions.

Figure 1.11 such a calculation with the use of transport models is presented [21]. Here is also
visible how the magnitude of the magnetic field rapidly increases as the nuclei approach each
other. The development after the collision is less clear, as it depends on the properties of the
medium, especially the electric conductivity.

For the right panel in Figure 1.11, the electric conductivity for QCD matter is estimated with
lattice QCD (0 1qcp). For o = 0, the field decreases as rapidly as it increased. The presence of
electric conductivity to great effect upholds the magnetic field. Despite the uncertainties related
to the evolution of the magnetic field, experimental searches to related phenomena are of great
interest. An example is the origin of the measured elliptic flow of direct photons [23], charge
dependent elliptic flow [24] and other charge dependent correlations [25, 26], among others.
For a recent overview see [27].

1.7.2 Chiral Magnetic Effect

In Section 1.6, a description was given of parity violating transitions in the QCD-vacuum that
couple to either left- or right-handed quarks and induce a change in the chirality of the involved
quark. For a finite number of these interactions, the number of left- (N;) and right-handed (Ng)
quarks can become unequal, breaking parity symmetry. Global parity conservation however
requires that in total chirality is conserved. It is only when a subsection of these interactions are
observed that we may find fluctuations. It was realized that a chiral imbalance in combination
with the presence of a strong external magnetic field such as expected to be present in heavy
ion collisions will result in a chiral and charge current. If the magnetic field is present during
the initial phase of the heavy ion collision, including the QGP phase, the magnetic field can
orient spins of the quarks along the magnetic field lines, as shown in Figure 1.12. In the event
of a vacuum transition to a state with non-zero topological charge, this introduces the presence
of a chiral potential us # 0, which can induce the change of a quarks chirality by reversing its
momentum.

Using the methods developed for flow as described in the previous chapter, we can also try
construct an observable for the electric current along the magnetic field. It has to be considered

20



: Sp_4P
fJ/. "

@)

@ ® “@ 544D
ld @ @b
@S“ﬁ ps # 0 ps # 0

Figure 1.12: Strong magnetic field and non-zero topological charge leading to a charge current
called the Chiral Magnetic Effect.
The presence of a strong magnetic field and non-zero topological charge leads to a charge
current called the Chiral Magnetic Effect.
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that the sign of the non-zero topological charge fluctuates event by event, and as such also
the direction of the charge separation. Therefore, to be sensitive to the separation of charges
along the magnetic field a P-even observable is needed. This is the case for one of the main
observables for probing the charge separation effect proposed by Voloshin [28]: a two particle
correlation relative to the reaction plane,

Caﬁ = (COS(SO(Z + Q0/3 - 2‘“IJRP)): (1.16)

where ¢ denotes the azimuthal angle, a, 8 the electric charges of two correlated particles and
Upp the reaction plane angle. The reaction plane, which is defined by the impact-parameter
vector and the beam direction, is oriented on average perpendicular to the magnetic field. The
angular brackets denote the average over all pairs in all collisions. The parity-even correlation is
sensitive to parity-odd symmetry breaking while canceling out background sources independent
to the reaction plane. This correlation has been extensively studied at RHIC and LHC [26, 29—
31], where a significant charge dependence was observed. The centrality dependence of the
charge dependent correlation is shown in Figure 1.13, and in Figure 1.14 the measurement as
a function of p; difference, mean p; and pseudorapidity difference is shown.

Recently the charge dependent correlation was measured at the STAR beam energy scan [32].
Since the effect of CME is thought to occur principally for a deconfined medium and with chiral
symmetry restored, it is interesting to vary energy and consequently the lifetime of the QGP and
the magnitude and lifetime of the magnetic field. The results are shown in Figure 1.15.

At the lowest energy the charge separation seems to disappear. With increasing energy the
charge separation increases as is in line with expectations.

The interpretation of these results is subject to discussion, because various physical reaction
plane dependent sources other than CME are likely to contribute to the observed correlation,
like local charge conservation (LCC) and flow fluctuations [33-36]. With LCC, a pair of particles
of opposite charge is created close to each other in a similar anisotropic flow field, which results
in a symmetry plane dependent correlation between the particles.

Experimentally, LCC is studied using the balance function (BF) introduced in [38]. The bal-
ance function measures the correlation strength of balancing partners which is imprinted in the
width of the distribution, and can probe through this, the time when the charges hadronized
e.g. early versus late stage creation of charges. Recently the ALICE Collaboration reported the
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Figure 1.13: The charge dependence of the three-particle correlation c,g4 as a function of cen-
trality with the results from STAR and correlations from HIJING, as well as the CME
expectation from STAR extrapolated to LHC energy [30].
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Figure 1.14: The charge dependence of the three-particle correlation c,g as a function of pr
difference, mean p; and pseudorapidity difference [30].

first results on the charge balance functions in Pb-Pb collisions at ,/syy = 2.76 TeV [39], with
the characteristic narrowing of the width for more central collisions in both the relative pseudo
rapidity (Am) and azimuthal angle (A¢). This centrality dependence is qualitatively consistent
with the picture of late stage creation of charges, being more correlated for central collisions
due to the development of strong radial flow. The shape for the pseudorapidity difference in
Figure 1.14 shows the largest signal at a small gap between the particles which decreases to-
wards An ~ 1. This shape, indicating the locality of the origin of the correlation, is both
expected for LCC and CME. A comprehensive study incorporating BF data in an estimation of
the contributions to y,g is shown in Figure 1.16. Using a Blast-Wave model and incorporating
charge-balancing pairs, the data from STAR can be well described. The individual contributions
from LCC to c,g originate from having more balancing pairs in-plane than out-of-plane (v,{c;)),
stronger correlation in Ay for in-plane pairs than the out-of-plane pairs (v,.), and from the
balancing charge having a higher probability of being emitted toward the event plane (v,). Dif-
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Figure 1.15: Beam energy dependence of the charge dependent correlation [32].
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Figure 1.16: Measurement of the charge separation at STAR (Au-Au at ,/syy = 200GeV) com-
pared to a Blast-Wave model, where the modulation of charge-balancing pairs by
elliptic flow is simulated [37].

ferent values of the width of the distribution of azimuthal angle between the charge-balancing
pairs (o, give the same qualitative picture.

Considering the similarity of the CME and other charge dependent signals, it is important
to develop not only a qualitative but a quantitative understanding of the contributing sources
through additional measurements, which can constrain detailed model calculations.
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In the studies presented in this document, additional information about the nature of the
charge-dependent correlation is drawn by measuring different moments, as well with the use of
identified particles.
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2 The ALICE experiment at the LHC

2.1 Large Hadron Collider

The Large Hadron Collider (LHC) at CERN was built to investigate some of most significant
questions in physics concerning fundamental matter. Among those were the search for the
(since discovered [40, 41]) Higgs boson, and beyond the Standard Model studies like the search
for supersymmetric particles. These are the main areas of investigation for the ATLAS and
CMS experiments. The focus of the LHCb experiment is the origin of the matter/antimatter
asymmetry in the universe through study of b-quarks. Last but not least A Large Ion Collider
Experiment (ALICE) is a dedicated heavy ion experiment which aims to clarify the properties
of deconfined matter called Quark Gluon Plasma (QGP) which existed in the early stage of the
universe, and is created briefly when two heavy ions collide.

The LHC is built in the 26.7 km circular tunnel of the decommissioned LEP collider and several
of the large experiments are placed in the caverns of former LEP experiments along the tunnel.
The rich history of research with particle accelerators at CERN is visible from the complex of
accelerators that form the accelerator complex that provides accelerated particles to the LHC.
In the case of the heavy ions, 2°®Pb atoms are evaporated from a solid source, ionized and sent
through LINAC3. From here they pass through LEIR into the PS, from where they follow the
same path as accelerated protons for the pp and p—Pb programs coming from LINAC2 and the
Proton Synchotron Booster (PSB). From PS the ions go to the Super Proton Synchotron (SPS)
and are finally injected into the LHC. In the LHC ion beams circulate until they are focussed in
several of the experimental caverns, among them ALICE. The energy of the protons and lead
ions at the respective stages is shown in Table 2.1.

P Pb
Accelerator | Top energy | Accelerator | Top energy
LINAC2 50 MeV LINAC3 4.2 MeV/u
PSB 1.4 GeV LEIR 72.2 MeV/u
PS 25 GeV PS 5.9 MeV/u
SPS 450 GeV SPS 177 GeV/u
LHC 7 TeV LHC 5.52 TeV/u

Table 2.1: The accelerator chain with associated energies for protons and lead ions.

2.2 The ALICE experiment

The main goal of the ALICE experiment is to improve our understanding of QCD matter, a state
that is achieved briefly in heavy ion collisions. Therefore it is desirable to collect as much in-
formation from (the remnants of) collisions as current state of the art technology possibly can
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Figure 2.1: The CERN accelerator complex, consisting of the LHC and a chain of pre-accelerators.

allow. This requires recording the properties (momentum, mass, charge, direction) of a diverse
range of particles with high precision and acceptance, while detectors and related electronics
operate at high speed and in a harsh radiation environment. The ALICE experiment, pictured in
Figure 2.2, is such a machine. It consists of an array of subsystems each optimized to cover one
or several aspects of the collisions. In total it measures approximately 26 by 16 by 16 meters
and weighing 10,000 tons. The backbone of the ALICE detector is the Time Projection Chamber
(TPC), which is a gas filled cylinder measuring the path of charged particles passing through the
volume. With 47 coverage and high efficiency over a wide pr—range it is an extremely capable
tracking detector and used in most of the physics analyses. Closer to the beam pipe is the Inner
Tracking System (ITS), which consists of two layers of Silicon Pixel Detector (SPD), two layers
of Silicon Drift Detector (SDD) and two layers of Silicon Strip Detector (SSD). The strength of
the ITS lies in very precise vertexing, providing separation power for b quark decays and pile-up
rejection. On the outer side of the TPC is the Time-Of-Flight (TOF) detector, which provides a
precise time measurement for the particles passing through. In combination with a momen-
tum measurement this gives an estimate of the mass of a particle. Furthermore in midrapidity
there is the Transition Radiation Detector (TRD) for electron identification, the High Momen-
tum Particle IDentification detector (HMPID) for particle identification at high momentum, the
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Electro-Magnetic CALorimeter (EMCAL) for measurement of jet and neutral particle energies.
Several multiplicity detectors are placed at forward rapidity: the VO, the Forward Multiplicity
Detector (FMD) and the TO. The VO and FMD provide multiplicity measurements, and the TO’s
main purpose is to determine the moment of the collision. On one side of the ALICE detector
system dedicated to muons is placed, consisting of an absorber, four muon tracking stations and
a muon trigger. Lastly there is a Zero Degree Calorimeter (ZDC) at approximately 115m on both
sides of the interaction point that measures spectator fragments. Aside from the ZDC and part
of the muon setup all detectors are immersed in a magnetic field of B = 0.5 T generated by the
L3 solenoid magnet.

1.ITS a. ITS SPD Pixel
2. FMD, TO, VO b. ITS SDD Drift
3. TPC = c.ITS SSD Strip
4. TRD d. VO and TO

5. TOF ' e. FMD

6. HMPID '

7. EMCAL

8. PHOS CPV

9. MAGNET

10. ACORDE @

11. ABSORBER
12. MUON TRACKING
13. MUON WALL
14. MUON TRIGGER
15. DIPOLE
16. PMD
17.zDC

Figure 2.2: The ALICE detector.

2.2.1 Particle tracking and identification

The TPC detector consists of a field cage where the electrons from ionized particles in the gas
drift away from the cathode (the central pad planes) and towards the anode at the edges of
the TPC. Eighteen sectors divide the read-out for the inner part, the so-called Inner Read-Out
Chambers (IROC) of the TPC from 0.8 m to 1.3 m, as well as the outer part of the TPC from
1.3 m to 2.5 m, the Outer Read-Out chambers (OROC). The cathode is operated at 100 kV cre-
ating a field gradient of 400 V/cm in the active volume, resulting in a maximum drift time of
100 us. The signals from the drifting electrons are collected in multiwire proportional cham-
bers (MWPCs). The electrons first pass a layer of cathode wires that separate the drift from
the amplification region. When are close to the anode wires, the electrons are accelerated
whereby they start to ionize gas molecules creating an avalanche of electrons, which induce a
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signal on the pad plane. The pad plane consist of a series of 159 tangentially oriented read-
out strips, from where the positions, signal amplitudes and signal times are used to reconstruct
3d tracks and their respective energy loss dE/dx. A gating grid is used to collect the positive
ions and prevent the buildup of charges causing distortions in the TPC electric field. The drift
time and the closing of the gating grid are components limiting the data taking frequency to
approximately 1 kHz, if pile-up is to be avoided. The gas mixture in the TPC has to be cho-
sen to optimize stability, electron/ion drift velocity, high quenching capability (absorption of
UV photons created during the electron amplification) and low drift electron absorption. A
typical gas mixture contains an inert gas that offers good stability and low electron loss and
a gas with good quenching capability. The optimal gas composition depends on the detec-
tor and data taking conditions. The choice of gas mixture for the ALICE TPC is 85.7% Ne,
9.5% CO, and 4.8% N,. Some components of the TPC will require a different approach in
Run 3 due to the much higher interaction frequency (50 kHz for Pb-Pb). The MWPC’s will
be replaced by Gas Electron Multiplier (GEM) foils, which amplify the signal from the drift-
ing electrons while limiting the ion back flow. This will allow to operate the TPC in continuous,
untriggered readout mode, thereby improving the recordable event frequency by a factor of 100.

The ITS is designed for primary vertex determination with an accuracy below 100um, ac-
curate impact parameter measurement for the separation of secondary vertices from D and B
mesons, providing energy loss measurements at low p; and improved momentum measurement
by extending the range already covered by the TPC. Because the ITS is placed in front of the
other detectors, the material budget is kept to a minimum to avoid multiple scattering and
knockout of detector material. However, some presence of material is useful to induce photon
conversion for the detection of direct photons using tracks in the TPC. The inner two layers of
the ITS, the SPD, are at 3.9 and 7.6 cm from the beam pipe and extend 24.5 cm in z-direction.
There are a total of 1200 readout chips with 8192 pixels each measuring 50 um (r¢) x 425 um
(2), providing the precision that is required to handle the high track densities at this distance
from the primary vertex.The SDD has two layers at 15 and 23.9 cm extending 44.4 and 59.4 cm
along the z—direction consisting of 260 modules with silicon drift technology. The SSD consists
of two layers at 38 and 43 cm extending 86.2 and 97.8 cm along the z—direction with a total of
1698 modules, each with 1536 silicon sensor strips. The outer four layers of the ITS measure
position and energy loss dE/dx. By fitting hits between the two layers, constructing so-called
tracklets, the primary vertex can be determined with high precision. The second set of two
layers, the SDD, is used to measure the energy loss dE/dx.

Track reconstruction

The main track reconstruction includes information from TPC, ITS and is used to match signals
in other detectors. The reconstruction is done through a three stage procedure, going inward,
outward and back again. In the first step seeds are created in the TPC. These are built from
2 TPC clusters and the vertex, followed by a fit to 3 TPC clusters without the vertex. From
this point, TPC clusters are added in an inward direction if they are close enough to the track.
The algorithm allows cluster sharing between multiple tracks. Afterwards, tracks that share
a certain amount of clusters are filtered to one track based on the quality of the track. The
tracks are corrected for energy loss in detector material while assuming a preliminary particle
identification based on dE/dx information.
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Figure 2.3: Tracking efficiency in the TPC for different detector occupancy using simulations.

In Figure 2.3, using simulations the tracking efficiency in the TPC is shown as a function of

the transverse momentum. Three different scenarios, pp, peripheral Pb—Pb and central Pb-Pb
show that the tracking efficiency is largely independent of detector occupancy. The turn-on
curve results from energy loss in detector material, while at dip around 2 GeV/c results from
the relatively longer fraction particles can spend in the dead zone between TPC sectors.
The TPC tracks are extrapolated to the outer ITS layer where they are matched to hit and further
propagated inward similar to the procedure within the TPC. The fitting procedure allows for
missing clusters in layers of the ITS. Afterwards the tracks are again cleared from large amounts
of cluster sharing. An ITS standalone fitting procedure is also applied to unmatched clusters,
which leads to a high reconstruction efficiency for low momentum particles down to 80 MeV/c.
At this point tracks are extrapolated to the distance of closest approach, from where the tracks
are fitted in the outwards direction, finding matches in the TOF and with TRD tracklets, as well
as signals in EMCal, PHOS and HMPID. Finally the tracks are refitted starting the propagation
from the outer radius of the TPC using clusters associated in the previous fitting and updated for
information on the position, curvature, energy loss and the covariance matrix. The combined fit
using information from TPC+ITS delivers the most accurate determination of track parameters.
However, due to holes in the ITS acceptance in the 2010 data taking period, it can also be
preferable for analyses requiring good uniform acceptance to use TPC tracks. An alternative
option is to fill 'missing’ TPC+ITS tracks with TPC standalone tracks. In this case the track type
is called "hybrid’.

Particle identification

The ALICE detector has several subsystems with different characteristics that contribute to the
capability for the identification of particles. ITS, TPC and HMPID measure energy loss of charged
hadrons (also light nuclei) as well as electrons. The TOF can identify the same group of particles
by measuring the arrival time of a particle, which determines the mass if the moment of the col-
lision and the particles momentum is known. Further identification with a focus on separating
electrons from pions and protons is provided by the TRD through a measurement of both en-
ergy loss and the emission of transition radiation by electrons. The EMCal can identify protons,
neutrons, electrons and photons through the measurement of energy deposited, shower shape
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analysis and time-of-flight information. While electrons and photons are typically stopped in
the EMCal, hadrons mostly pass through. The fraction of energy deposited to the particle mo-
mentum provides a way to separate the two groups of particles. The presence or absence of
a matched track in the TPC provides the charge information. The PHOS photon spectrometer
dedicated to the measurement of photons works on the same principles as the EMCal but has
improved photon identification and a smaller acceptance. Lastly muons are simply ‘identified’
by placing a thick absorber in front of the muon tracking stations, blocking all particles except
muons from passing through.

TPC

The main detectors for particle identification of the most common charged hadrons (pions,
kaons, protons) at intermediate p; are the TPC and the TOE

Charged particles traversing the volume of the TPC mostly lose energy through collisions
with the electrons in the gas molecules. The energy loss for heavy particles at relativistic speeds
(0.1 S By < 1000) follows the Bethe equation, which describes the mean rate of energy loss for
heavy charged particles,

Z1_ 1, 2m,c2p%y%T 5(BY)
_ — 27 - r= e max 2 T\
(dE/dx) =Kz Aﬂz[zln 2 B 5

1. (2.1)

Here A is the atomic mass number, % = 47'cNAr62mec2 /A with N, Avogrado’s number, r, and m,
the classical electron radius and mass, further Z is the atomic number of the absorber, I the
mean excitation energy, T,,., the maximum energy transfer in a single collision, and 6(By) a
density effect correction.

The description of the mean energy loss is in fact not a very practical one, since fluctuations
on a per collision basis can be large. The ALICE TPC can retrieve a maximum of 159 charged
clusters related to a given track in the MWPCs, of which the pulse height is proportional to the
ionization strength. A truncated mean is taken to estimate the dE/dx, which can be determined
with a resolution of 5%. For the purpose of particle identification a parametrization of the Bethe
formula is applied to the detector measurement,

P, 1
f3*4 (Br)'s
where P; s are fit parameters. The top left panel of Figure 2.4 shows the dE/dx measured in
the TPC as a function of momentum. The lines are the parametrizations of dE /dx for the various
particle species. The position of a dE/dx measurement relative to one of the parametrizations

in combination with knowledge of the width of the distribution around a parametrization can
be used to calculate the probability for a certain particle identity.

fBy)= (P,— B —In(Ps + ), (2.2)

TOF

The purpose of the Time Of Flight detector is to measure the arrival time of particles with high
precision. The detector consists of Multigap Resistive Plate Chambers (MRPCs), which are built
from 11 sheets of thin glass with narrow gas filled gaps with in high electric field in between.
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Figure 2.4: Energy loss in TPC (left) and velocity measurement with TOF (right) as a function
of particle momentum [42]. Data from the two detectors combined improves the
separation power for particle identification (bottom) [43].

The timing resolution of the TOF is approximately 80 ps. The start time is provided by the TO
detector which is described in Section 2.2.2. Due to the small acceptance of the TO, it does not
always provide a start time measurement. In these cases it is necessary to estimate the start
time using assumptions on the mass of the arriving particles.

The momentum of a particle, which is needed to calculate the velocity, is provided by a matched
track in the TPC. The top right panel of Figure 2.4 shows the 3 measurement of particles in
Pb-Pb collisions. Good separation is achieved for pions, kaons and protons in the region up to
2.5 GeV/c for pions and kaons, and up to 4 GeV/c for protons.

Bayesian particle identification

Particle identification measurements from different detectors can be combined to fully utilize the
identification capabilities of the ALICE detector as a whole [43]. The bottom panel of Figure 2.4
shows the correlation between the dE/dx and 3 measurement for particles in a momentum
range of 2.5 < pr < 3.0 GeV/c in central events. It is visible that the combined information
gives better separation between particle types than having only a projection on either the x-
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or y-axis. One procedure for the utilization of information from both detectors is to calculate
Bayesian probabilities for a particle to be associated to a specific particle type. The conditional
probability to measure a signal S for particle type H; is denoted as P(S|H). P(S|H) is obtained
by parametrizing the response of a detector to different particle species. For a range of detectors,
the combined probability is the product

PEIHY)=[] PuSalH), (2.3)

a=TPC,TOF,...

Wlth § = (STPc, STOF’ )

With knowledge of the a priori probability to detect a certain particle C(H;) (a prior), the
probability to detect a certain particle type for measured detector signals using Bayes’ theorem
is

P(S|H,)C(H,)
Zk=e,u,n,... P(§|Hk)C(Hk) ‘

The priors are determined with an iterative procedure starting with a value of 1 for all species
and then measuring the relative abundances of particles for the priors in the next iteration [43].
The Bayesian probability is a convenient tool to select the desired purity in a sample of identified
particles and is used for the selection of identified particles in Chapter 4.

P(HylS) = (2.4)

2.2.2 Forward detectors

The ALICE detector has three systems in the forward region that measure produced particle
(and secondary particle) multiplicities: the TO, VO and FMD. In addition there is a calorimeter
positioned at the beam axis to measure spectator fragments.

T0

The TO detector measures Cherenkov radiation and consists of two arrays of 12 quartz radiators
with photo multiplier tubes (PMTs) at —3.28 < 1) < —2.97 and 4.61 < 1) < 4.92. The measure-
ment with the TO provides the timing of the collision and is used for the 8 measurement with
the TOE In addition the timing difference between the TO-A and TO-C can be used to estimate
the interaction point and to reject pile-up or satellite collisions. The TO can also be used as a
trigger. The uniform placement of the TO and the multiplicity measurement also makes it useful
for the estimation of the reaction plane (see Section 3), although the sensitivity is low due to
the small acceptance.

VO

The VO detector has 32 segments divided in 4 azimuthally uniform rings (each with 8 sectors)
with equal rapidity coverage on each side of the interaction point. The sectors contain scin-
tillator tiles that are read out with optical fibres. The VO-C covers a pseudorapidity region of
—5.1 < <—2.8 and VO-A 1.7 < 1 < 3.7. The azimuthal segmentation of the detector makes it
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useful for symmetry plane estimation especially up the third flow harmonic. The sensitivity to
higher harmonics decreases due to the limited granularity.

FMD

The FMD detector consists of 5 subsystems equipped with narrow silicon strips. The cover-
age partly overlaps with that of the VO: the FMD-C is from —3.4 < 1 < —1.7 and FMD-A
1.7 < m < 5.0. Three subsystems contain 20 strips oriented azimuthally symmetric and radially
outward from the beam axis. Two of subsystems have 40 strips with similar orientation. The
FMD detectors also have fine granularity in n, in total providing 152000 individual multiplicity
measurements. Between the FMD and the interaction point is a considerable amount of mate-
rial which leads to large amounts of secondaries in the detector, requiring detailed filtering. The
FMD detector is used to measure forward spectra and because of its uniformity, large acceptance
and high granularity is a very capable detector for flow studies.

ZDC

The ZDC-A and ZDC-C is dedicated to the measurement of spectator protons, neutrons and
fragments traveling along the beam axis after the nuclei from which they originate interacted
inelastically. The geometry is a square, and each side is equipped with a tungsten-quartz neutron
and a brass-quartz proton calorimeter. The readout is divided into 4 quadrants, offering limited
sensitivity to the azimuthal distribution of spectators, mainly useful for the first flow harmonic.

2.2.3 Triggers

The LHC offers a high rate of crossing bunches. It is impossible for ALICE in terms of detector
read-out speed and disk volume to record fully each collision. Depending on the physics interests
different triggers are designed to collect data from specific detectors at specific rates. These
include a Minimum Bias (MB) trigger, high multiplicity triggers, EMCal triggers, muon triggers
and others. Most of the triggers are designed to use the full capabilities of the ALICE detector,
while the for example the fast muon trigger can collect data at a high rate that excludes use
of the TPC. While signals from the detectors are temporarily stored, triggers have to make fast
decisions about whether or not to record an event. Triggers consist of several levels labeled LO-
2 and the High Level Trigger system (HLT). Every machine clock cycle of approximately 25 ns.
the Central Trigger Processor takes input from the different detector systems. The LO decision is
made after 0.9 us based on data from VO, TO, EMCal, PHOS and a muon trigger detector (MTR).
The events passing LO go to L1 which takes a decision after ~ 6.5 us after processing of EMCal,
TRD and ZDC data. A positive decision from L2 results in the readout of data from the detectors
to the front-end electronics with a latency of ~ 300 ns. After 100 ms, L2 may determine whether
an event contains pile-up and decides whether to send data to the DAQ and the HLT. The HLT
processes and reconstructs data from all available detectors to make a trigger decision and in
addition the HLT compresses event data without loss of relevant physics information.
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2.2.4 Event characterization

A heavy ion collision consists of several stages, from initial state to final state. Although we
can’t experimentally control the initial state (other than by the choice of ions), we can extract
information about initial configuration of matter density from the particles in the final state,
which are measured in the detector. The main quantities that can be obtained are the centrality,
which is related to the impact parameter, and the flow vectors, which contain information on
the shape of the overlap area.

Centrality

The impact parameter of heavy ion collisions can be estimated through the produced particle
multiplities or spectator multiplicities. The first step is to divide the multiplicity measurement
in socalled centrality bins, which then can be related to a certain number of binary collisions
and impact parameter. Because the last step is not model independent, experimental results are
often reported for ranges of centrality. The centralities measured using charged particles and
spectator fragments are defined experimentally as

E
1 (Tdn ., 1 (™ dn
CR — /dNCN— - dEZDC. (2.5
Ney Jy, dN; New Jo  dEje

The number of tracks N, increases monotonically with centrality, while the number of spectators
decreases towards more central events. Above 50% centrality, the fragments end up outside
the ZDC acceptance, limiting the applicability of the ZDC energy (E;pc) measurement to more
central events. N,, is the number of events (corrected for trigger efficiency).

The left panel of Figure 2.5 shows the measurement of the total VO multiplicity for a sample
of Pb—Pb minimum bias events. The data is fitted with a parametrization based on the Glauber
model. The Glauber model can be used to calculate the number of binary collisions N,; based
on the nuclear density profile and the assumption that particles follow straight lines and col-
lide with one another with a likelihood according to the nucleon-nucleon cross section. The
parametrization is f Nya. + (1 — f )N, where a fraction of collisions f represents the soft parti-
cle distribution, and every source produces a number particles according to a negative binomial
distribution (NBD) which has two parameters. The fit is used to relate the measured centrality
t0 Neopy and Ny
The right panel of Figure 2.5 shows the determination of the ZDC centrality up to 30%, where
the different colors represent the corresponding centralities as determined with the VO.

Symmetry planes

The symmetry planes are also determined from produced particles or spectator fragments and
carry information on the initial distribution of nuclear matter, as previously described in Sec-
tion 1.7.1. The ALICE detector has a range of detectors with good azimuthal coverage and
therefore sensitivity to the anisotropic emission of particles. Before expanding on the topic in
Chapter 3, a short overview is presented of the sensitivity of various ALICE subsystems to par-
ticle flow. The resolution correction factor (Equation 3.3) for various detector subsystems is
shown in Figure 2.6.
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Figure 2.5: Centrality estimation using VO multiplicity (left) and ZDC energy (right).
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Figure 2.6: The resolution correction factor for symmetry plane estimation with the TPC, VO,
FMD and PMD detectors for second harmonic (left) and with VO detector for up to
fourth harmonic (right).

Event shape engineering

The flow vectors are not only useful for the determination of collision symmetry planes, but carry
even more detailed information on the configuration of the colliding nucleons. Hydrodynamic
models indicate that the measured v, is closely correlated to the initial eccentricity (€,). This
means we can use an event-by-event measurement of the particle anisotropy to select on the
eccentricity of the initial matter distribution. This technique is called event-shape-engineering
(ESE)[44]. In ESE events are classified using the reduced g-vector (Q/+/M), which removes
trivial multiplicity dependence from Q. These terms are explained in the next chapter.

Figure 2.7 shows that the magnitude of g, (left panel) and v, (right panel) are correlated,
demonstrating that the g, vector can effectively be used to select on event shape.
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3 Anisotropic flow methods and flow
vector corrections

3.1 Flow methods

Several methods have been developed to measure collectivity in heavy ion collisions through
correlations of particle azimuthal angles. Correlations between particles measured in the final
state can reveal information about the initial state and the evolution of the collision system.
One of the common parameters that characterize the collectivity is the Fourier decomposition
of the single particle distribution introduced in Equation 1.7. In addition to measuring the flow
harmonic coefficients v,, correlations between flow magnitudes and symmetry plane angles
can also be studied [46, 47]. Event shape engineering, which is the selection on event shape,
is a useful tool to determine event classes based on their shape and was briefly described in
Section 2.2.4. In this chapter, we focus on the use of Q—vectors in flow measurements. For the
corrections of non-azimuthal detector acceptance a software package was developed and results
with ALICE data are presented.

3.1.1 The Q-vector

The Fourier decomposition in Equation 1.7 contains an experimentally inaccessible parameter,
the symmetry plane Wsp. An estimation of the orientation this plane can be deduced from the
anisotropic distribution of particles. This is done by constructing a so-called flow vector, or
Q-vector,

M M
Qn,(x,y) = Z ein«pi = Z(COS ny;, sin Tlng-), (3.1)
i=0

i=0

which is constructed from M particles with azimuthal angles ¢, and n corresponds to the flow
harmonic. The flow vector will give the average direction of particles for a given harmonic.

3.1.2 Event plane method

Due to the finite number M, only an estimate can be made of the true symmetry plane. This
estimate is called the event plane (¥p) is calculated from the Q-vector

1
\IJEP = ;atanz(Qn,yy Qn,x)' (3.2)

How well ¥, coincides with ¥g, is quantified by the resolution parameter R, which scales
with the number of particles M and the magnitude of the flow, R ~ v,+/M. R itself can be
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measured by splitting the observed particles in three independent subevents and measuring the
three sets of two-subevent correlations over many events.

(cos(\IJg;)A — \Ifgll))B)) (cos(\IJ]E:';)A — \I/]E:r}l,)c))

(n)B (n)C

_ (nA (n)y _
RWA = cos(¥gp —Wep') = (cos( _ g,
EP EP

(3.3)

With the event plane and the resolution parameter, the Fourier coefficients in Equation 1.7
can be calculated with the event plane method,

= {{cosn(ip —¥)) = - {{cosnlp — W), (3.4
n

It was described in [48] that the event plane method has differing sensitivity to event-by-
event fluctuations in v,. For R &~ 1, the observed (v,) coincides with v,, while for R << 1, we
obtain 4/(v?).

When the ¢ and ¥, are measured in the same rapidity window, the correlation is also sensi-
tive to nonflow, i.e. the correlation between particles unrelated to the common symmetry plane.
This can occur when particles are correlated at production like in jets or decays. Due to the
nature of nonflow, it can be suppressed by correlating particles from different pseudo-rapidity
regions.

3.1.3 Scalar product method

The ambivalence of the event plane method can be avoided with the scalar product method,
which is similar to the event plane method but removes the Q/|Q| normalization of the Q-
vector, instead normalizing by M or M. This method consistently measures 4/(v2).

3.1.4 Cumulant method

The Fourier coefficients can also be estimated with particle cumulants:
cn = {{eFe)), (3.5)

where i # j in the correlation of particles. The two-particle cumulant is related to the flow
coefficient as v, = ,/c,. Non-flow in the two particle cumulant can be suppressed by impos-
ing a rapidity gap between the particles. Another way to suppress nonflow is by measuring
multiparticle correlations, for example the four particle cumulant which is given by

c, = ((ein(Wi_‘Pj+¢k_Wl)>>’ (3.6)

which is related to flow with

v, = +/—C4—cCa. (3.7)

The four particle cumulant removes two particle nonflow and suppresses further nonflow by an
additional 1/M? factor [49]. It does however, require a much larger statistical sample. The
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fluctuating initial energy density also causes fluctuations of the event-by-event magnitude of
flow, even for a fixed impact parameter. If these fluctuations (o ,) are assumed to be Guassian-
shaped and small compared to the flow (o, < (v)), the cumulants measure

{2} = v} +202, (3.8)
v, {n} = yy,n > 4. (3.9)

The difference between the measurements of the two observables is visible on the right side of
Figure 1.8. More details about cumulants can be found in [49, 50].

The correlation techniques described in this section are not only useful for the determination
of the flow harmonics, or correlations among them, but also for other effects that may depend
on the symmetry plane orientation. One such example, the main subject of this document, is
discussed in the next chapter.

3.2 Q-vector corrections

The Q-vector which is used for observables which aim to distinguish between different initial
state configurations measures the anisotropy of particles created in the collision, or of spectator
fragments. In an ideal case, the only limiting factor to relate the Q to a symmetry plane is num-
ber of charged particles measured, which depends on the number of particles produced and the
placement and acceptance of a detector. Also a certain amount of flow has to be present. How-
ever, detector imperfections may introduce biases in the measurement of the Q-vector, which
have to be accounted for. In this section the different steps are discussed that are needed to
correct for detectors with non-uniform acceptance.

3.2.1 Recentering, diagonalization and rescaling

Effects of non-uniform acceptance of detectors in the measurement of anisotropic flow have
been described in [51]. The relation between the participant plane ¥,, and its measured unit
vector components can be expressed as

(Xphwgp = Xn + Upay, (cos n¥gp + A5T sin np), (3.10)

(Yn)wgp = ¥n + V@5, (sinn¥gp + A5 cosn¥p), (3.11)

where the acceptance coefficient azztn is defined as

ay, =1+ %y, (3.12)
and the smallness parameter as
ct Um X'mﬂ:n
=— . 3.13
e =y ok (3.13)

Non-azimuthal effects can then be corrected for by inversing the equation and applying three
consecutive corrections:
Shift of the u,-vector:

X! =Xy —Xn, Y= Y= I (3.14)
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twist of the u,-vector

X// — x’ - ASZE')// y// — ‘y/ - ASZ_:IX/ (3 15)
TG AN T 1=AR A,
and rescaling of u,-vector
x
Xy = 2k =2, (3.16)
Qon on
where ¢, is the shorthand notation for cosn¢ (similarly we introduce 5, = sinn¢).
Similar to Equation 3.10 the relation between the event vector
Q. :Zun =Z(cosn<p+isinn<p), (3.17)
EP EP
and the symmetry plane ¥, can be expressed as
(X,) =X, + A5 (cosn¥sp + A5 sinn¥gp), (3.18)
(V) =Y, + A, (sinn¥sp + A5 cosn¥sp). (3.19)

The correction parameters A,, and A,, can be extracted similarly to Equation 3.12-3.13.
In certain cases the double harmonic required for extraction of the correction parameters in
unavailable because of limited granularity of the detectors. In this event the acceptance and
smallness parameters can be extracted using two random subevents as in [51] or with three
subevents (a,f3,y). In the latter case we have the following coupled equations (only one permu-
tation shown):

2(X2xP) = AL AL (1 4+ AL AR, (3.20)
274YP) = AZTAD (1 4+ AL AL, (3.21)
2X9YPY = AL AL (AL 4 AP, (3.22)
2Y4xP) = AL AL (AL + AP, (3.23)
In addition symmetry requires
AT NS =AL A5 (3.24)

In total there are 12 coupled equations ( (a,f) plus the permutations of (a,y) and (,y) ) with
3 symmetry constraints. There are 12 unknowns (3x Aﬂ;n,As;), thus this system is closed and
presumably solvable.

40



3.2.2 Misalignment

The correction procedure described above assumes perfect knowledge of the azimuthal angle
 associated to a signal. In reality, the placement of a detector may have a shift with respect
to the expected position, or non-azimuthal acceptance within a detector segment may shift the
angle that should be associated to the measured signal. The shift of the actual coordinate of a
signal with respect to the ascribed coordinate can have a radial and azimuthal component. A
radial shift is in fact accounted for with the recentering, diagonalization and scaling procedure
described in the previous section. However an azimuthal component will alter the measurement
of the symmetry plane (W — ¥ + A¢). An angular offset A¢, 5 between two detectors (a, )
will modify measured correlations as follows

(x2xF) ) =(x?XF) cosnAp, ;—(X2YF)sinnAp, g, (3.25)
(Y2YP) )y =(Y2YP) cosnAd, p+(YXP)sinnAg, 6, (3.26)
(x« nﬁ)M =(XnYﬁ)cosnA¢a,5+( )smnAqba’ﬁ, (3.27)
(Y2XP) ) =(Y*XP) cosnAd, s—(Y2YP)sinnAd, s (3.28)

We can not solve this system and determine A¢,, g without considering acceptance effects in the
detector correlations. Combined with Equations 3.20-3.23 we can again write the equations as
a function of the acceptance and smallness parameters. For a system with three detectors there
are 15 unknowns (3x Ajzzn,ASi + 3x A¢). With permutations of Equations 3.25-3.28 there are
12 coupled equations and 3 symmetry constraints, which brings us to a total of 15 equations.

Thus also this system is closed.

3.2.3 Extraction of correction parameters for diagonalization and rescaling

Solving the equations described above can be difficult in the general case, but is greatly sim-
plified in some specific cases. One can find the parameters to correct for twist and rescaling
corrections with the stand-alone method (Equations 3.12 and 3.13) as long as the azimuthal
granularity is sufficient for a reliable measurement in the x and y directions for double the har-
monic of interest, and when there are significant correlations to be measured (Eq. 3.20-3.23).
In practice this requires at least a number of segments N, > 2n.

If a detector S fulfills above requirements, and assuming azimuthal misalignment is uniform,
we can correct for non-uniform azimuthal acceptance with the stand-alone method and then
align other detectors a and y to this detector. For a fully corrected detector A} =A, =A,, and
Aszfl = 0. Equations 3.20-3.23 then become

2XxPy =A% AD | (3.29)
2A7evPy =A% AL (3.30)
2(X0Y Py = ALTAD AT (3.31)
2YXPY = A% AR A (3.32)
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From the symmetry constraint of Equation 3.24 we can now see that for aligned systems
(x2YF) = (v*XP) and we rewrite Equations 3.25-3.28 to

(Xr‘fo)M =(X,‘ZX£) cos nAan,ﬁ—(XgYnﬁ)sinnAcpa’ﬂ, (3.33)
(YnaYnﬂ)M :(Yn"‘Ynﬁ) cosnA¢, g+(X Y )sinnA¢, s, (3.34)
(X2YP) )y =(X2YP) cosnAd, p+(XXP)sinnAp, g, (3.35)
(Y2XP) ) =(X2YP) cosnAd, s—(Y2YP)sinnAd, s (3.36)

The azimuthal shift can now be determined without considering non-uniform azimuthal accep-
tance in subevents a and y:

X2v Py — (VXD

5 5 (3.37)
(X,?Xn )M + (YnaYn )M

tannAg, g =

If @ and/or y are constructed with a sectored detector, we can also determine the azimuthal
angle of the individual sectors by correlating them separately to 3. For one sector we can write

(XHYP) =cos ¢ (M, XF), (3.38)
(Y1 xP) =sin ¢ oy (M YF). (3.39)
Since (X?YP) = (Y2XF), we get
(M XP)
tanneg,, g = pR— (3.40)
(MlYn )

Since the solution to ¢, g has a period of 7/n, approximate knowledge of the azimuthal place-
ment of al is required to determine its actual position.

One example solution to Equations 3.29-3.31 (including the permutations and symmetry con-
straints) is given by

Aa,s+ — <‘Xr(;‘Yn[j> Aa,s— _ (Xng) (3 41)
M xexPy O (vayf)
s+ = <Xr}:Ynﬂ> VST = <Xr}:Ynﬁ> (3 42)
mooxixBy T vy
ot 2(Xavy ) (X2xP) o AZEAZST 543
2n > 2n a,s5— ) .
V xexPy Xyl + (xev) (v vF) Ao
B B Yot A 7S+
At V20XV ) GX) e A A 3.4
2n s Lon — Ts— ° .
V xexPyxivE) + (xevf) (v vF) AL
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It is clear that the above solutions are only valid if the measurement of the correlations sig-
nificantly differ from 0. When Equation 3.40 is first used to remove angular shifts from the
subevents then (X*XP), = (X*XP) etc, we can now apply twist and scaling corrections to
subevents a and y for a fully corrected measurement of the event vectors.

3.2.4 Gain equalization

A multiplicity detector is usually segmented and collects ionization electrons, or transition or
Cherenkov photons. Typically the signals are amplified, for example with a PMT. The individual
segments may function at different efficiencies and amplification may not be uniform. Or due to
material budget in front of the detector the signal received is not uniform. The non-uniformity
of the recorded signal may also depend on the occupancy or the location with respect to the
primary vertex. With a gain equalization procedure applied for different event classes these
effects can be, at least partially, mitigated.
One method is to divide the signal M, ; of each detector segment ¢ measured for event i:

M = et (3.45)
ot (M)
where (M,) is an average over events in a given event class.
1 NEV
(M) = 7= D M. (3.46)

Here N,, is a number of events.
Alternatively a correction can be applied that includes width equalization of the multiplicity
distribution for each segment:

/

MC - (Mc>

M. .
b O-M

c

where A and B in Eq. (3.47) are free parameters which are the same for all channels. A and
B are chosen to make an easier visual comparison with distributions resulting from Eq. (3.45).
oy, is the standard deviation of the multiplicity distribution

N,
1 1 ev
on =4 D ME—— > M, ] (3.48)
NeV i Nev

3.3 Implementation of correction procedure

For the rest of this chapter, we assume a detector setup with the following characteristics: pres-
ence of one tracking detector and two segmented, hit-based multiplicity detectors. This setup
is typical of many heavy-ion physics experiments such as ALICE and STAR. From the correc-
tions presented in the previous section we established the following sequence of flow vector
corrections:
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1. Gain equalization of individual detector channels
Recentering
Alignment

Twist

A

Rescaling

3.3.1 Software package FlowVectorCorrections

A correction framework based on ROOT [52] was developed together with Ilya Selyuzhenkov
and Victor Gonzalez and is publicly available in [53]. Although developed for ALICE, the frame-
work was specifically designed to be applicable to data from other experiments. The input for
the framework is generally angles and weights, and the output is corrected Q-vectors. The defi-
nition of the Q-vector and the corrections that are applied depend on the user configuration. A
brief overview of main concepts in the object-oriented framework is given here.

Configuration

The configuration object provides the user with handles for determining the settings used in the
correction framework. The main settings are

* Definition of Q-vector: standard Q, Q/M, Q/vM, Q/|Q|
* Harmonics of interest
* Event classes based on event parameters

* Corrections to be applied

Optional: track/channel selection

Input data

The main input for the framework is the azimuthal angle ¢ and relevant weight w from detector
measurements. Track properties can also be provided in case a track selection is provided in
the Configuration. Detector information can be associated to ID numbers to create subsets
of the input data to build Q-vectors. From the input data Q-vectors are constructed for each
Configuration object that the user defined.

Q-vectors

The Q-vector objects carry a range of information. Beyond the Q-vector components for the
harmonics defined in the Configuration, the object retains information about the number of
elements M, the sum of weights W, a flag that tracks the applied corrections and a flag for the
definition of the Q-vector. The relevant class also contains functions to calculate the event plane
or the vector length.
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Event classes

Corrections may have to be applied in different event classes in order to avoid biases within
the data sample. The user can define event parameters and the appropriate binning in the
Configuration. The event information for these parameters has to be passed to the framework.
The information relevant to the corrections is collected in multidimensional histograms where
each bin represents an event class. The user has to ensure that a statistically significant number
of events is present in each event class to ensure the accurate determination of the required
corrections.

Corrections

The data passes through the set of corrections that the user determined in the Configuration.
The structure of the framework allows for development of new corrections that can be added to
the framework without disrupting its internal structure. The correction parameters are retrieved
from correction histograms. Quality assurance (QA) histograms are filled on demand to monitor
the performance of the corrections.

Output

The output from the framework contains the Q-vectors defined in the Configuration. The full
Q-vector information is available from each correction step, such that the user has access to
results from the entire pipeline. The framework also produces correction and QA histograms.

Operation of the framework

The user should provide a set of Configurations to an instance of the framework. The framework
is then run while feeding the relevant event-by-event information. The framework identifies
the corrections that have to be applied and the number of passes that are required to extract
the correction parameters and apply the corrections. The correction parameters are stored in
histograms and the output of one iteration serves as input for the next. After the number of
required passes are applied, the user has access to the corrected Q-vectors.

3.4 Toy Monte Carlo study

To demonstrate the functionality of the framework for a specific combination of subevents
and detector non-uniformities a simple Monte-Carlo routine is employed. Particles for three
subevents A, B, and C are generated with v; = 0.2 and respective multiplicities 50, 200, and
50. In the simulation, subevent B consists of an ideal tracker, while subevent A and C are
radially segmented in 16 equal parts. From simulated angles after detector acceptance the
(v1) = (cos(p® —¥2,))/R] is extracted where the resolution correction R{ is calculated using
the 3-subevent method (Eq. 3.3). The azimuthal acceptance of A, B and C is represented by the
disks in Fig. 3.1. Case 1 (triangle up) demonstrates the gain equalization, where for A and C
four segments have 50% of the ideal gain (which mimics four miscalibrated channels). Case 2
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(triangle down) demonstrates recentering, where two orthogonal segments are disabled. Case 3
(star) demonstrates the alignment correction. Here the subevents A and C have uniform accep-
tance, but the coordinate systems are rotated by 71/8 to mimic misalignment. Case 4 (diamond)
and 5 (cross) have gaps that maximize the twist and rescaling corrections respectively. How-
ever, these non-uniformities don’t affect our observable and the corrections don’t change the
result. Case 6 is a superposition of cases 1-5. In all cases 1-6 the input value of v, is accurately
reconstructed. Limitations for the applicability of the corrections and the impact of multiplicity
correlations are currently being studied.
The blue disks inside Figure 3.1 show the non-uniformity of the subevents.

A D0QON
5 000000
. 60000%

case number

Figure 3.1: Estimates of input v; (dashed line) from simulated azimuthal angle distributions be-
fore (blue squares) and after different corrections (other markers) [54].

3.5 Corrections with ALICE data

The application of the corrections to data was studied with a Minimum Bias data sample of 13M
Pb-Pb collisions at ,/syy = 2.76 TeV recorded with the ALICE detector in 2010. Details on event
and track selections are in Section 4.3.

This section describes separately each step of the event plane calibration procedure for the
detectors TPC, VO, TO and FMD.

Corrections are applied for the reduced two dimensional g-vector

Qz,i 1 Ye
92 = (Q2.x,92,y) = E = E ZC:Mc,i Up i (3.49)
where ¢., N., M; = Z]CVC M, ; is an azimuthal angle of a segment (track), number of sectors
(unity), and the total signal (number of tracks) measured in a given multiplicity (tracking)
detector. In case of the TPC M_; = 1. A second harmonic unity vector u,; is defined as

Upy; = (uz’x,uz,y) = (cos2¢,,sin2¢,). (3.50)

A full calibration of the grequires 2 passes over data for the TPC, and 4 passes for the other
detectors. The corrections applied to data are detailed in the next sections.
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3.5.1 Signal equalization

For channel equalization event classes are divided into 100 equal bins in VO centrality and 10
bins in the event z-vertex position.

Gain equalization was only applied for channels of the VO and TO detectors. No additional
calibration was applied for the FMD detector channels, for which a extensive correction proce-
dure that accounts for charge sharing and secondaries is already applied within the ALIROOT
framework [55].

VO and TO

The VO consists of two circular detectors on A- and C-side, each divided into 8 ¢-segments and
4 n-segments, totalling a total of 64 readout signals. The TO consists of two circular detectors
on A- and C-side, each equipped with 12 PMT’s for the readout.

Despite the azimuthal symmetric distribution of channels, the readout signal does not nec-
essarily reflect this symmetry. Possible causes for this are different sector efficiencies, unequal
signal amplification, or different amounts of secondaries due to fluctuating material budget,
among others. The channel equalization procedure aims to symmetrize the multiplicity mea-
surement from the different detector segments.
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Figure 3.2: Left column: Multiplicity distribution for VO channels in 10-20% VO centrality. The top
figure shows the distribution for raw multiplicity, the middle figure for multiplicity
equalized channels, and the bottom figure with an additional width equalization.
Right column: similar as left column, for TO.
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Figure 3.2 shows the multiplicity distribution for the VO and TO detector channels for the
10-20% centrality range. The raw multiplicity distributions in the top figures show an uneven
distribution of the multiplicity. It is also visible that the signal in several channels (27 for VO,
8 and 13 for TO) are outliers. The middle figures show the multiplicity distribution with signal
equalization applied, by dividing by the average signal in the channel. The bottom figures show
the equalized signal with the additional width equalization procedure applied. It is visible that
for VO, the channels show a very similar distribution after the equalization procedures. For the
TO, the signal for channel 8 and 13 does not reflect the same distribution as for the other TO
channels. This reflects the non-Gaussian response of the raw measurement. Such channels are
probably better excluded for flow measurements, as is done in this document.

Figure 3.3 shows the multiplicity measurement for one channel of the VO and TO detectors
in different stages of the signal equalization. As is the nature of the correction procedure, the
shape of the signal is not strongly modified.
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Figure 3.3: Top row: Multiplicity distribution for channel 0 of the VO detector in 10-20% VO cen-
trality. The left figure shows the raw multiplicity, the middle figure the equalized
multiplicity, and the right figure the multiplicity with the additional width equaliza-
tion applied. Bottom row: similar as top row, for TO channel 0.

The gain equalization has already an effect on the measurement of the mean q as is shown in
Figure 3.4 and 3.5 for VO-C and TO-C. For TO-C, the y-component shows that the equalization
procedure restores the symmetry in the measurement of the Q-vector distribution. For central
events, the recentering procedure will have minimal effect. For more peripheral events where
some of the channels become empty, the distribution will be off-center due to certain channels
having more sensitivity to low multiplicity events.
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Figure 3.4: VO-C q before (top) and after (bottom) channel gain equalization. The left plots are
for the x- and the right plots for the y-component of qg.
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Figure 3.5: T0-C q before (top) and after (bottom) channel gain equalization. The left plots are
for the x- and the right plots for the y-component of qg.

FMD

The FMD channel measurements are corrected through an advanced procedure which accounts
for hits from secondary particles due to detector material as well as multiple hits from overlap-
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ping strips of different detector segments. The related correction procedure is described in more
detail in [56].

3.5.2 Q-vector recentering

The recentering procedure (Eq. 3.14) ensures that the mean of the reconstructed Q-vectors is
equal to zero, and is the first step suggested in [51]. The mean of Q/M (q) was extracted in
100 equal bins of centrality and 10 variable bins of event z-vertex.
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Figure 3.6: TO-A (left), VO-A (middle) and FMD-A (right) Q/M measurement before (top) and af-
ter (bottom) channel recentering. All plots are for the x-component of the Q-vector.

Figure 3.6 shows the effect of the recentering procedure for x-component of the Q-vector
measured with the TO, VO and FMD detector. The upper panel shows the distribution before
recentering, and the lower panel after recentering. Additionally to a subtraction of the mean,
the Q-vectors were divided by the standard deviation of the distribution. This procedure can be
used to enforce a similar distribution of Q-vectors for events with varying multiplicity, but is not
a correction to the Q-vector per se. Above 60% centrality the TO width equalization becomes
ineffective (not shown). This is probably related to the non-Gaussian distribution of the Q-
vector in peripheral events, due to quantization of the Q-vector which results from only a few
channels having a multiplicity measurement (see also Figure 3.12).

3.5.3 Q-vector alignment

Alignment of a Q-vector is a correction for the rotation of the vector, present due to detector
effects or an offset between the assigned angle associated to a detector signal and its actual
placement. The offset can be measured with two subevent correlations according to Equa-
tion 3.37.

An significant offset was observed in the outer ring of the VO detector. The correlation of the
Q-vector components of the VO-C ring 4 and the TPC is shown in Figure 3.7. Before the rotation,
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Figure 3.7: Q-vector correlations between ring 4 of the VO-C and the TPC, before (left) and after
(right) the alignment correction.

the offset results in significant correlations of opposite sign for the xy- and yx-correlated Q-
vector components. After the correction, these cross correlations become equal. It is visible that
the impact of the rotation on the xx- and yy-correlations is minimal. This can be expected
from Equations 3.33, since for small offsets the cross correlations are more sensitive to gaining
a signal (o< sin A¢), than the xx, y y-correlations are to losing signal (o< cos A¢).

3.5.4 Higher order corrections

Correction parameters for twist and rescaling corrections were extracted with Equation 3.41,
using subevent correlations between TPC, VO-A and VO-C. The effect of these, and the earlier
corrections, is tested for the measurement of v, and is shown in Fig. 3.8. The effects of twist
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Figure 3.8: v, with higher order corrections. The bottom panel shows the ratio of the align-
ment (rot), twist (diag) and rescaling (scal) corrections with respect to the recentered
q analysis.
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and rescaling are found to be below 1% on the measurement of v,. In fact, limited statistics in
the sample from where the correction factors are extracted can have a detrimental effect on the
quality of the measurement, as we see here above 60% centrality. For the properties and the
size of the studies sample, corrections further than rotation are not recommended, at least for
the size of the event classes used within the sample.

3.5.5 Measurement of event plane resolution correction factors

Results for the measurement of event plane resolution correction factors are presented for the
measured data sample for a range of subevents. For a given detector A a second order event
plane angle is defined via g components as

1
U, = EatanZ(qy,qx). (3.51)

The event plane resolution correction is calculated with the 3-subevent method [57] using event
plane angles calculated for two additional sub-dectors (subevents) B and C via an equation

A__ B A_qC
Rgz\l(cos2(\112 W;)) (cos 2(¥) \IJZ))’ (3.52)

(cos2(¥E —ws))

Sub-detector correlations between the event plane angles is calculated separately for the x—
and y—component of the gand combined for R, afterwards.
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Figure 3.9: Event plane resolution of the TPC, A- and C- side VO, TO, and FMD detectors calcu-
lated with the 3-subevent method. Detector used for subevents are indicated in curly
brackets, e.g. TPC{V0-C,VO-A}.

Results for the event plane resolution of the TPC, A- and C- side VO, TO, and FMD detectors
are shown in Fig. 3.9. It demonstrates the wide range of capabilities that the ALICE detector has
to reconstruct event symmetry planes. The TO has a low resolution due to its small acceptance,
which above 60% centrality can become problematic for the symmetry plane measurement. The
other detectors show decent resolution for the full 0 — 80% centrality range.
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3.5.6 Elliptic flow with multiple event planes

Elliptic flow estimates vzx ' are calculated separately with x and y components of the Q-vector

vy = (cos 2¢ cos 2‘1/9) /R;, v, = (sin 2¢ sin2‘lf§‘> /Ry. (3.53)

where ¢ is the azimuthal angle of the TPC tracks selected for the analysis. The averaged results
for elliptic flow (v,) of charged particles with event planes from A- and C- side VO, TO, and FMD
detectors are presented in Fig. 3.10.
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Figure 3.10: Elliptic flow (v,) of charged particles estimated with event planes from A- and C-
side VO, TO, and FMD detectors.

The results show a consistent picture for the measurement of v, across a wide centrality range.
Detector effects in most central and peripheral events introduce a relatively large bias. In mid-
central collisions small deviations are qualitatively in line with the expectations in Section 3.1.2,
where it was mentioned that detectors with low resolution correction factors are more sensitive
to flow fluctuations and can have a larger value.
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3.5.7 Limitations on the corrections for the Q-vector.

The correction procedure as proposed in this chapter is not a guarantee for making a flawless
measurement of the Q-vector. Some caveats are discussed in this section.

Assumptions in the derived corrections

The solution for the extraction of correction parameters as applied to the ALICE data and dis-
cussed in Section 3.2.3 relies on the presence of a tracking detector. Furthermore it was assumed
that multiplicity correlations and flow harmonic correlations [51] are negligible. The validity
of the assumptions and a more general solution to the correction equations may be subject for
further studies.

Nonflow

Correlations from nonflow between subevents can bias the event plane resolution correction
factor, which is not corrected for with the procedure laid out in this chapter. As non-flow
decreases with increasing peudo-rapidity between subevents, the best option is to maximize the
gap. Using different regions of the TPC to define subevents and correlating them to the FMD-A
and FMD-C subevents we can study the influence of the pseudo-rapidity gap on the estimation
of the resolution correction factor.
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Figure 3.11: Resolution of the FMD with various sizes of 1-gap as a ratio to the full FMD resolu-
tion in [42].
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Figure 3.11 shows the FMD resolution calculated with tracks from two different ranges in
the TPC compared to the FMD resolution correction in [42]. If the two subevents are close to
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each other (in the most central region of the TPC), the calculated factor is clearly smaller than
with two separated subevents at the edge of the TPC. Effects from nonflow in the estimation
of the resolution correction factor should be considered for systematic uncertainties on related
measurements.

Limited acceptance

The TO detector has a limited acceptance, and in peripheral events this detector often measures
no signal.

For the calculation of the TO resolution for A or C side, the T0-A-TO-C plane correlations
become skewed when one of the detectors is empty. When the TO has a signal, it needs to
be correlated with a detector that has a signal, e.g. the VO detector. Figure 3.12 shows the
v, results in fine bins for v, measured with the TO A and C event plane with different subevents.
v, for subevents that include the TO-A-TO-C correlation start deviating below 60% centrality,
and TO0-VO subevents above 60%. Effects from the empty channels could not be mitigated here
for the flow measurement.
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Figure 3.12: v, results with T0-A(C)-V0-(C)A subevent correlations on the left side, and TO-A-TO-
C on the right side.
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3.6 Summary

Detectors with non-uniform azimuthal acceptance present a challenge to studies that include
the measurement of azimuthal correlations. In a paper by Selyuzhenkov and Voloshin [51] a
procedure was introduced to correct for these effects. Based on this procedure, a correction
framework [53] was developed that is broadly applicable to data from heavy ion experiments.
Additional corrections such as gain equalization and detector alignment were also developed
and included. The software framework is highly configurable, allowing users to define the
specific set of subevents and corrections they require, after which a number of iterations is re-
quired to extract correction parameters and apply corrections to data. The resulting corrected
Q-vectors can be used for symmetry plane related analyses. In a toy model particles were gen-
erated with a v, modulated particle distribution for a group of subevents that reflect a setup
similar to ALICE (e.g. TPC and VO/FMD), but with introduced non-uniform acceptance effects.
After the corrections the magnitude of the input v, was accurately reconstructed. The effect
of the corrections, especially for twist and rescaling, deserve closer scrutiny for detector se-
tups without a close to uniform central tracker. The software framework was used to apply
corrections to ALICE data, from which the resolution correction parameter R, and flow v, were
measured using a large group of subevents (TPC, VO, TO, FMD). Corrections for alignment, twist
and rescaling were found to be negligible for these measurements. The results demonstrate that
v, can be extracted within a systematic uncertainty of 4% depending on event centrality. The
existing differences are qualitatively in line with expectations from [48], where detectors with
low R are more sensitive to flow fluctuations.
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4 Charge-dependent correlations

The charge dependence of the azimuthal correlations was suggested [28] as an observable which
can probe the effects of spontaneous local parity violation in quantum chromodynamics (QCD).
It was argued [14, 58] that local parity violation, which is driven by nontrivial topological struc-
ture of the QCD vacuum [11], coupled with a strong magnetic field generated by the moving
ions may result in experimentally observable separation of charges along the direction of the
magnetic field. This phenomenon is called the chiral magnetic effect (CME) [14, 58]. Due
to spontaneous nature of the CME, its contribution would vanish to the direct parity-odd
observables and therefore its search is only possible with parity-even two- and multi-particle
correlations.

4.1 Correlators

Charge dependent two-particle correlations relative to the reaction plane Wy, (the plane defined
by the impact parameter and the moving ion direction),

(cos (@, + @p — 2Wpp)), (4.1)

were originally proposed in [28] as a sensitive probe of the CME. The angle brackets in Eq. (4.1)
denote an average over all particles for large ensemble of events, ¢, and ¢; are the azimuthal
angles of the particle with a charge a and b respectively. Equation (4.1) defines the first har-
monic of the two particle correlation relative to the reaction plane. The generalized form of this
equation that describes the higher mixed harmonics can be written as:

et (¥} = (cos (np, —mypy, —[n—m¥y)), (4.2)

where n, m, and k are integers, and n and k are positive. For n = —m = 1 and ¥, = Wy the
expression of Eq. 4.1 is retrieved. With the k-th order collision symmetry plane angle ¥, the
event-by-event fluctuations in the initial energy density of a heavy-ion collision can be taken
into account. In the absence of such fluctuations the angle ¥, coincides with that of the reaction
plane, ¥, = Wpp.

For n = m, Eq. 4.2 gives the two particle correlation, that doesn’t have an explicit dependence
on the symmetry plane angle:

c?? = (cos (n[p, — ¢5])) - (4.3)

For m = 0 or n = 0, Eq. (4.2) becomes a one particle correlation relative to the ¥, symmetry
plane, which is the measurement of the anisotropic flow coefficients v:

vi{¥} = (cos nAcpr). (4.4)

Here Ap®) = ¢, — ¥, is the azimuthal angle ¢, of the particle with charge a relative to ¥, .

a
The charge dependent correlations are reported for the following combinations:
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* The first four harmonics (n = 1 —4) of the two particle correlation defined by Eq. 4.3,

* the first and the second harmonic of Eq. 4.2 relative to the second and the fourth order
symmetry planes given by the following equations:

(cos (g + pp —2W5)), (4.5)
(cos (2% + 2¢y —4\114)>, (4.6)
(cos (2, + 2, —4,)) . 4.7)

¢ and the mixed harmonic correlation;

(cos (@ =3y +2%,)); (4.8)

Equation 4.1 is also studied with identified particles. Here the first particle is an identified
hadron and the second an unidentified hadron, measured with respect to the reaction plane and
differentially against the p of the identified particle,

(cos(¢"™P(pr) + p" —21,)). (4.9)

This range of measurements can be used to disentangle the contributions originating from the
signal (i.e. CME) and the one coming from background sources (e.g. local charge conservation).
Below some characteristics of their sensitivity to the relative contributions are discussed.

4.1.1 Sensitivity to the CME

The CME, as discussed in the Section 1.7.2, results in an asymmetry in the charge production
relative to the symmetry plane. This leads to the introduction of P-odd sine terms in the Fourier
decomposition of the particle azimuthal distribution relative to W, [14, 28, 58]:

dN
To. o<1 +22[v§ cos nAd)g”) +a; sinnA(pC(l”)]. (4.10)
Pa n

The leading order coefficient aj quantifies the magnitude of the charge separation perpendicular
to the symmetry plane, while the higher order coefficients a7 with n > 1 describe its specific
shape in azimuth [59]. The fluctuations can change sign from event to event, and as a result (a%)
is zero. Instead the values have to be measured with correlation techniques that are sensitive to
the parity even product (af‘lagl) through combinations of Eq. 4.2. This becomes apparent when
we decompose Eq. 4.1:

(cos(py + oy —20y)) = (cosAyp, cos Apy)
(sinAg, sinApy), (4.11)

where Ap, , = ¥, — ¢, ;. These two different terms of Eq. 4.11 quantify the correlations in-
and out-of plane, respectively. The construction of the correlator in Eq. 4.11 as the difference
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between these two contributions suppresses correlations not related to the reaction plane ori-

entation (non—flow). The latter term of Eq. 4.11 is sensitive to the charge correlations resulting

from the CME: (sin Ay, sinAy,) ~ (a%ab). It follows, that the contribution from the CME to

the generalized mixed harmonic correlations of Eq. 4.2 is quantified by the average product
a.b . . . .

{(ana; ) of the single particle azimuthal asymmetry:

¢ (G} ~ (1) (a%ab). (4.12)

There are few quantitative predictions in the literature for the CME at LHC energies. The
magnitude of the charge separation due to CME at RHIC energies was predicted [14, 58] to

be of the order of af ~ 1072 for mid-central collisions which corresponds to a (a‘fai’) ~107*

contribution to the correlation cff . Alternative calculations [60] can also result in much smaller
estimates of (a%a’) ~ 1077,

The correlations between pairs of particles with same charge due to CME are expected to be
positive and of the same magnitude, <afaf> = (al_a1_> > 0. The correlations of opposite sign are
expected to be of the same magnitude but of opposite sign. Because of the longer average path
length for particles of opposite charge, it is expected opposite sign correlations are more diluted
by the surrounding medium [14], resulting in (afaj) = <a1_af> > —<afal_>. In addition,
the evolution of the magnitude of the correlations originating from CME with the collision
centrality, is expected to follow an inverse multiplicity scaling [29], similar to that of any cluster
type particle production. The CME is expected to produce correlations of particles separated
in pseudorapidity within one unit, which is typical for hadronic cluster production [61]. As a
non-perturbative effect of quantum chromodynamics the CME contribution should be localized
in the transverse momentum range of pr < 1 GeV/c [14]. However, the momentum boost from
radial flow may result in an relevant correlations to a higher transverse momentum range. The
collision energy dependence of these correlations strongly depends on the time integration over
which the magnetic field develops and decays. Model calculations for the LHC energies range
from prediction of no change of the magnitude of the effect [14, 62] to its strong decrease [14,
63] with increasing collision energy i.e. from RHIC to LHC.

4.1.2 Sensitivity to local charge conservation

Local charge conservation, the leading background in the charge dependent measurements, re-
sults in a balancing charge partner for every charged particle created in the system, as was
already discussed in Sec. 1.7.2. The initial correlation in coordinate space between these bal-
ancing charges, is converted via the development of the initial pressure gradients and the subse-
quent radial expansion of the system modulated by the azimuthal anisotropic flow into non-zero
same and opposite charge pair correlation in momentum space [38, 64]. The effects of local
charge conservation are conventionally quantified with the balance function [38, 65], defined as
the difference between the unlike— and the like—sign pair densities divided by the number of trig-
ger particles. Each pair density term is corrected for detector acceptance and efficiency effects
using mixed events. It follows that the charge dependent difference between observables 4.2
for the same and opposite sign pairs of Eq. 4.2, Ac,,,,, {¥;} = [Zc:{,; —c - c;;:l’] /2,

Acym (¥} =[2c - —c——c] /2, (4.13)
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can be related to the different harmonics

Ac, = [2c:{_ —c — c++] /2 (4.14)

n n

of the balance function via the relation [37, 66, 67]

Acun (B} = vAc, + v — v, (4.15)

where p = |n—m|, and
V;S,nc) = A <cos nle, — ¢pl cospAgogk)> — V,Acy, (4.16)
v® = A(sinn[p, —pslsinpAp(’). (4.17)

The contribution to the charge dependent part of the mixed harmonic correlations (4.2) from
local charge conservation is given by three terms on the right hand side of Eq. (4.15). These
terms, visible in Fig. 1.16, describe [37, 66] (i) the difference between the number of balanc-
ing charges in- and out-of-plane (ii) the azimuthal correlation width in-plane and out-of-plane,
and (iii) the preferential in-plane emission of balancing charges. Blast-wave model calcula-
tions [37, 66] tuned for RHIC energies can qualitatively describe the charge dependent part of
the correlation (4.1) observed at RHIC [26, 29]. According to Eq. (4.15) one may expect a scal-
ing of the contribution due to local charge conservation with the magnitude of the anisotropic
flow coefficients v,. Such scaling can be exploited [68] to disentangle contributions to observ-
ables (4.2) from CME and effects of local charge conservation.

4.1.3 Sensitivity to anisotropic flow fluctuations

Anisotropic flow fluctuations due to event-by-event variation of the initial energy density may
contribute to the charge independent part of Eq. (4.2). The different harmonics of the two
particle correlation relative to ¥, (i.e. Eq. 4.5 and Eq. 4.8) can be related to the dipole-like
initial energy fluctuations [69]. Hydrodynamic model calculations [69] for observable (4.5)
yield a magnitude which is similar to that measured by the STAR Collaboration [29]. At the
same time, it is a challenge for the same hydrodynamic models which assume longitudinal
boost invariance of the system to reproduce the strong dependence of (4.1) on the particle pair
separation in pseudorapidity reported by STAR [29] and ALICE [30] Collaborations.

4.1.4 Other sources of charge dependent correlations

In addition to the sources described above, the mixed harmonic correlations of Eq. 4.2 are
also sensitive to decays of clusters which exhibit anisotropic flow. According to [28], this is a
mechanism capable of generating two- and multi-particle correlation relative to ¥,,. It includes
the particle production from flowing resonance decays or the reaction plane dependent particle
emission by jets propagating through the dense and azimuthally asymmetric matter created in a
heavy-ion collision. Quantum interference (HBT), Coulomb effects, or global polarization [70,
71] may also contribute to the magnitude of the correlations of Eq. 4.2. These effects are known
to be either localized in a very narrow kinematic region (e.g. HBT), or expected to be small as
in the case of global polarization [29, 72].
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4.2 Measurement technique

The mixed harmonic correlations of Eq. (4.2) were measured using the event plane method [73].
In the event plane method, the symmetry plane angle ¥, in Eq. (4.2) is estimated with the event
plane angle \I/g;,) [57], constructed from the charge azimuthal distribution:

<cos (ncpa —mey, —(n— m)\I/]E:’;)»
RD

Com {‘I’gf»)} = (4.18)

The event plane resolution correction Rg‘) (p = |n—m)|) is extracted using the three sub-event
technique described in [57]:

<cosp [\Ilg;) - \IJA]> <cosp [\I/g;) - \IJB]>
(cosp[Wy—Tg])

where ¥, ; are two additional event plane angles calculated for non-overlapping subsets A and
B of the measured particles. Effects of non-uniform azimuthal acceptance in the event plane
determination are corrected using the method discussed in [51].

A three particle cumulant was also measured

e {3} = ({cos (np, —me, —(n—m)¢ 1)) /v, (4.20)

The approach described in [50] was used in the analysis to avoid nested loops in the cu-
mulant calculations. The cumulant calculations are robust against the bias due to azimuthal
non-uniformity of the detector [49, 74, 75].

The identified particle correlations are measured for the correlation 4.9, with the event plane
method from Eq. 4.18 and Eq. 4.19.

Rg‘) = , (4.19)

4.3 Experimental setup

4.3.1 Event selection

About 13 million minimum bias Pb-Pb collisions at the center of mass energy ,/Syy = 2.76 TeV
recorded by ALICE in year 2010 were analyzed. Detailed description of the ALICE detector
subsystems can be found in chapter 2.

Event distributions for centrality and vertex along the beam line (z-vertex) is shown in Fig-
ure 4.1.

For this analysis, the Time Projection Chamber (TPC), two forward scintillator arrays (VO),
and two forward silicon strip detectors (FMD) were used. Online triggering and offline event
selection are described in [19, 76]. In this analysis, the collision vertex along the beam direction
was restricted to be within 10 cm from the nominal interaction point. Events corresponding to
the most central (0-10%) collisions were grouped in 5% centrality bins, while events in 10-
70% centrality range were grouped in 10% wide bins. The identified particle correlations are
reported in 10-30% and 30-50% centrality bins to ensure good statistical significance, which
were merged from measurements in respectively the 10-20% and 20-30%, and 30-40% and
40-50% ranges.
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Figure 4.1: Centrality and z-vertex distribution for the selected events.

4.3.2 Track selection

The analysis is performed with TPC standalone tracks and with the following track selection

* 0.2<pr<5GeV/c

In] < 0.8

DCA, |DCA,, .| <3.0 cm

Number of TPC clusters, N, > 70

* Remove outliers in the TPC energy loss distribution, dE/dx > 10.0 (rejects tracks at the
edge of the TPC sectors)

TPC track fit quality, 0.2 > y2 > 4

The distributions for ¢, 7, py and DCA, ,, after track selection is shown in Figure 4.2.

Two VO detectors, covering the pseudorapidity range 2.8 < < 5.1 and —3.7 < n < —1.7,
are used for triggering and determination of the collision centrality and the event plane recon-
struction. Two FMD detectors, which are positioned at —3.4 <1 <—1.7 and 1.7 <1 < 5.0 and
have a high granularity in azimuthal angle ¢ and pseudorapidity 7, are also used for the event
plane determination.

4.4 Systematic uncertainties

The dominant source of systematic uncertainty in the measurement of the mixed harmonic
correlations of Eq. 4.2 (with exception of Ac,,) comes from the event plane determination of
Eq. 4.18. The difference between the results with the event plane estimated from the VO and
the FMD detectors was used to assign the relevant systematic uncertainty.

The measured two-particle correlations (4.3) between the same sign pairs of the positive
and negative charges are consistent within the statistical uncertainty of the measurement. Fig-
ure (4.3) presents three particle cumulants, where the symmetry plane angle is replaced by
a third particle measured at midrapidity, and no resolution correction is applied. For most
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Figure 4.2: ¢-, -, pr-and DCA, , distribution of tracks after track selection.

of the correlations a considerable dependence on the charge of the third particle ¢ was ob-
served. This charge dependence was studied as a function of A7 between the third and the
first two particles and found to diminish strongly with increasing separation. To avoid this con-
tribution to the charge dependence, further measurements are presented with the event plane
method. In Sec. 4.5 results are reported for an average same sign charge pair correlations

cffmame) {¥} =[c' " +c —]/2 and opposite sign charge pairs cr(l‘r’,fp) (W} =c'.

Other sources of systematic uncertainties considered in the analysis are summarized below.
The data samples recorded with an opposite polarity of the main magnet in ALICE were analyzed
separately and results were found to be consistent within statistical precision. The multiplicity
of charged particle tracks recorded in the TPC was used to determine the collision centrality in
addition to the multiplicity measured by the VO detectors which is used for the final results. A
cut on the collision vertex position v, along the beam direction was varied from the nominal
value of |v,| < 7 cm to |v,| < 10 cm. The charged particle track selection was varied to es-
timate the systematic uncertainty due to tracking efficiency, and contamination from fake and
secondary tracks which do not originate directly from the primary collision vertex. A cut on
the minimum number of TPC hits associated with charged particle track was varied from 70 to
110 hits. The cut on the distance of closest approach of the track to the collision vertex in the
transverse plane was reduced from nominal 3 cm to 0.3 which corresponds to the change in rel-
ative contamination from the secondary particles from ~ 6% to ~ 15%. The difference between
the reconstruction using TPC and ITS+TPC was also contributed to the systematic uncertainty,
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Figure 4.3: Centrality dependence of the correlations (a,ci) (cos(n[y,+ ¢, —2¢.])) for
n = 1-—3, (bdfh) (cos(p,+npy—(n+1)p.)) for n = 2 —5, and (e,q)
(cos(2¢p, —nyp +(n—1)p.)) for n = 3, 4. This is work by Hori of [77].

especially for the 2-particle correlation. For the correlations with event plane, residual effects
from detector non-uniformity are checked by replacing the cosine in Equation 4.18 by a sine.

For the identified particle results, additionally particle identification selection is varied to test
the robustness of the observed correlations. Finally a weighted average was made of the iden-
tified particle correlations using identified particle spectra and demonstrated consistency with
the unidentified hadron correlation. All significant deviations are added to the final systematic
uncertainty, which has been calculated for each bin with deviations of the mentioned systematic
checks added in quadrature.

For the correlation from Eq. 4.9 in the intermediate p; region, the total relative systematic
uncertainty is around 5% for unidentified hadron correlations and 20% for the correlations with
an identified hadron. Figure 4.4 shows the relative magnitude of the systematic uncertainty on
the same sign correlation for the identified particle correlations. Systematic uncertainty for
unidentified hadrons is around 5% in the mid-p; region.

Some of the contributions to the systematic uncertainty of the identified particle correlation
are detailed in the following sections.
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4.4.1 Track reconstruction and quality cuts
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TPC clusters

TPC clusters were varied from 70 to 100 in steps of ten. The accuracy of the reconstruction of
track parameters, as well as the particle identification, is correlated to the number of clusters
associated to the track. However as requirement of number of clusters is increased, the efficiency
goes down, which may lead to changes in the observed correlation.

The observed variation is small and taken into account for the final systematic.
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Particle identification and contamination

For further study of the effects of contamination on the measurement a study similar to one
from the spectra group is performed for global tracks. The analysis is run with different DCA, ,,
cuts for the selection of identified particles. The following cut is applied: DCA, , > cutXY *
(0.0026 + 0.0050/p1°"), for values of cutXY of 3, 5, 7, 14 and 21. The DCA distributions for
the respective cuts are shown in Figure 4.5. The variation in the result is small, and taken as a
systematic uncertainty, instead of extrapolating to a uncontaminated sample result.

Additionally the value of the Bayesian probability for a given identified particle was varied
from 0.7 to 0.8 and 0.9. The increase of the probability corresponds to a larger exclusion of the
overlap, and consequently increases the purity of the identified particle sample.

The purity in the sample of identified particles is also varied by tightening the TOF and TPC
no requirements, from 30 to 20 and 1o. The distributions of these samples for o < 3 is
illustrated in the Figure 4.6. The samples are mostly non-overlapping, though some overlap can
be seen. The effect of this contamination is studied by the tightening of the no cut.
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Figure 4.6: TOF kaon-no vs TPC kaon-no for selected pions, kaons and protons. Kaons are cen-
tered at (0,0).

The resulting variation shown in Figure 4.6 is taken into account for the systematic uncer-
tainty.

Another issue that is investigated is the turn-on curve of the PID efficiency due to the TOF
requirement at low p;. TOF is required over the entire p; range. The TOF requirement was
released to a momentum of 0.2, 0.4 and 0.6 GeV/c to study the effect of the different spectral
shapes. The differences are included in the uncertainty. However the contribution to the final
systematic uncertainty is minimal. The biggest penalty is payed in the statistical precision of the
measurement.

Efficiency

The effect of track efficiency on the correlations is studied by flattening the track efficiency
in the p; range 0.2-5.0 GeV/c. The TPC standalone track reconstruction efficiency with 2010
standard track cuts, shown in Figure 4.7, is used to shape the measured p; spectrum of particles
to the original spectrum. A rejection factor is defined as function of p; as follows: r(py) =
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(e(p1) — €minimum)/€(pr). The right panel of the figure shows that the flattening procedure is
properly applied and can again reproduce the shape of the track efficiency.
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Figure 4.7: Left: TPC reconstruction efficiency vs pr. Right: Rejection factor used as an input
and recovered from the ratio of the distribution before and after the rejection was
applied.

The rejection factor was applied to both the identified and the charge particle. The variation
of the result is small.

4.4.2 Charge combinations

The individual charge combinations can reveal possible biases, especially interesting for the
charge of the identified particle. For protons, it is known that there is contamination from
knock-out and weak decays at low p. For at least up to 1 GeV/c only antiprotons will be used in
the measurement, similar to the elliptic flow analysis for identified particles. v, measurements
for protons and antiprotons is consistent above 1 GeV/c. The variations due to the different
charge combination is taken into account for the final systematic uncertainty.

4.4.3 Sine term

We can compare the magnitude of < sin(¢"’’(pr) + ¢" —2W, zp) > to the cosine observable
to estimate the magnitude in the correlation of residual detector effects. The sine terms are
mostly consistent with zero, the magnitude of the sine correlation is added to the systematic
uncertainty.

4.4.4 Event planes

The two particle correlation is calculated with respect to the event plane. Several ALICE sub-
detectors are suitable for event plane estimation and are used to cross-check the influence of
the choice of the event plane on the measurement. Deviations are added to the systematic
uncertainty.
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4.4.5 Closure test for identified particle correlations

The hadron-hadron correlation with respect to the reaction plane consists of pion-hadron, kaon-
hadron, proton-hadron and other particle-hadron correlations. Since pions, kaons and protons
together form the large majority of produced hadrons, it should be possible to use a weighted
average of PID-hadron results to get the hadron-hadron results. This is the test is shown in
this section. Spectra for positive and negative pions, kaons and protons are used as a weight
in the average of the PID-hadron correlations. The different charge combinations are averaged
individually, using the corresponding charge spectrum. The result is shown for four centrality
ranges in Figure 4.8.
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Figure 4.8: Weighted average of PID-hadron correlations (blue circles) compared to the hadron-
hadron correlation (grey fill area), in four centrality ranges and for positive and neg-
ative charge combinations separately. All errors shown are statistical.
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4.5 Results

4.5.1 Two particle correlation

Figure 4.9(a)-(d) shows the centrality dependence of the first four harmonics of the two par-
ticle correlation ({cos(n[¢, — ¢;]1)) for n = 1 —4) for different charge combinations in Pb—Pb
collisions at ,/syy = 2.76 TeV. All four harmonics are positive for all centralities. It is seen that
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Figure 4.9: On the left side is shown the centrality dependence of the correla-
tion (cos(n[¢,—¢,])) for n = 1 — 4, and on the right side the charge
dependent part (Eq. 4.14) of the correlations. Results are compared to model
calculations which incorporate effects of the local charge conservation [67].

the correlation between pairs of particles with opposite charge are larger than that of particle
pairs with same charge for all harmonics except for n = 4 in 50-70% peripheral collisions.

The right side of Figure 4.9 presents the differences in the magnitude of the correlations be-
tween particle pairs with opposite and same charge, as a function of centrality. This difference,
as discussed in Section 4.1, is related to the different harmonics of the symmetry plane indepen-
dent balance functions. A strong centrality dependence is reported for the first two harmonics,
that reduces for n = 3 and n = 4. The experimental results are compared with the Blast-Wave
model calculations which incorporates effects of local charge conservation [67]. The blast wave
parameters were tuned to describe the hadron spectra, thus constraining the magnitude of ra-
dial flow, and the anisotropic flow coefficients v, and v, measured at the LHC [19, 78, 79]. For
these model calculations, the azimuthal width o, of the emission of balancing charges was set
to zero. This choice gives an extreme case of point-like correlated charge particle production
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and can be considered as an upper limit for contributions, based on this model, due to local
charge conservation. It is seen that the model describes the magnitude and the centrality de-
pendence of the first harmonic up to the 30-40% centrality class. However, for more peripheral
collisions and higher harmonics, the measured correlations are systematically below the pre-
dictions of this model. It is important to note that the different harmonics of the two—particle
correlations of Eq. 4.3 is expected to be dominated by the background (e.g. local charge con-
servation and cluster formation), while the contribution from the CME will have little impact in
this measurement.

The charge independent part of the two—particle correlations of Eq. 4.3 is sensitive to the
anisotropic flow harmonics. In particular the shape of the centrality dependence of the second
moment shown in the left column of Fig. 4.9 resembles the behavior of the elliptic flow (its
squared value) [19] which indicates a dominant flow contribution to the second moment.

4.5.2 First and second moments of the two particle correlation relative to ¥,

Figure 4.10(a) presents the centrality dependence of (cos(p, + ¢, —2¥,)) for different charge
combinations similar to what was published [30]. The correlations for particle pairs of the same
charge are negative and exhibit a strong centrality dependence. On the other hand the mag-
nitude of the corresponding correlations for particle pairs with opposite charge is significantly
smaller, with no evident strong dependence on centrality. This picture is in qualitative agree-
ment with initial CME expectations, where the magnitude of correlations of pairs with opposite
charge is diluted due to the interactions with the dense medium that one of these particles has to
traverse [14, 80]. The reported centrality dependence at the LHC is in quantitative agreement
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(Eq. 4.13) is shown in panels (b,d,f).
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with measurements at lower RHIC energies (i.e. Au-Au collisions at ,/syy = 200 GeV). This
apparent collision energy independence of (cos(p, + ¢, —2¥,)) can put stringent constraints
on the possible mechanisms responsible for the strong charge dependent signal that develops
for more peripheral events. Model calculations [63], based on extrapolation to the LHC ener-
gies assuming that the CME accounts for the whole signal measured at RHIC, predicted about 5
times smaller magnitude compared to that shown in Fig. 4.9(a). Dipole-like initial energy fluc-
tuations [69, 81-84] which are expected to result in non-zero directed flow v; at midrapidity
may also contribute to the charge independent part of the correlations shown in Fig. 4.10-(a).

To further study the relative contribution from various physics phenomena to {(cos (¢, + ¢ — 2%,))
it was suggested [85] to investigate the second harmonic of the two particle correlation relative
to the collision symmetry plane, (cos (2g0a + 2 —4\P4)>. The CME should not contribute to
the charge dependence in this measurement and it can be used to experimentally constrain the
contribution from effects which constitute the background, such as local change conservation.
According to Eq. (4.15) effects of local charge conservation to leading order approximation
should scale with the magnitude of anisotropic flow, and compared to (cos (2c,oa +2pp — 4\1/4)>
their contribution should be reduced in (cos (¢, + ¢, —2¥,)) proportionally to the v,/ v, ratio.

Figure 4.10(c) shows the centrality dependence of <cos (Zcpa + 2, — 4\114» for different
charge combinations. Additionally (cos(2¢, + 2¢, —4W,)) is shown, which provides a mea-
surement of the second harmonic of the two particle correlation with respect to the second order
collision symmetry plane. The charge independent correlations are strong and statistically sig-
nificant (and reflects large contribution from v, and v, [86]), and the statistical precision of the
measurements for the charge dependent part in Fig. 4.10(d) is consistent with zero within the
systematic uncertainty. These can be used to calculate a constraint on the possible contribution
from effects of local charge conservation.

4.5.3 Mixed harmonic correlation with the first moment relative to ,,

Figure 4.10(e) presents the first order mixed harmonic correlations (cos (¢, — 3¢} + 2%,)). Sim-
ilar to results in Fig. 4.9 the opposite sign pair correlation is stronger than that measured for the
same sign pairs. Results in Fig. 4.10 provide information about the contributions from higher
order harmonics to the shape of the two particle correlations. The charge independent part of
(cos (@, —3yp +2W,)) is sensitive to the dipole-like energy fluctuations which are expected to
result in a correlation between the first and third harmonics [69].

Figure 4.10(f) shows the charge dependent part of the correlations shown in Fig. 4.10(e).

4.5.4 Moments of the two particle correlation differentially

Further information about the correlations can be learned from studying various kine-
matic dependencies. Figure 4.11 shows charge dependent correlations (cos(y,— ¢3)),
(cos(p, + ¢ —2W,)), and (cos(p, —3¢p +2¥,)) as a function of centrality in two differ-
ent intervals of the relative transverse momentum Apy = |pr, — pr,| and average (py) =
(Pr,o—PT,p)/2 pair transverse momentum, and pair separation in pseudorapidity An = |1, —n,|

The correlations of (cos (¢, + ¢, —2¥,)), and (cos (¢, — 3¢}, + 2¥,)) as a function of pseudo-
rapidity separation An are localized within one unit and may even change sign for large values
of An. The magnitude of these correlations as a function of (p;) extends above 2 GeV/c which is
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Figure 4.11: (ac)  Correlations  (cos (@, — ¥3)), (df)  (cos(pq + @p —29,)), (g)
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not what one would naively expect for the CME. This can be an effect of the radial flow. Effects
of local charge conservation are expected to have a narrow width (smaller signal) at higher p;
due to focusing of the balancing pairs [37, 66]. Figure 4.12 shows the differential correlations
for three centrality intervals where the relative magnitude is shown with respect to centrality
integrated results. It is interesting to see that the change is the shapes is small for the different
centrality ranges.
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Figure 4.12: (a-c) Relative magnitude of correlations (cos (¢, — ¢3)), (d-f) (cos (@, + @, — 2T,)),
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relative |pr ,—pr ;| and average (pt , +pr 5)/2 pair transverse momentum, and pair
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4.5.5 Three particle correlation with identified particles

3 - h™ 10-30% 1 - 30-50% ]
N 4 - a p
i?\ Olg e B 8 . i ] ol o O o i
_:9;»— |® * o o . i O O i
= - . 1 e 1
§ o ] [ S e e ® Yo
v L 1 0.5 Pb-Pb Vs, = 2.76 TeV _
[ This work ] 05T NN i
S ' ' ' ] i ' ' ' ' ]
& [ 1 [ |
3 o : ]
2 L 1 oL |
'ie_/ - 4 - p
2 02 - L -
(] - - - -
v - . 0.5~ .
’/-\i | K+/» i | i
= 1 - 1
I S S > ]
< - -
A L 5 @ E 0 o 3 o
> T ¢ ] - ¢ } .
§ —0.2_— —_ :. .« @ [} | :
v L 1 05 —
N : : : : : : : =
Y 1
QN 0 o =] o
t P :
—_ F O
o T s 5 ¢ °
2 5[ 4 u|
g 02T S ] ® . ¢ ]
§ —0.5_— e 3 ]
AV 1 1 1 1 1 1 1 1
0 1 2 3 4 £ 0 1 2 3 4 £
P, (GeV/c) P, (GeV/c)
e same o opp

Figure 4.13: < cos(¢"'P(p;) + ¢" — 2¥, ;) > in centrality bins 10-30% and 30-50%.

In the measurement a dependency of the charge dependent three particle correlation on the
particle species is observed. The pion-hadron opposite and same sign combinations have a
large separation starting at low p;, however the kaons and proton charge combinations are
close together and start to deviate towards higher pr. The opposite sign correlations cross or
approach zero at higher p; in order with the mass of the identified particle. A comparison to
models, for example blast-wave, could help to provide insight in the observed correlations.

In Fig. 4.14 the correlation Equation 4.9 is shown for the 10-30% and 30-50% centrality
range. The different charge combinations of correlated particle pairs are combined in a = f3
(same) and a = —f3 (opp.) charge pairs. For the proton correlation at p; < 1 GeV/c only
anti-protons are used in order to avoid contamination from knock-out protons from detector
material. The trends for hadron, pion, kaon and proton correlations for like-sign and unlike-
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Figure 4.14: Results [87] for cgﬁ defined in Equation 4.9 in the 10-30% (left) and the 30-50%
(right) centrality range. The fine hatched areas show the unlike-sign hadron corre-
lation and the coarse hatched areas the like-sign hadron correlation. The unlike-sign
correlations for identified hadrons are shown in open squares, and the like-sign cor-
relations in full squares. Pions are shown in blue, kaons in green, and protons in red.
The systematic error is indicated with the colored bands.

sign are similar in both centrality ranges, while the magnitude of the observed correlations are
approximately three times stronger in more peripheral collisions. A clear particle species depen-
dence is observed in the unlike-sign correlations, which is close to zero for pions, but increases
towards negative values at low transverse momentum for kaons and protons. The like-sign cor-
relations do not have a significant slope as a function of p;. Although an ordering appears from
pions to protons in the magnitude of the correlations, the differences are not significant as for
the unlike-sign correlations.

4.6 Summary

A new set of charge dependent azimuthal correlations was measured in Pb—Pb collisions at
V/Snn = 2.76 TeV. The measurements provide detailed information about the shape of the two
particle azimuthal correlations relative to the collision symmetry planes. This is an important
experimental input for theoretical modeling of change dependent azimuthal correlations ob-
served in a heavy-ion collision at RHIC and LHC energies. In particular, the measurements
provide additional constraints on the possible contribution due to the chiral magnetic effect,
effects of the local charge conservation, and fluctuating initial energy profile. The complexity of
the differential dependencies measured for these correlations demands realistic modeling of all
expected contributions before any conclusion can be made about the origin of these correlations
and sensitivity in the data to the CME.

In addition a new charge dependent measurement with identified particles is presented. The
charge dependent correlation (cos(cpfx(pT) + cpfj —2Wgp)) is measured with a charged pion, kaon
or proton (i) and an unidentified charged hadron (j). In the opposite sign correlations a signif-
icant dependence on particle species is observed at low p;. This new result signals that effects
contributing to the previously observed charge separation with unidentified hadrons have a dif-
ferent contribution depending on particle species. Model calculations, in particular of the local
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charge conservation with identified particles, and further measurements are required to quan-
tify and describe the observed charge separation effects, and achieve a detailed understanding
of the charge dependent correlations and possible contributions from CME.
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5 Conclusions and outlook

In this work a framework for corrections for the measurement of Q-vectors in detectors with
non-uniform azimuthal acceptance was presented, and measurements of charge-dependent cor-
relations in Pb-Pb collisions at ,/Syy = 2.76 TeV with ALICE at the LHC were made.

The measurement of collision symmetry planes and related observables can be affected by
non-uniform azimuthal detector acceptance. To correct for the resulting effects a correction
procedure was developed that is based on the recentering, twist and rescaling corrections pro-
posed by Selyuzhenkov and Voloshin [51]. The implemented procedure requires the presence of
a tracking detector, and was expanded with corrections for gain equalization and detector align-
ment. The correction framework is available as a ROOT-based software package [53] that has
general applicability to data from heavy ion experiments. The framework is highly configurable,
allowing users to define the specific set of subevents and corrections they require, after which a
number of iterations is required to extract correction parameters and apply corrections to data.
The resulting corrected Q-vectors can be used for symmetry plane related analyses. A study with
a toy model was presented where particles were generated with a v, modulated distribution for
a group of subevents that reflect a setup similar to ALICE (with a particle tracking detector and
two segmented multiplicity detectors), with introduced non-uniform acceptance effects. After
the corrections the magnitude of the input v, was accurately reconstructed. The effect of the
corrections, especially for twist and rescaling, deserve closer scrutiny for detector setups with-
out a close to uniform central tracker. The software framework was used to apply corrections
to ALICE data, from which the resolution correction parameter R, and flow v, were measured
using a large group of subevents (TPC, VO, TO and FMD). Corrections for alignment, twist and
rescaling were found to be negligible for these measurements. The results demonstrate that
v, can be extracted within a systematic uncertainty of 4% depending on event centrality. The
existing differences are qualitatively in line with expectations from [48], where detectors with
low R, are more sensitive to flow fluctuations, leading to a slightly higher measured value of
(vn)-

Measurements are presented of charge-dependent correlations in the context of the search for
the Chiral Magnetic Effect (CME). The correlations with different sensitivity to CME and back-
ground effects show varying degrees of charge separation. The (cos(y,+ ¢ B —2Wgp)) correlator
proposed by Voloshin, with maximum sensitivity to charge separation along the magnetic field
(perpendicular to the reaction plane), shows a charge dependence increasing towards periph-
eral events, as is qualitatively in line with expectations. The second harmonic of this correlator
was suggested as a method to estimate the contribution from background correlations, which
can be caused for example by clusters of particles exhibiting charge conservation with angular
correlations modulated by anisotropic flow. The measurement is consistent with zero within
systematic uncertainty, but may be used to estimate an upper limit on the background contribu-
tion. Measurements with higher statistics and model comparisons are required to make a more
quantitative conclusion about the contributions from background sources in the observation of
charge observation of the main CME correlator.
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Measurements of the CME correlator with pions, kaons and protons as a function of transverse
momentum reveal a particle type dependence in the charge-dependent correlations. Charge sep-
aration due to CME may result in a particle type dependence for hadrons because of the different
quark content [88], which in turn can be affected by the presence of CME. However there is also
a known dependence of anisotropic flow on particle species in azimuthal correlations. To under-
stand these contributions and effects in more detail, accurate models are required for definite
conclusions.

Further studies for the presented topics can be suggested. For the Q-vector corrections, the
impact of non-flow and multiplicity fluctuations, as well as the interdependence of different
flow harmonics limits the effectiveness of the calculation and application of the developed cor-
rections. Furthermore the proposed solutions to the equations involves the presence of at least
one tracking detector. A more general solution is in principle possible. The developed software
package is designed to easily incorporate new corrections, such that continued improvement is
encouraged.

The study of CME that was presented can be further expanded. Previously the CME corre-
lator was already studied with the STAR beam energy scan, as well as for different collision
systems. Shortly before this document was submitted CMS presented a measurement in p-
Pb collisions [89]. An additional method of interest is to use event-shape-engineering (ESE)
to select the event shape and measure charge-dependent correlations for fixed beam param-
eter but varying magnitude of anisotropic flow. This will allow to probe the contribution of
background sources, which are modulated by anisotropic flow, to the measured correlations.
In the limit where for a semicentral event v, — 0, but the magnetic field is still large, the
contributions from anisotropic flow become zero. The remaining correlation could provide ev-
idence for CME. The CP-violation in strong interactions can also lead to other effects than
CME that may be measured in heavy ion collisions. Studies related to the Chiral Magnetic
Wave were published by STAR and ALICE. Searches for the Chiral Vortical Effect, which leads
to baryon-charge separation, where proposed [90]. Furthermore on the theoretical and phe-
nomenological side, development of more accurate calculations and models can lead to more
quantitative comparisons to the various existing measurements of charge-dependent correla-
tions. Recently hydrodynamical studies including anomalous effects were presented [88, 91].
These developments are crucial to determine that existing and future measurements contain
evidence of CP-conservation in strong interactions.
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6 Appendix

6.1 Run list

Analyzed data set: LHC10h.

Number of events: ~ 13 million.

Collison system: Pb-Pb at /sy = 2.76 TeV.

Data format: ESD.

Run list: 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.
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