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Abstract

The measurement of direct photons is a unique tool for the study of early phases of ultra-
relativistic nucleus-nucleus collisions. Since photons do not interact with the strong-coupling
medium created in these collisions, they carry undistorted information about the system at
their production time. During the hydrodynamic expansion of the fireball, pressure gradients
turn inhomogeneities in the initial energy density distribution into azimuthal anisotropies in the
produced particle spectra. Recent hydrodynamic calculations predict a substantial portion of
direct photons from early phases of the collision, where the anisotropic flow has not fully devel-
oped. Thus, the direct-photon azimuthal anisotropy is generally expected to be small compared
to the anisotropy of hadrons. However, measurements by the PHENIX experiment at RHIC
revealed a direct-photon anisotropic flow with a magnitude similar to that for pions. This thesis
presents the first measurement of the direct-photon anisotropic flow in Pb-Pb collisions at a
center-of-mass energy of /syy=2.76 TeV at the LHC. In particular, its dependence on the
collision centrality and the triangular component were measured for the first time. Photons
were measured by their conversion in the ALICE detector material. Background contributions
of photons from hadron decays were determined in a cocktail simulation and subtracted. The
results provide evidence for a hadron-like direct-photon anisotropic flow and are thus qualita-
tively consistent with the observations at RHIC. These findings challenge our present theoretical
understanding of the time evolution of heavy-ion collisions and might indicate a significantly
enhanced direct-photon emission from late stages of the system evolution.

Zusammenfassung

Die Messung von direkten Photonen eignet sich auf einzigartige Weise zur Untersuchung frither
Phasen in ultrarelativistischen Kern-Kern-Kollisionen. Da Photonen nach ihrer Entstehung
nicht mit dem in der Kollision erzeugten Medium wechselwirken, erlaubt ihre Messung di-
rekte Riickschliisse auf den Zustand des Systems zum Zeitpunkt ihrer Entstehung. Wahrend
der radialen Expansion des Mediums entstehen durch Inhomogenitéten in der anfanglichen En-
ergiedichterverteilung anisotrope Druckgradienten, die zu einer azimutal anisotropen Teilchen-
produktion fiihren. Theoretische Rechnungen sagen vorher, dass direkte Photonen iiberwiegend
in einer frithen Phase der Kollision emittiert werden, in der sich der anisotrope Fluss noch nicht
vollstandig entwickelt hat, was impliziert, dass die azimutale Anisotropie direkter Photonen
klein im Vergleich zu Hadronen ist. Messungen des PHENIX-Experimentes am RHIC haben
jedoch gezeigt, dass die azimutale Anisotropie direkter Photonen vergleichbar mit der von Pio-
nen ist. In dieser Arbeit wurde der anisotrope Fluss direkter Photonen erstmals in Kollisionen
von Bleikernen bei einer Schwerpunktsenergie von /syy=2.76 TeV am LHC untersucht. Ins-
besondere wurde die Abhéngigkeit des Flusses von der Kollisionszentralitdt und zum ersten Mal
neben dem elliptischen auch der triangulare Fluss bestimmt. Dabei wurden Photonen durch ihre
Konversion im Material des ALICE-Detektors nachgewiesen. Untergrundbeitrage von Photo-
nen aus Hadronzerfillen wurden mittels einer Cocktailsimulation bestimmt und abgezogen. Die
Resultate dieser Arbeit deuten auf einen anisotropen Fluss direkter Photonen mit hadronidhn-
lichen Eigenschaften hin und bestétigen somit qualitativ die Beobachtungen am RHIC. Diese
experimentellen Befunde stellen unser theoretisches Verstédndnis der Zeitentwicklung von Schwe-
rionenkollisionen in Frage und kénnten auf hohere Beitrage spaterer Phasen der Zeitentwicklung
zur thermischen Photonenproduktion hindeuten.






‘Let us chase our imaginations to the heavens, or to the utmost limits of the universe;
we never really advance a step beyond ourselves, nor can conceive any kind
of existence, but those perceptions, which have appeared in that narrow compass.’

‘Treatise of Human Nature’, D. Hume [1]
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Introduction 1

Introduction

‘The ability to reduce everything to simple fundamental laws does not imply the
ability to start from those laws and reconstruct the universe.’

‘More is different’, P. W. Anderson [2]

Although the initial conditions and early phases of the Universe are subject to speculation,
most of today’s accepted theories assume an incredibly high energy density, temperature and
pressure, which led to a rapid expansion of the early Universe. Microseconds after the Big Bang,
the Universe was probably filled with a quark-gluon plasma until its energy density decreased
sufficiently to make the transition to ordinary hadronic matter such as protons and neutrons,
the building blocks of atoms. The Large Hadron Collider at CERN is able to create similar
conditions in highly relativistic collisions of lead ions, which allows us to investigate the quark-
gluon plasma under laboratory conditions and to study how those conditions could evolve to

the Universe we live in.

Dark Energy
Accelerated Expansion
Afterglow Light
Pattern  Dark Ages Development of
380,000 yrs. Galaxies, Planets, etc. “_ \

=T L -
A AT AR e - S S

Inflation

Fluctuations

1st Stars
about 400 million yrs.

Big Bang Expansion
13.7 billion years

Figure 1: Time evolution of the Universe. Illustration by NASA.

Recently, the CERN experiments ATLAS and CMS have presented compelling evidence for
the existence of the Higgs boson [3,4], whose discovery completes the Standard Model (SM)
of Particle Physics. Based on fundamental symmetries, the Standard Model describes the elec-
tromagnetic, weak and strong interactions of elementary particles. Despite the precise under-
standing of fundamental interactions in terms of its symmetries and laws, they cannot simply
be extrapolated to larger and more complex many-body systems. In his article ‘More is differ-
ent’ (1972), P.W Anderson suggested that complex physical systems may exhibit behavior that



2 Introduction

cannot be understood only in terms of the laws governing their microscopic constituents: ‘ The
constructionist hypothesis breaks down when confronted with the twin difficulties of scale and
complezity’. [2] The fundamental aspects of Quantum Chromodynamics, such as the spectrum
of hadronic resonances and its properties, were intensively studied in hadron-hadron collisions
and are well-described by the Standard Model. However, the macroscopic behavior of strongly-
coupled systems at large temperatures cannot be obtained from that microscopic behavior. The
main goal of ultra-relativistic heavy-ion physics is to learn more about the condensed-matter
aspects of QCD and to understand its emergent macroscopic properties such as the equation of
state, its viscosity and the nature of the phase transitions.

The quest for the quark-gluon plasma involves several hadronic, electromagnetic and recently
also electroweak probes, which shall be discussed within this thesis. The production of hadrons
is modified over the whole evolution of the strongly coupling system produced in heavy-ion
collisions. The hadronic picture we observe in the particle detectors is just a snapshot of the
system at the time of the last interaction. Even though the initial conditions can be studied
in elementary hadron-hadron and hadron-ion collisions, the time evolution between the initial
conditions and the observed final-state hadrons cannot be probed directly. Our current under-
standing of the intermediate phases is based on a variety of models, that start with the initial
conditions and reproduce the observed final-state picture. As well as photons from hadron de-
cays, direct photons are also emitted throughout the whole evolution of the system. Compared
to hadrons, direct photons are a unique probe in the sense that photons do not interact with the
strongly-coupled medium, and thus carry undistorted information about the medium at their

production time.

. e 500 #KCME

-500

Figure 2: CMBR map measured by the PLANCK satellite [5].

There is an interesting analogy between the production of direct photons in heavy-ion collisions
and the cosmic microwave background radiation (CMBR). The CMBR has a thermal black body
spectrum at a temperature of about 2.73 K [6]. Within the picture of an expanding Universe, it
is well explained as radiation left from an early stage about 380000 years after the Big Bang [7].
Even more interestingly, small anisotropies in the CMBR reveal quantum fluctuations in the
early Universe. A recent measurement of the CMBR by the PLANCK satellite is shown in fig. 2.
This measurement and also older measurements by WMAP [8] show that the CMBR is not uni-
form, but contains small fluctuations of the order of 0.5 mK. Qualitatively, those irregularities
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are expected from small thermal variations generated by quantum fluctuations in the early Uni-
verse and give compelling evidence for the Big Bang Model. Quantitatively, those fluctuations
are characterized by a multipole evolution, which is shown in fig. 3. Density perturbations in the
Universe behave in part as sound waves, which give rise to the structure of anisotropies in the
microwave background. The data clearly show seven acoustic peaks, which are well described by
a simple six-parameter theoretical model that allow for a constraint on the parameters describ-
ing the evolution of our Universe. However, while the observations on small and intermediate
angular scales agree extremely well with predictions from the Standard Model of Cosmology,
the fluctuations on large angular scales (90°-6°) are weaker than the fit of the standard model,
which might suggest that some aspects of the Standard Model of Cosmology may need a rethink.

Angular scale
90°  18° 1° 0.2° 0.1° 0.07°

2 10 50 500 1000 1500 2000 2500
Multipole moment, ¢

Figure 3: The temperature angular power spectrum of the primary CMBR [5].

Unlike visible matter, which is nowadays bound in planets and stars, the CMBR has not un-
dergone any significant interactions, since it decoupled from the matter in the early Universe,
and we are able to directly observe it about 13.8 billion years [5, 8] after the Big Bang. Even
more remarkably, its characteristic features allow for constraints on the initial conditions of
the early universe, even though those photons were produced about 380000 years after the
Big Bang. Analogously, a quark-gluon plasma cannot be directly observed due to its femto-
scopic lifetime, but the parameters that characterize the evolution of the fireball produced in
heavy-ion collisions, such as the viscosity-to-entropy ratio, can be constrained from a Fourier
expansion of angular correlations of final-state particles. During the hydrodynamic expansion
of the fireball, pressure gradients turn inhomogeneities in the initial energy density distribu-
tion into azimuthal anisotropies in the produced particle spectra. The majority of the direct
photons are reasonably well described by thermal radiation from the early phases of the col-
lisions. Since azimuthal anisotropy builds up with time, the early production time of direct
photons implies that their azimuthal anisotropy is expected to be significantly smaller than
that of hadrons. The experimental finding at RHIC, which state that direct photons show a
similar second order anisotropy compared to hadrons, is puzzling. If this result is confirmed at
the LHC, it would challenge our current understanding about the time evolution of heavy-ion
collisions, and might imply that most direct photons are produced in a similar phase to hadrons.



4 Introduction

This thesis presents the first measurement of the direct-photon azimuthal anisotropy with the
ALICE experiment in heavy-ion collisions in Pb-Pb collisions at a center-of-mass energy of
V/SNN=2.76 TeV at the LHC. For the reader, who is not familiar with heavy-ion physics, chap-
ter 1 briefly introduces the relevant definitions of observables and their units. Chapter 2 gives a
brief introduction into the condensed matter aspects of Quantum Chromodynamics with a focus
on the properties of the quark-gluon plasma. Thereafter, chapter 3 sketches a standard picture
for the time evolution heavy-ion collisions and introduces the idea of a thermodynamic descrip-
tion. Hereafter, recent experimental data is discussed and compared to theoretical models. In
chapter 4, the production of direct photons in heavy-ion collisions and the puzzling discrepancy
between current experimental observations and generic model expectations is discussed.

The Large Hadron Collider and the setup of the ALICE experiment are briefly described in
chapter 5. The measurement of most electromagnetic observables in heavy-ion collisions re-
quires a powerful identification of electrons from a dominant hadronic background. Chapter 6
describes the development and performance of an improved method for electron identification
using the ALICE Transition Radiation Detector, which doubles the pion rejection as compared
to the standard method.

In recent years, it was realized that fluctuations of the initial energy density play an important
role for hydrodynamical expansion and the measurement of anisotropic flow. When most of
the methods for measuring anisotropic flow were developed, fluctuations were thought to be
negligible. In chapter 7, three methods for the measurement of anisotropic flow are discussed
and systematic biases due to fluctuations are estimated using a Monte Carlo Glauber model.
In particular, the direct-photon extraction procedure is studied with respect to the role of fluc-
tuations. The reconstruction of photons via their conversion in the ALICE detector material
is described in chapter 8. Thereafter, the measurement of the azimuthal anisotropy of neutral
pions and inclusive photons is presented in chapter 9. The dominant fraction of decay photons
comes from neutral pions and is subtracted from the inclusive photon measurement using a
cocktail simulation based on the neutral pion measurement. The extraction of direct-photon
elliptic and triangular flow is described in chapter 10. Finally, the results and their implications
for our understanding of the time evolution of heavy-ion collisions are discussed in chapter 11.



1. Definitions in heavy-ion physics

Physical observables and its corresponding units are often adapted for the needs and problems
in a specific field. For the reader, who is not familiar with heavy-ion physics, this chapter briefly
introduces the definitions of the most relevant observables and their units.

1.1 Units

In heavy-ion physics, energy is commonly quantified by electron volts. One electron volt is
the amount of energy gained by the charge of a single electron when moved across an electric
potential of one volt. For practical purposes, length is expressed in femtometers, since the size of
anucleon is O(10~% m). Femtometers are often called ‘fermi’ in honor of Enrico Fermi. Table 1.1
summarizes the most important observables, their dimension, their unit in heavy-ion physics
and their conversions to SI units. Momentum, mass and temperature have the dimension of
energy, while time has the dimension of length. An important conversion constant is given by

he = 197.326 MeVim | (1.1)

where c is the speed of light and & is the reduced Planck constant [9].

observable  dimension  unit conversion to SI units
energy energy eV 1eV=1.6 x 1079 kg m?/s?
momentum energy eV/c 1eV/c=5.34 x 10728 kg m/s
mass energy eV/c? 1eV/c2=1.78 x 10730 kg
temperature energy eV/kp 38.68 1 eV/kg =300K
length length fm 1fm=10"""m
time length fm/c 1fm/c=3.34 x 10~ s

Table 1.1: Observables with corresponding dimension, unit in heavy-ion physics and conversion
to SI units. Values taken from [9].

1.2 Kinematics

Within this thesis, we use the common convention that c=h= kg =1, where kg is the Boltzmann
constant. A review of the kinematics in particle physics can be found in [9,10]. Following the
common approach, we define the z-axis along the beam direction, ¢ as the azimuthal angle in
the transverse plane and 6 as the inclination in beam direction, where § = /2 points along the
beam direction. The cartesian three momentum is then given by

P |p] cos (¢) cos (6)
p=|py | =|I|psin(¢)cos(@) | - (1.2)
Dz |p] sin (6)

8



6 Chapter 1: Definitions in heavy-ion physics

In relativistic kinematics, the relation between energy E, three momentum p = |p] and rest mass
m is given by

E?=p?>+m?. (1.3)

The momentum p is defined as p=-~yfm, with the Lorentz factor y=1/4/1 — 82=FE/m and
the velocity v divided by the speed of light, 8=v/c=p/E. Rapidity is a measure of motion at
relativistic velocities. In heavy-ion physics, the rapidity y is commonly defined relative to the

beam axis

1 E+p. _ -1 ( Pz
y—§ln [E—pj = tanh <E> . (1.4)

A rapidity of y=0 implies that the particle momentum p'is perpendicular to the beam axis.

pr = /D3 +D3 (1.5)

is defined as the momentum component perpendicular to the beam axis. The energy and mo-

The transverse momentum,

mentum of a particle can be written as as £ =m7 coshy and p, =mr sinhy, where mt is the

mr = \/p3 +m? . (1.6)

Experimentally, the pseudorapidity is often used instead of the rapidity y, which is not accessible

transverse mass

if the particle’s mass and momentum are unknown. The pseudorapidity 7 is defined by the angle

v 2] (2)] 07)

For massless particles such as photons, or if masses are negligible (p>>m), pseudorapidity and

relative to the beam axis 6,

rapidity are identical. Finally, the conversion to cartesian momenta is given by

Pa prCos P
pP=|py| =] prsing and |p] = prcoshn . (1.8)
Pz prsinhn



2. Condensed matter aspects of
Quantum Chromodynamics

Quantum Chromodynamics is the theory of the strong interaction between color-charged quarks
and gluons. Quarks carry three different types of color charge, and antiquarks their correspond-
ing anti-colors. Unlike the charge-neutral photon as the force carrier of the electromagnetic
interaction, gluons carry color charge and thus mediate not only the strong interaction between
quarks, but also between gluons themselves. As a consequence, the properties of QCD are very
complex and different from those of Quantum Electrodynamics (QED). In this chapter, the
concept of color confinement and asymptotic freedom shall be briefly introduced in section 2.1,
followed by a brief discussion of the phase diagram of hadronic matter section 2.2.

2.1 Confinement and asymptotic freedom

The quark-antiquark potential in the strong in-

teraction is given by 0.5 Al 2012
4 o a(Q) v T decays (N3LO)
Va(r) = —=— + &K1, (2.1) : Lattice QCD (NNLO)
37 04| a DIS jets (NLO)

0 Heavy Quarkonia (NLO)
where g is the strong coupling constant and & o e jets & shapes (res. NNLO)
. . . . e Z pole fit (N3LO)
is the string tension. The second term in Vy(r) PP —> jets (NLO)
is a unique feature of QCD and implies that the 03
strong potential increases essentially linearly as
the particles are moved apart from each other.

. .. 0.2+
This property is linked to the concept of con-
finement and implies that quarks and gluons
are bound in colorless hadrons in ordinary mat- o1
ter. =QCD a(My)=0.1184 = 0.0007
At first glance, the first term of the strong po- 1 ‘ 100

" QGev]

tential is similar to the Coulomb potential of

QED, Figure 2.1: World data for g as a function of

the momentum transfer @ [11].

Vem (1) —a;m , (2.2)
except that the strong coupling constant cy is O(10%) times larger than qem. The coupling
constants ag and aep, are not constants in a literal sense, but depend on the momentum transfer
@ or the distance r, which are related by the de Broglie wavelength (@ o< 1/r). This phenomenon
is referred to as running coupling. In QED, vacuum polarization leads to a slow increase of the
coupling constant a,y, with increasing momentum transfer @) (shielding). The fact that gluons
carry two color charges involves gluon self-coupling and leads to the opposite behavior (anti-
shielding), which implies a decrease of as with increasing momentum transfer Q. Figure 2.1
shows the latest world data for ag as a function of ). The decrease of the strong coupling
constant ag with increasing momentum transfer () implies asymptotic freedom of quarks and
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gluons at large @ or at small distance r. Asymptotic freedom was first formulated by J. D. Gross
and F. Wilczek [12] and at the same time by H.D. Politzer [13]. They jointly received the Nobel
Prize in Physics in 2004 for the discovery of asymptotic freedom in the strong interaction.

For the purpose of theoretical calculations, the feature of running coupling splits QCD into two
regimes: a strongly-coupled regime at scales of the hadron masses my and a weakly-coupled
sector at interactions with large momentum transfer (¢) > my). The latter can be treated within
perturbative QCD, while the first one requires a non-perturbative treatment. A well-established
approach for the non-perturbative regime is given by lattice QCD [14-17].

2.2 The phase diagram of Quantum Chromodynamics

Already in 1965, R. Hagedorn [18] argued that a universal maximum temperature for hadronic
matter exists. He proposed that the number of hadronic resonances Ny increases exponentially
with the mass m of the resonances,

% x exp (m/Ty) , (2.3)

where the scale of the exponential increase is given by the Hagedorn temperature T};. Recent
fits to data give Tj; ~ 174 MeV/kp [19]. Ten years later, the existence of a new state of strongly
interacting matter at high temperature and density was proposed by J.C. Collins and M.J.
Perry [20], and by N. Cabibbo and G. Parisi [21]. In 1978, the name gquark-gluon plasma was
coined by E. Shuryak [22].
Figure 2.2 (left) shows the modern picture of the QCD phase diagram. The net baryon density
is closely related to the baryochemical potential uy,, which is the amount of energy needed to
add an additional baryon to the system. The phase diagram contains three different forms of
nuclear matter,

1. ‘ordinary’ hadronic matter at low 7' and low puy,,
2. quark-gluon plasma at high T,
3. color superconductor at low T and high puy,.

The third condition might be found in neutron stars [23,24], while the second presumably ex-
isted in the early Universe, a few microseconds after the Big Bang. Similar conditions can also
be created in ultra-relativistic nucleus-nucleus collisions at hadron colliders such as the LHC.
Thus, the main challenge in heavy-ion physics is to determine the properties of the different
phases and the transitions that separate those states of matter. It is indicated in fig. 2.2 (left)
that different experiments may explore different points at the phase boundary. The net baryon
density decreases with increasing collision energies, which is linked to the phenomena of nu-
clear stopping and transparency [25]. At LHC and RHIC energies, the net baryon density is
rather small and the quark-gluon plasma and hadronic phase are believed to be separated by
a crossover transition. It is a subject of intense discussions, whether the phase transition turns
into a first order chiral transition above some critical point [15,17]. During the RHIC beam en-
ergy scan, the collision energy was lowered in multiple steps down to 7.7 GeV in order to learn
more about the onset of deconfinement [26]. The future FAIR accelerator will be operated at
similar center-of-mass energies and aims at studying the possible chiral transition and searching
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for the critical point [27].
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Figure 2.2: (left) Modern phase diagram of QCD (Figure by CBM collaboration). (right) Lattice
QCD calculation for the scaled energy density ¢/T* [16].

Figure 2.2 (right) shows a lattice QCD calculation at zero baryochemical potential for the scaled
energy density €/7%. For a relativistic Bose or Fermi gas, the energy density in thermal equi-
librium scales with the fourth power of temperature e = g7, where g is related to the number
of degrees of freedom, for instance the spin degeneracy and the number of color states. The
normalized energy density /T is thus proportional to the number of degrees of freedom. The
calculation was done for different quark flavor compositions (two or three quark flavors of equal
mass (‘2’,3’) or two light quarks plus one ‘heavy’ strange quark (‘241’) [28]) and reveals a
sharp transition at the critical temperature T,. The steep increase at 7' = T, can then be
interpreted as the opening from hadron to quark and gluon degrees of freedom [29,30]. The
increase is more pronounced as the number of degrees of freedom in the calculation is increased
from two to three quark flavors. Estimates for the critical temperature 7, at zero baryochemical

potential range from 150- 170 MeV/kp [16,31-33], which interestingly is close to the Hagedorn
temperature Ty;.

It should be noted that at temperatures close to T, the quark-gluon plasma is not at all in the
asymptotically free regime of QCD. Estimates for the initial temperature created in heavy-ion
collisions in Pb-Pb collisions at ,/sny =2.76 TeV range from 500- 600 MeV/kg [34,35], such that
the strong coupling constant is still aga0.2-0.3 [30]. Thus, a quark-gluon plasma close to the
phase boundary must be considered as a strongly-coupled medium, which is often denoted by
the abbreviation sQGP. This has two implications: first, the sQGP cannot be considered as an
ideal gas with no interaction of particles, but rather as a nearly perfect liquid [36]. Second, its
properties can only be studied in non-perturbative approaches such as lattice QCD.
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3. Time evolution of ultra-relativistic
nucleus-nucleus collisions

The goal of ultra-relativistic heavy-ion physics is to study the condensed matter aspects of
Quantum Chromodynamics, in particular to create and to study a quark-gluon plasma un-
der laboratory conditions. The existence of the quark-gluon plasma as a deconfined phase of
hadronic matter has been predicted as an emerging property of Quantum Chromodynamics.
After a first characterization of heavy-ion collisions, section 3.1 describes the initial geometry
and energy density and their relation with the experimentally observed charged particle multi-
plicity. In this context, the basic concepts of the Glauber model are introduced. In section 3.2,
it is sketched how the radial expansion of the fireball can be described in hydrodynamics. In
particular, it is shown that pressure gradients translate inhomogeneities in the initial energy
density distribution into azimuthal anisotropies in the final state particle spectra. In section 3.3,
recent experimental data for the hadron spectra and yields are compared to thermal and hy-
drodynamic models. Thereafter, the properties of the anisotropic flow of hadrons are discussed
in detail in section 3.4.

3.1 Characterization of heavy-ion collisions

Pb+Pb 160 GeV/A

A Freeze-oOut 4 Tio Ten To
A

T,=<1fmlc

NY

UrQMD Frankfurt/M

Figure 3.1: (left) Snapshot of a Pb-Pb collision in the UrQMD model. Figure taken from [37].
(right) Light cone of an ultra-relativistic nucleus-nucleus collision. For simplicity, only the lon-
gitudinal dimension is shown. Figure taken from [38].

Figure 3.1 (left) shows a snapshot of a collision of two lead nuclei in the UrQMD model [39,40]
1.6 fm/c after the collision. Hadrons are shown in white and quarks in green, red and blue,
corresponding to their color charge.

The two nuclei are collided at velocities close to the speed of light. Due to Lorentz contrac-
tion, the two nuclei appear as flat discs in the centre-of-mass system and pass through each
other in a collision time of t0011:¥<5 1073 fm/c, with v~3000 at V5NN =2.76 TeV and
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Rpp~7.5fm! [42]. Quarks and gluons are liberated on a time scale of 0.1fm/c and start to
equilibrate. After a thermalization time of about 79 =1 fm/c [30,43,44], quarks and gluons form
a strongly correlated quark-gluon plasma. Over the whole time evolution, pressure gradients
push the medium towards regions of lower energy density such that the medium expands and
cools down. The quark-gluon plasma lasts only for a few fm/c and freezes out in a crossover
transition to a hadron gas.

Figure 3.1 (right) shows the light cone of such a collision, which gives a more schematic repre-
sentation of the evolution. It illustrates the transition from the quark-gluon plasma to a hadron
gas as the temperature drops below the critical temperature 7,.. The hadrons still undergo
inelastic collisions until the system reaches the chemical freeze-out at T, <T, where the
hadron composition of the medium is ‘frozen’. After the chemical freeze-out elastic collisions
between the recombined hadrons are maintained. As the density drops and interactions cease,
the mean free path of the hadrons becomes larger than the system size and the system reaches
the kinetic freeze-out at T'=7T; . The lifetime of the system and the freeze-out temperature
depend on the system size and collision energy [45-49]. At LHC energies, the lifetime is about
10 fm/c [50] with T; ~ 100 MeV/kg [51].

3.1.1 Initial geometry

Figure 3.2 sketches the initial geometry of a heavy-ion collision along the beam axis and in
the azimuthal plane. The centrality of a collision is characterized by the impact parameter
b, which is defined by the distance between the centers of the two nuclei. The directions of
the impact parameter b and of the beam axis define the reaction plane, while its azimuthal
orientation in the laboratory system Wgp is given by the impact parameter direction b. The
impact parameter b also determines the size of the nuclear overlap, where the nucleons undergo
interactions, and particle production takes place. Those nucleons are called participants, while
the nucleons, which continue unaffected, are called spectators.

Participants

before collision after collision

Figure 3.2: (left) The two heavy ions before collision with impact parameter b. (right) The
spectators pass by unaffected, while in the participant zone particle production takes place.
Both figures taken from [52].

!The charge radius of a lead nucleus is about 7.5 fm (RzroA% ,70=1.25fm, Ap, =208) [41].
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As nuclei are made up of nucleons — that are, protons and neutrons — it is a natural approach
to compare heavy-ion collisions with pp collisions. In a simplified picture, collisions of com-
posed nuclei can be understood as a trivial superposition of individual collisions of nucleons.
In this picture nucleus-nucleus collisions can be characterized by the number of participating
nucleons Npart and the number of binary nucleon-nucleon collisions N¢qp. Experimentally those
quantities are intractable due to the femtoscopic length scales of the collision, precluding any
direct observation. Theoretical techniques that estimate these quantities are generally referred
to as Glauber models, after Roy Glauber [53]. These quantities are an important baseline
for comparisons of the particle production in elementary hadron-hadron, hadron-nucleus and
nucleus-nucleus collisions. More complex models, such as saturation models, also take modifi-
cations of the initial state into account.

3.1.1.1 The Monte Carlo Glauber model

The Monte Carlo Glauber model is a static ge-

ometric model, which is motivated by the fact

U L B B BB B
that the collision time t.o is about a factor of %15; b= 6.0fm €pant = 0.238 7
1000 smaller than the transverse size of the nu- 10F -
cleus. Figure 3.3 shows the schematic view of
a Pb-Pb collision as obtained from a Glauber 5; g
model. Nucleons appear as black discs with a Oi B
geometrical radius
-5F ]

"= ;\/@ (3-1) -10; ;

. 0,=2404fm

with the inelastic pp cross section oy, inel. The AsE OVTSOB? fm 7
nucleons are distributed according to a Woods- 15 10 -5 0 5 10 15
Saxon distribution as a parameterization of the x (fm)

nuclear thickness function. The collision is mod- Figure 3.3: A schematic view of a Pb-Pb col-

lision with an impact parameter b=6fm as
nuclei with a given impact parameter b. If the 1.5 04 from the Glauber model [54].
distance of two nucleons from different nuclei

eled overlaying the nucleon distributions of both

is smaller than 27, their geometrical overlap is

considered as a binary collision. The participant nucleons are marked with filled circles, with
open circles representing the spectator nucleons. The z’ and 3’ coordinates are the symmetry
axes of the participant distribution referred to as participant plane. Due to fluctuations in
the nucleon distribution, the orientation of the participant plane Wpp is usually different from
the reaction plane angle Wrp, which is defined by the impact parameter orientation.

3.1.1.2 Saturation models

At very high momentum transfers Q2 and low Bjorken-z, the particle production in QCD is
gluon-dominated and the parton density function for gluons increases like a power-law. Satura-
tion models assume that the gluon density saturates at a certain saturation scale ()5, which is
manifested in the geometrical scaling in DIS data [55]. Above the saturation scale, non-linear
coherence phenomena take over. Saturation models assume — unlike Glauber models — that the



14 Chapter 3: Time evolution of ultra-relativistic nucleus-nucleus collisions

parton density functions inside nuclei are not just an incoherent superposition of free protons
and neutrons. Within the Color Glass Condensate formalism, the nuclear wave-functions
are treated as classical correlated multi-parton states [56,57]. More complex saturation models
also take an impact parameter dependence into account (‘IPSat’) [58].

3.1.2 Initial energy density
Estimates for the critical energy density €. can be obtained from lattice QCD [30,59]:

€ ~ 0.6 £ 0.3 GeV/fm? (3.2)

Interestingly, the critical energy density is only about a factor of four larger than the energy
density inside ordinary nuclear matter. The energy density inside a nucleus consisting of A
nucleons can be estimated by

M
A~ TP~ 0.14GeV/fm? (3.3)

4. 1p3 4.3
37rRA 3Ty

with Ra~ A3ry, Ma~ Amy, mp~1GeV and rp,~1.21 fm [41].

3.1.2.1 The Bjorken estimate

Experimentally, the initial energy density € can be estimated within the Bjorken model [60]
from the transverse energy rapidity density dEr/dy:

1 dBp
- Ao dy

€0 (3.4)
with the nuclear overlap area A and the formation time 75 as a measure of the longitudinal
dimension of the cylinder. While A is constrained by the transverse size R:rpA% and can be
estimated from a Glauber calculation, the thermalization time 7y is strongly model dependent:
While at SPS it was assumed that 79~ 1 fm/c different models indicate that the thermalization
time is much shorter at RHIC and LHC energies [61].

Measurements in 0- 5% central Pb-Pb collisions at the LHC yield a value of eg7p ~ 16 GeV /(fm?¢)
[62] for the initial energy density. Even with moderate estimates for the thermalization time
7o =11fm/c, the initial energy density is one order of magnitude above the critical energy density
€c. Assuming almost equal thermalization times at RHIC and the LHC, the energy density at
the LHC is about a factor of three larger than the energy density at RHIC [63].

3.1.2.2 Shape of the energy density profile

A measure of the deformation with respect to azimuthally symmetric conditions in the trans-
verse plane is given by the eccentricity e. It must be distinguished between two sources of
eccentricity, the asymmetry of the nuclear overlap and the one arising from fluctuations.

Elliptic eccentricity mainly arises due to the asymmetry of the nuclear overlap in the trans-
verse plane in non-central collisions. Two definitions for the elliptic eccentricity can be found
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in literature [53,64—67], the reaction plane eccentricity,

2 2
o, — O,

= S—5, (3.5)
oy + 0y

and the participant eccentricity,

2 2\2 2
epart o (UI - ay) + 4amy
5 =

o2+ o2 ’ (3:6)
where o2 and O'Z are the variances, and oy, is the covariance of the participant weighted nu-
cleon distribution in the transverse plane. The x is axis defined along to the reaction plane
direction Wrp. Consequently, €54 is the eccentricity in the reaction-plane frame and 6gart in the
participant-plane frame.

More generally, the deformation can be expressed as a Fourier series in polar coordinates with

coefficients ¢, [57,68,69]:

— \/<r” sin(ng))? + (1 cos(ng))?
bt = (3.7)
(rm)
For the second harmonic, eq. (3.7) is identical with eq. (3.6), which can be shown by using that
e O'Z =(r*cos (2¢)), o2 + O'Z =(r?) and 4a§y = (r?sin (2¢)). Higher-order eccentricity and
also elliptic eccentricity in the most central collisions is dominantly driven by fluctuations in

the initial energy density distribution. Long range correlations such as anisotropic flow can only
be produced at early times. Therefore, estimates for the initial energy density distribution are
the starting point of any hydrodynamic calculation. Figure 3.4 shows the initial energy density
profile as determined from a Glauber model and an IP glasma model. Various prescriptions
for the relation between the initial energy density and the density of participants and binary
collisions can be found in the literature [70-73]. It can be seen in fig. 3.4 that fluctuations are
much more pronounced in the IP glasma model. It is shown in [58] that saturation models
generally tend to give larger eccentricities than Glauber models.

Figure 3.4: Initial energy density profile from a Glauber model (left) and an IP glasma model
(right) [58].
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3.1.3 Charged particle multiplicity

The most fundamental experimental observable in heavy-ion experiments is the multiplicity of
final state charged particles. It is essential for the study of heavy-ion collisions to relate final
state observables with quantities that characterize the initial conditions such as the collision
centrality. With regard to the multiplicity production, it is often distinguished between ‘soft’
and ‘hard’ production processes:

Soft production means the fragmentation of color flux tubes that hold the constituents
of the nucleons together. One can also interpret this as the excitation and decay of wounded
nucleons. Consequently, the contribution of soft processes is expected to scale with the number

of wounded nucleon participants Npart.

Hard production, on the other hand, means the fragmentation of color strings produced in
hard parton-parton interactions. Those processes are expected to scale with the number of

binary collisions N.
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Figure 3.5: Charged particle multiplicity density at mid rapidity normalized by Npare [63,74]
compared to gluon multiplicity from an IP saturation model [75].

It was first found in hadron-nucleus collisions with 50-200 MeV/c pion, kaon and proton beams
[76] at Fermilab that the charged particle multiplicity density dNg,/dn is proportional to the
number of participants Npare. It was concluded that the multiplicity production is dominated
by soft processes. Figure 3.5 shows the Npar¢-scaled charged particle multiplicity density as a
function of Npar¢ measured at mid rapidity in Pb-Pb collisions at ,/syny=2.76 TeV [74] and
Au-Au collisions at y/snn =200 GeV [63]. The data points from LHC and RHIC have the same
shape, but the Npa¢ scaled multiplicity density increases by a factor of two from RHIC to the
LHC. The increase in charged particle multiplicity density per participant indicates a clear de-
viation from Npar scaling. Consequently, one has introduced the concept of ancestors as the
number of independently emitting sources of particles. It is shown in [77] that a two component
model Nancestors = f Npart + (1 — f) Neonn with f~0.8 describes the data points, which indicates a
significant contribution of hard processes to the multiplicity production. It is shown in [78] that
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this discrepancy is partially overcome by the use of constituent quark participants instead of
nucleon participants. In the IP saturation model, the multiplicity production is related with the
gluon multiplicity [75]. Figure 3.5 also shows the mean gluon multiplicity d/Ng/dy normalized
by Npart/2 in comparison to the data. The pale bands denote results from individual events
and illustrate the range of fluctuations. Except for some discrepancy to the LHC data for small
Npart, the IP saturation model gives a reasonable description of the multiplicity production.

The IP saturation model is an extremely sophis-

ticated model compared to the Glauber model, g 1210 8 6 4 2 0 <b(fm)>

which can give a reasonable description of the %

multiplicity production using the concept of 50 100 150 200 250 300 350  <Npart>

ancestors. Due to its simplicity, the Glauber

—
<

do/dNgh (a.u.)

model is commonly used by experimentalist to
relate the multiplicity to the collision central-
ity and thus the impact parameter. Figure 3.6
illustrates the relation between the experimen- 102
tally observed final-state multiplicity N, the
average impact parameter (b) and the aver-

age number of participants (Npart) determined 10°E § é § g i e

from a Glauber calculation. The distribution of Fi R iR e 4 3
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centrality classes can be related to quantiles o

of the impact parameter distribution [77]. Con- Figure 3.6: Illustration of the correlation be-
sequently, the collision centrality can be experi- tween experimental charged particle multi-
mentally accessed via the measured multiplicity ~plicity Nen and Glauber calculated quantities
and can be related to an average impact pa- (b) and (Npart) [53].

rameter (b), number of participants (Npar) and

number of binary collisions (Np).

3.1.4 Hanbury Brown-Twiss interferometry

The dimensions of the fireball can be determined from Bose-Einstein correlations (BEC) between
identical bosons, which are related to the coherent superposition of wave amplitudes. Hanbury
Brown-Twiss interferometry (HBT) was developed in the 1950’s as a method to determine the
dimensions of distant astronomical objects from interference effects [79,80] and was first applied
to Bose-Einstein correlations by Goldhaber et. al [81]. Nowadays, HBT is a standard tool to
determine the dimensions of the fireball created in nucleus-nucleus collisions [50]. A detailed
theoretical review can be found in [82]. The correlation function is given by

P(p1,p2)
P(p1)P(p2)

Classically, one would expect Co =1, since the rate of pair coincidences is just given by the prod-
uct of the two individual probabilities P(pi,p2) = P(p1)P(p2). Without going into the details
of the quantum mechanical calculation, the probability to find two particles in the same phase

Ca(p1,p2) = (3.8)
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space volume (p; — p2~0) is enhanced for bosons and reduced for fermions due to positive and

negative interference of the wave functions, respectively. The ‘closeness in phase space’ is ex-

pressed in terms of the relative three momentum ¢'=p> — pi. In the Bertsch-Pratt notation,

the relative momentum ¢'= (gout, Gside, Glong) is decomposed into its components in the longitudi-

nal comoving system (LCMS), which correspond to the axes parallel (‘out’) and perpendicular

(‘side’) to the pair momentum and along the beam axis (‘long’). The correlation function Cy(q)

is then related to the size of the source R = (Rout, Rside; Riong) Via the correlation strength A as:
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R

Figure 3.7: Pion HBT radii measured in 0- 5%
central Pb-Pb collisions compared to earlier
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measurements for other systems [50].

(3.9)

More complex versions of the correlation func-
tion also include cross terms between qong and
Gout and terms for the Coulomb interaction be-
tween charged bosons [50]. The correlation func-
tion peaks at vanishing momentum difference at
a value of Cy(q) =2 for for spin-less and Ca(q) =
3/2 for spin one bosons. BEC correlations at the
femtoscopic scale are expected to appear at rela-
tive momentum of about ¢ < i/fm =200 MeV/c.
The uncorrelated denominator of the correla-
tion function can be estimated from the mixing
of uncorrelated events.

Figure 3.7 shows the HBT radii in the 0-5%
most central collisions as a function of the cube-
root of the charged multiplicity (dNg,/dn)'/?
as determined in different collisions systems.
The charged multiplicity density dNe,/dn is a
measure of the number of nucleon participants
and thus the transverse size and energy den-
sity of the system at the collision time. Rgige
and Ryt are comparable in size due to the al-
most symmetric reaction plane in central colli-
sions. It should be noted that the HBT radii are
not directly related to the spatial dimensions of
the system, but rather describe the homogene-
ity length, i.e. the size of the region that con-
tributes to the pion spectrum. The magnitude
of the longitudinal component Rjong is propor-
tional to the kinetic freeze-out time 7g,, which is
essentially the lifetime of the fireball. It can be
seen that Rjone and thus the lifetime increases
with the cube-root [87] of the charged particle
multiplicity density d N, /dn. At the LHC, 74, is
about 10- 11 fm/c with a kinetic freeze-out tem-

perature of Ty =100 MeV/kg [51]. The increase in the lifetime and the transverse size directly

implies an increase of the fireball volume [50].



3.2 Hydrodynamic evolution 19

3.2 Hydrodynamic evolution

3.2.1 Applicability of hydrodynamics

The use of hydrodynamic concepts such as temperature, pressure and fluid velocity cannot be
strictly justified for matter formed in a heavy-ion collision. Although the number of particles is
sufficiently large to be considered as a macroscopic system, standard thermodynamics is about
systems in global thermodynamic equilibrium, which implies that all intensive parameters are
constant throughout the whole volume and the system is at rest. Even though none of these
conditions is essentially strictly fulfilled, one can still argue for partial equilibration in small fluid
cells and collective behavior, if the mean free path is smaller than the characteristic dimensions
of the system. The Knudsen number Kn=A\/R is defined as the ratio of the mean free path A
and the characteristic size of the system R. Fluid dynamics only applies, if Kn <1 implying that
frequent collisions occur and momentum is transferred from denser regions toward less dense
regions. At initial particle densities of the order of 5-10fm™3 and even with modest estimates
of cross sections of the order of 1-2mb, we obtain values for the mean free path smaller than
1fm and thus much below the nuclear size 2R 4 > 10 fm, which gives Kn~0.1 and justifies the
application of hydrodynamics [88,89].

3.2.2 Radial expansion

A detailed description of the hydrodynamic picture can be found in [88]. In the following, it

shall be briefly sketched how the main properties of the hydrodynamic expansion can derived

from the basic conservation laws of thermodynamics. The conservation equations of energy and

momentum (J,T* =0) are given by:
Oe

— + V- ((e+P)7) =0

0 I
5 ((e+ P)7) + VP =0 (3.10)

ot
In order to study the propagation of small disturbances in the fluid, the energy density ¢ and
pressure P are expressed as

e(t,x,y,z) = eo + de(t, z,y, 2) P(t,z,y,z) =€+ 0P(t,x,y,2) , (3.11)

where ¢y and Py correspond to the uniform fluid and de and 0P to the disturbance. Inserting
eq. (3.11) into eq. (3.10) and linearizing gives:

866 = 617 - —
E—f—(éo—l-Po)v-ﬁ:O (€0+P0)E+V5PZO (3.12)
The first equation describes energy conservation: It states that the energy density decreases,
if the velocity field diverges (6 - U>0), i.e. the volume of the system increases. The second
equation is Newton’s second law: The inertia of the fluid multiplied by its acceleration equals
the force. It follows that the force per unit volume is —V4§P, i.e. the fluid is pushed towards
regions of lower pressure. From that we can already see that a system with a given energy
density that is surrounded by vacuum will increase in volume. The collective radial expansion
of the medium is referred to as radial flow. The radial component of eq. (3.12) is given by

ov, 1 oOP

T (3:13)
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We consider the system evolution as an isentropic process and substitute de/ (e + P)=dlIns.
We define the velocity of sound ¢;=+/0P/0e and obtain

Ov, _ 50Ins

T (3.14)

For simplicity, we assume a Gaussian entropy density profile at the thermalization time 7=7y:

s(r) = spexp (—;;2> (3.15)

p is the transverse size at the thermalization time. Integrating over ¢, we obtain for small times

2
v cir
By = — = "=_¢. (3.16)
c p
It can be seen that the radial flow velocity increases essentially linearly in time for small times
after the thermalization time 7g.

3.2.3 Freeze-out

Within the Cooper-Frye freeze-out picture [90], the momentum distribution of the outgoing
free particles measured by the particle detectors is essentially the momentum distribution of
particles within the fluid after the hydrodynamic expansion. The transition from the fluid to
individual particles cannot be described by fluid dynamics, so it is assumed that the late stages
of the expansion do not alter the essential features of the momentum distributions [88].

A detailed description of the thermal properties of the hadron spectra can be found in [91]. The
invariant momentum spectrum of particles radiated by a thermal source with temperature 7" is
given by

d3N dN % E—yu
E = = E — 3.17
Bp  dymrdmrdé  (21)° eXp( T ) ’ (3:.17)

where g is the spin/isospin degeneracy factor, u the grand canonical potential

p= Bup + Sus + Quq (3.18)

as originating from its baryon number B, strangeness number S and electric charge . The
transverse mass was defined in eq. (1.6) and equals the energy of a particle in the transverse
plane (p,=0). For simplicity, quantum statistics is neglected and instead a Boltzmann distri-
bution is used. Integrating over the surface of the source, we obtain the invariant momentum
distribution

AN gV mr

- s () (7). -1
demT (27T)2mT ! T mT4>)>T 7T eXp T (3 9)

with the modified Bessel function K; that behaves asymptotically like

I a?
Ku(z) ~ \/;exp (—2)(1+ 0(7)) for z>1 [92] . (3.20)
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For a static thermodynamic source, the mrp-spectra for various particle types are expected to
have an exponential spectrum with almost uniform common slope 1/7". This behavior known
as transverse mass scaling is broken, if the fluid moves. It can be shown that eq. (3.19)
transforms under a Lorentz boost with transverse rapidity p to:

dN R mT cosh(p) pr sinh(p)
_— d Ki|— )y | ———— 3.21
mopdmr OC/(; rarmT il ( T 0 T ( )

The transverse rapidity is given by p=tanh™! (3, (r)), where the transverse velocity distribution
inside the fireball 3, is parametrized by B;(r)= (s (%)n with the surface velocity fs. It can be
immediately seen that for a static source (p=0), eq. (3.21) is identical? to the unboosted
distribution eq. (3.19). In general it can be distinguished between comoving particles (pp~
mpB7) and fast particles (pr >mp), implying different limits for the Bessel functions. For fast
particles, we use that Io(z)~exp(z)/v27z [92] and eq. (3.21) becomes an exponential function:

dN R h (p) — prsinh
— X / rdr, [T exp (—mT cosh (p) = prsin (p)) (3.22)
mydmT 0 pT T

In the limit of negligible mass (mr =~ pr for pr — 0o0) this relation simplifies to:

R o
lim _ AN x / rdrexp [ — m (cosh (p) = sinh (p)) (3.23)
mr—pr mpdmr 0 T

A better understanding of the slope can be achieved by taking the log of eq. (3.23) and differ-
entiating with respect to mp. As explicitly shown in [91], using that cosh(x) — sinh(z) =exp(x)
and tanh™(z)=1/2In((1 + z) / (1 — 2)) we obtain:

) d dN cosh(p) — sinh(p) 1 /1-5
1 1 _ —— 3.24
mTlgloo dmr " <demT> T TV 1+ 5, ( )

Thus, the inverse slope parameter or apparent temperature T, can be understood as the

blue-shifted original temperature of the source T':

1+ Br
1_67"

TH:T

€

(3.25)

At small values of mt (pr~m), the situation is much less clear because at low m the Bessel
functions tend to steepen the spectra, while large hadron masses tend to flatten the spectra [91].

3.2.4 Azimuthal anisotropy

In the following, it shall be demonstrated that deformations of the initial energy density distri-
bution translate into azimuthally anisotropic pressure gradients. The deformation of the Gaus-
sian entropy profile eq. (3.15) is described by the Fourier decomposition with the eccentricity

2B,-(r)=0— p=0 implies that sinh(0) =0— Io(0) =1 and cosh(0)=1.
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coefficients ¢,, defined in eq. (3.7):

7"2 (1 + Zn €, COS (7’L (¢ - an)))) [93] (326)

PN Q65 e

The fluid velocity is then given by

Br(¢) = <1+Zﬁ cos(n(p—w ))) , (3.27)

with g = c2rt/p?. It can be explicitly seen that the pressure gradients transform the deformation
of the initial entropy density distribution into larger radial flow velocities along W, , which is
the reference angle of the n-th order eccentricity €,. The expansion of the medium results
into a blue-shift of the particle spectra, which depends on the azimuthal emission angle. In
other words, the pressure gradients turn the initial asymmetry in the coordinate space into an
anisotropy in momentum space. The azimuthal distribution d/N/d¢ of particles produced in an
individual heavy-ion collision can be expressed as a Fourier series,

dN Ny
— =142 v , 2
1 2 + n>lv cos (n (¢ — ¥y)) (3.28)

where Ny is the average particle yield, v,, is the magnitude and ¥, is the corresponding angle
of the maximum n-th order anisotropy. The coeflicient v,, is defined as

¢ do COS( (¢ —¥,))

(3.29)
Faofy

In the following, it shall be explicitly shown how wv,, is related with the eccentricity and the
radial flow velocity. We introduce the fluid 4-velocity with u=sinh(p) and u"=cosh(p). For
simplicity, the r dependence of the fluid velocity shall be neglected in the following. From the
identity cosh?(z) — sinh?(x) =1, it follows that u® =+/1 4 u2. First order Taylor expansions at

B=Po yield
u = sinh (tanh ™' (B)) ~ B (3.30)

and

=1+ B2, ~\/1+ 62+ (B—Po) - (3.31)

\/50

Using that y=1/4/1 + 8§ and considering only the n-th order eccentricity e,,, we can write:

u () = Po(l+2e,cos(n(p—V,)) (3.32)

W0(p) = ,1y + 27826, cos (n (¢ — V) (3.33)
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We insert eq. (3.32) and eq. (3.33) in eq. (3.23) and obtain

dN mru’ (¢) — pru (¢)
— v/ — .34
mrodmr > MTPT OXP ( T (3.34)
= /mrprexp (_(mm ;pTﬁ0)>
(m1vBo — p1)
X exp —#26(]6” cos(n(p—9,)) | . (3.35)
Using a Taylor expansion of the exponential function (exp=1+ x) we obtain
dN (pr — m1ybo)

Comparing eq. (3.36) with eq. (3.28), the n-th-order azimuthal anisotropy v,, is given by

_ €00
" T

v (pr — vBomr) - (3.37)

In ideal hydrodynamics, the azimuthal anisotropy increases essentially linearly with pr. At a
fixed pr, the transverse mass m is larger for heavier particles, which implies that light particles
have a larger azimuthal anisotropy than heavy particles. This feature known as mass ordering
is a clear fingerprint of hydrodynamic behavior. Finally, it shall be noticed that eq. (3.37) is
not valid for low energetic (comoving) particles. It is shown in [94,95] that v,, vanishes at low
transverse momentum as prp, if the momentum distribution is regular at pr =0.

3.3 Hadron spectra and yields

It shall be briefly discussed, how the measured hadron spectra and yields compare with the
hydrodynamic description and which conclusions about the time evolution can be drawn.

3.3.1 Isotropic radial flow

Figure 3.8 shows the transverse momentum
spectra for pions, kaons and protons in Pb-Pb
collisions at |/sNN=2.76 TeV and Au-Au colli-
sions at /sNN=200GeV. It can be seen that
the spectra at the LHC are flatter than those
at RHIC, which indicates a stronger radial flow
at the LHC. The radial flow velocity 8 and
the corresponding temperature 7' can be ex-
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200 GeV [96], 8 is about 10% higher at the LHC, while the extracted temperatures are compa-
rable within errors.

3.3.2 Thermal model

It was already observed in ete™ collisions at the CERN LEP [97] that the hadron production
rates seem to be proportional to m3/2 exp(—m/T), which follows just from the assumption
that the phase space is filled thermally at the hadronization. Higher temperatures enhance the
thermal production of heavy hadrons.

The thermal model is a quantum statistical description of the Cooper-Frye freeze-out picture.
It describes the thermal composition of particle yields in heavy-ion collisions using the partition
function of a grand canonical ensemble,

Vgi [ E; —
InZ(T,V,pu) = 27r92 /0 +p?dpln (1 + exp (—T“>> , (3.38)

with + for fermions and — for bosons. The partition function describes all thermodynamic
properties of the fireball composed of hadrons. The average number of particles (N;) =Vn; of
a given species can be calculated from the number density n; and the volume V. For the final
particle composition, also contributions from decays of higher hadronic resonances have to be
taken into account [30].
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Figure 3.9: Thermal model fits to hadron production in (left) Au-Au collisions at /syn=
200 GeV at RHIC and (right) central Pb-Pb collisions at \/sxy=2.76 TeV at the LHC [98].

Figure 3.9 shows a compilation of RHIC and LHC data for hadron production in heavy-ion
collisions. In the RHIC data, protons are slightly above antiprotons indicating that the net
baryon density is still above zero. A non-zero net baryon density results from the fact that
particles are collided with particles and not particles with its antiparticles. It can be seen that
the particle multiplicities at the LHC are larger than those at RHIC, due to the increased
collision energy. As a consequence, protons and antiprotons are at the same level, since the
initial baryon composition of the colliding nuclei becomes negligible. The thermal fit to the
LHC data yields a temperature of T}, =164 MeV/kg being close to the critical temperature T..
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It can be observed that the proton and anti-proton production is unexpectedly low at the LHC
(about 50%) compared the thermal model fit. Protons and anti-protons have been excluded
from the fit, since their inclusion would drive the temperature to rather low values. However,
the apparent proton anomaly is puzzling and the physical origin needs to be clarified. The
authors of [98] argue that the anomaly is already indicated by the RHIC data and might be
due to proton-antiproton annihilation in the hadronic phase.

3.3.3 Transverse mass scaling

Transverse mass scaling states that hadron differential cross sections plotted as a function of
the transverse mass mr have all the same shape f(mr) with an absolute normalization factor
CY, for each species:

d®*N

E—r =Chf(m 3.39

T = Ouf(m) (3:9)
Hagedorn proposed the following empirical formula to describe hadron pr differential invariant
cross sections [99]:

d3N _ A N Aexp (;%’T) for pp—0 (3.40)
dp>  (1+EL)n A (5—2) for pr — 00

It assumes exponential behavior at small transverse momentum pt and becomes a power law at
large transverse momentum. The power law behavior is inspired by the quark-interchange model,
which states that the hadron invariant spectra should behave like (m?+p%)~*=m;® [100]. Other
parametrisations, in particular for the hadron spectra in nucleus-nucleus collisions, can been
found in the literature [101].

Figure 3.10 shows a compilation of various meson production cross sections in pp and Au-Au
collisions at \/sxn = 200 GeV. The data are compared to a parameterization based on mr scaling
[102]. It can be seen that all measured spectra in pp collisions can be described by mt scaling.
In particular, n’s and kaons follow the same mT scaling prediction, since they have similar
masses®. In Au-Au collisions, the spectra are flatter due to the presence of radial flow. While
mr scaling still describes the 7 spectrum, kaons are now clearly enhanced compared to the
mr scaling expectation, which is known as strangeness enhancement.

Historically, m scaling was rather an empirical and phenomenological finding [103-106] and
not related with any theory about the hadron production. As shown in section 3.2.3 (eq. (3.19)),
the scaling in the transverse mass directly follows from the freeze-out of thermal distributions.
However, it is not obvious why thermal models give a satisfactory description of particle spectra
and abundances in pp and even e'e ™ collisions, where thermal equilibrium is not expected at
all [88]. It is argued that the mr scaling behavior could arise from the hadronization (i.e.
fragmentation): Within the phenomenological Lund scheme [107,108] the probability for string
breaking during the fragmentation is given by exp(—7rm2F /K), where k is the string tension.
The PYTHIA event generator is based on the Lund scheme and it can be seen in [109] that
PYTHIA gives similar results compared to mr scaling.

3m, =547.85 MeV/c?, m e+ =493.67 MeV/c? [9]
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Figure 3.10: Compilation of meson production cross sections in (left) pp and (right) Au-Au
collisions at /syN =200 GeV. The data are compared to a parameterization based on m scaling
[102].

3.3.4 Implications for the chemical and kinetic freeze-out temperature

The temperature extracted from thermal model fit to the particle yields (cf. section 3.3.2)
can be interpreted as the chemical freeze-out temperature 7, . While the chemical freeze-out
temperature explains both, the particle spectra and ratios, in pp collisions, the presence of
hydrodynamic flow in heavy-ion collisions results in flatter spectra. As a consequence, the tem-
peratures from the spectra using the Blast-Wave fit T} = (cf. section 3.3.1) are smaller than the
temperature from the particle ratios 7}, . This finding can be interpreted by a lower temperature
at the kinetic freeze-out Ty ~T, . The fact that T ; >T} is interpreted in the following way:
inelastic collisions maintain the chemical equilibrium and stop after the temperature drops be-
low the chemical freeze-out temperature, but there are still elastic collisions that maintain the
kinetic equilibrium until the kinetic freeze-out. Thus, particles abundances are already frozen
at the chemical freeze-out, while the kinematic properties and thus the shape of the spectra is
determined at the kinetic freeze-out at a later stage of the time evolution.

3.3.5 Jet quenching

Jets are collimated sprays of particles originating from the fragmentation of hard scattered
partons. The hard production of partons can be described by perturbative QCD, while the
process of fragmentation is theoretically hard to access, since the coupling as becomes stronger
during the fragmentation. The vacuum fragmentation of partons into hadrons can be experi-
mentally accessed and is parametrized in fragmentation functions. In the absence of any initial
and final state modification, such as the modification of the nuclear structure function and
jet-medium interaction, respectively, one would just expect that the high-pt particle produc-
tion in nucleus-nucleus collisions scales with the number of binary collisions Ny compared to
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Figure 3.11: (left) Nuclear modification factor R,, in central and peripheral Pb-Pb collisions
and p-Pb collisions [110]. (right) Schematic illustration of jet-quenching. Figure by K. Reygers
[111].

elementary hadron collisions. Thus, a useful measure of any in-medium modification is given by
the nuclear modification factor:
dNpy, pp/dpr

Ry = 3.41
AA Ncoll : dep/de ( )

Experimental methods for jet analysis are either based on a full reconstruction of the jet
fragmentation [112,113] or study the particle production at large transverse momentum. Fig-
ure 3.11 (right) illustrates the production of two partons, the interaction with the medium
with radiative energy loss (gluons), and the fragmentation. The study of the parton energy
loss allows us to learn more about QCD in the regime of deconfinement. The sensitivity of the
parton energy loss to the parton flavor and color content is studied in measurements of the
nuclear modification factor for identified particles with different quark content (cf. [114-122]).
Since particles emitted along the the impact parameter have a shorter path length through the
medium compared to those emitted perpendicular to the reaction plane, measurements of the
elliptic azimuthal anisotropy v, at large momenta might help to unveil the path length depen-
dence of the energy loss (cf. [123-126]).

Figure 3.11 (left) shows the nuclear modification factor for charged particles measured in p-Pb
and Pb-Pb collisions. In peripheral and even more in the 0-5% most central Pb-Pb collisions,
particle production is significantly suppressed (R, ,<1), which is attributed to the in-medium
parton energy loss and referred to as jet quenching. Due to the absence of medium effects,
nucleon-nucleus collisions are an important test for any initial state modification such as nu-
clear shadowing [127], gluon saturation [128], or the Cronin effect [129]. The Cronin effect
describes the enhancement of the hadron production at intermediate pt in R, which is gen-
erally attributed to multiple scattering of projectile partons propagating through the target
nucleus [130]. Nuclear shadowing and saturation effects lead to a nuclear modification factor
smaller than unity, while the Cronin effect is expected to increase the production at intermediate
pr. While significant Cronin enhancement was observed in d-Au collisions at RHIC [131,132],
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the LHC R, data are consistent with unity above 2 GeV/c, which indicates that the strong sup-
pression of the hadron production at high pr in Pb-Pb collisions is not due to any initial-state
effect, but the fingerprint of jet quenching in hot QCD matter [110].

3.4 Anisotropic flow

It was demonstrated in section 3.2.4 that azimuthally anisotropic flow results in azimuthal
anisotropic particle spectra. A historical review of collective flow can be found in [133, 134].
Since the microscopic particle production processes are azimuthally isotropic, the observation of
azimuthal anisotropy is a clear experimental signature of macroscopic hydrodynamic behavior.
At large transverse momenta, the particle production is dominated by the fragmentation of jets.
In that regime, azimuthal anisotropy dominantly originates from the path length dependence
of jet quenching discussed in section 3.3.5. In the present section, we will focus on the aspects
of the hydrodynamic flow at small transverse momenta.

Experimentally, it is not always possible to measure the event-by-event particle distribution and
to extract the azimuthal anisotropy as defined in eq. (3.29). A common experimental definition
is given by

vy = (cos (n (¢ = W,))) (3.42)

where the brackets indicate an average over all particles of interest in all events [52,135-137].
Details of different experimental methods are discussed in chapter 7.

3.4.1 Centrality dependence of the pr-integrated anisotropic flow

Flow is the response of the system to deformations of the initial energy density distribution. It
was found in section 3.2.4 that the azimuthal anisotropy v, is essentially proportional to the
corresponding eccentricity €, of the initial energy density profile for small values of €,. Non-
linearities are stronger for higher harmonics, which might be due to shock waves that hinder the
development of anisotropies [93]. Due to momentum conservation, the pp-integrated directed
flow v, is small at mid rapidity or integrated over a symmetric rapidity window [138,139].
Thus, we will focus on higher-order anisotropic flow in the following.

Figure 3.12 shows the first four higher order harmonics of the pp-integrated anisotropic flow for
charged particles as a function of the centrality.

Elliptic flow v, is mainly induced by the almond shape of the reaction plane. This can be
seen by the strong centrality dependence: v, is maximal for mid-central collisions and decreases
for more central collisions until it reaches a limit, where the reaction plane is almost symmetric
and e, is dominated by fluctuations.

Triangular flow vg is mainly induced by fluctuations, which is indicated by the weak centrality
dependence. Measurements of the correlation between the second and third order event plane
yield no significant correlation and thus support the initial state fluctuation origin of triangular
flow [140]. Figure 3.12 shows also a v measurement with respect to ¥, ~W¥grp (green points),
which is consistent with zero. Thus, triangular flow is not correlated with the reaction plane.
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The linear relation between v, and €, does = o
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and mid-central collisions. For the CGC model 010505040 50 6070 80

v, /€, and vy /€5 are almost equal in central col- centrality percentile

lisions, which is expected for an almost perfect Figure 3.12: (top) vy, vs and v, (0.2<pr <

5.0GeV/c) as a function of the event cen-
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liquid with v,, €, [93]. For mid-central and pe-

3.4.2 Event-by-event fluctuations

Within a given centrality class, the eccentricity fluctuates from one event to the other due to
fluctuations of the impact parameter and the position of the participant nucleons. Therefore,
fluctuations make the elliptic flow larger in the participant plane Upp than in the reaction plane
Wrp. since the direction of maximum anisotropy V¥, fluctuates around Wgrp and is stronger
correlated with Wpp [137]. At the LHC, particle multiplicities are large enough to measure the
v,, event-by-event probability distributions, which are shown in fig. 3.13. For v; and v,, the
probability distributions are well described by Gaussian distributions, which fails for v, except
for the most central collisions, since €, in non-central collisions is dominantly induced by the
asymmetry of the reaction plane and not purely driven by fluctuations as €.

3.4.3 Quark coalescence

In vacuum, the hadronization of a single parton is described in terms of string-breaking sce-
narios or parametrized in fragmentation functions. The hadronization is strongly affected by
the presence of other partons close in phase space: In a dense phase-space scenario, colored
partons essentially ‘coalesce’ into colorless bound states, similar to the formation of light nuclei.
Even more remarkably, the objects that coalescence appear to be valence quarks. This finding is
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Figure 3.13: Event-by-event probability distribution of v,, for (left) elliptic, (mid) triangular,
and (right) quadrangular flow of charged particles with pp > 0.5 GeV/c [143].

surprising, since partons are overwhelmingly gluons and non-valence quarks at small Bjorken-
x [144]. In a coalescence picture, the hadron momentum is just the sum of the momenta of its
nq valence quarks with nq =2 for mesons and nq =3 for baryons:

Tq
Ph= Y Pai (3.43)
=0

The magnitude of the anisotropic flow v,, of a bulk system of quarks and the hadrons into which
they coalesce is given by

Nq
vh(pr) =Y ud (zipr) (3.44)
=0

with the momentum fraction z; and Z?:qo x;=1. In the event that the constituent quarks have
similar elliptic flow — which requires that the coalescing quarks are close in phase space — this
gives the number-of-constituent-quark scaling (NCQ scaling):

n(P3/3) _ op(pF/2)

3 2

v

h/ h
v (PT) = nqui(pr) = (3.45)
NCQ scaling was first observed at RHIC and will be further discussed in section 3.4.4. The ob-
servation of quark coalescence provides clear evidence for a thermalized state of partonic matter.
Coalescence also provides a natural explanation for the observation of baryon enhancement at
intermediate pr and for the separation of meson and baryon nuclear modification factors [144].

3.4.4 pr dependence

It was demonstrated in section 3.2.4 (eq. (3.37)) that v,, is expected to increase linearly with
pr in ideal hydrodynamics, which can be observed at low transverse momentum (pr <1 GeV/e)
in the data shown in fig. 3.14. The presence of fluctuations leads to a different structure of
gradients, which reduce or increase v,, at a given pp. Those gradients increase radial flow at
higher pp, which reduces v, at higher pr [146,147]. In addition, v,, is significantly reduced
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by non-zero viscosity (n/s>0) and thus the measurement of v,, constrains the viscosity of the
quark-gluon plasma (cf. section 3.4.6). At high momentum, v,, decreases due to the increasing
dominance of particle production from jet fragmentation. Figure 3.14 shows the elliptic flow v,
of identified charged hadrons measured at the LHC and at RHIC. The data clearly shows the
expected mass ordering;:

or (pr) > o (pr) > 08 (pr) (3.46)

at pp S2GeV/e, which is a fingerprint of the hydrodynamic evolution. Similar mass ordering
can also be observed for other harmonics [145]. The hierarchy is even more pronounced in the
LHC data, which might be attributed to the stronger radial flow at the LHC that gives more
weight to the mr part in eq. (3.37) and thus enhances the mass splitting. If this behavior is
driven by a hydrodynamic pressure, v, for each particle species should scale with the trans-
verse kinetic energy KE1T=mt —m [148]. In other words, the pressure gradient is directly
linked to the collective kinetic energy of the emitted hadrons.

At intermediate pr~2-4GeV/c, mass order-
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beam energy is reduced might indicate that
the initial energy of the system is below the Figure 3.14: pr dependence of v, for identified
threshold for a quark-gluon plasma creation hadrons [145].

and thus shed light on the onset of deconfine-

ment [144]. Recently, the PHENIX collaboration proposed a generalized scaling behavior of

v,/ ngq/ 2(KET /nq) that holds for different harmonics [150].

3.4.5 Breakdown of number-of-constituent-quark scaling

The STAR collaboration has measured the difference in the pr integrated v, between particles
and their corresponding anti-particles vy(X) —v,(X) as a function of the center-of-mass energy.
The results shown in fig. 3.15 (left) demonstrate that NCQ scaling between particles and their
corresponding anti-particles is broken at small beam energies [26,151], which might indicate a
contribution from the hadronic phase. Interestingly, pions show opposite behavior compared to
the baryons, while kaons are almost symmetric. The broken degeneracy of positive and negative
particles might also be explained by electric quadrupole moments induced by chiral magnetic
waves in the bulk, known as the chiral magnetic effect [153]. Furthermore, the results for
¢ mesons provide evidence for a smaller v, compared to other particles in the frame of the
number-of-constituent quark scaling [154]. Figure 3.15 (right) shows the NCQ-scaled identified
particle v, as a function of KET normalized to pions. It can be seen that pions and kaons agree
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Figure 3.15: (left) Difference in v, between particles and their corresponding anti-particles as
a function of the center-of-mass energy in 0-80% central Au-Au collisions [151]. (right) NCQ-
scaled identified particle v, as a function of KET normalized to pions [152].

within uncertainties above 0.25GeV/e, but deviates at low pp. The azimuthal anisotropy of
baryons such as protons and A baryons are overestimated by the NCQ-scaled pion measure-
ment at intermediate and particularly at low pr.

However, even though NCQ scaling still gives a satisfactory description of the intermediate pr
region at higher collision energies a detailed quantitative understanding of the intermediate pr
region is still missing. It seems impossible to separate an intermediate pt region from a the low-
pr domain dominated by hydrodynamics and mass scaling and a high-pr domain dominated
by the path length dependence of jet energy loss [155,156].

3.4.6 Viscous corrections

It is obvious that the perfect fluid picture

5 [ contratity s0-40% (Kn—0) is just an approximation. A more ac-
L o v@ . .
I curate description of the system evolution re-
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dients of the macroscopic flow. The magnitude
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transverse momentum pr in mid-central col-
lisions (30-40%) in comparison to hydrody-
namic model calculations [141,157].

of viscosity is related to the relaxation time and
viscous effects disappear as the relaxation time
approaches zero. In the microscopic language of
particles physics, a low viscosity translates into
a small mean free path or large rescattering cross sections between the particles. The bulk vis-
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cosity reduces the radial acceleration and thus inhibits the buildup of radial flow. The shear
viscosity reduces flow anisotropies, i.e. it hinders the medium to translate deformations in
the initial energy density profile into azimuthal anisotropies in the particle production. Thus,
bulk velocity leads to steeper pt spectra, while shear viscosity renders them flatter and reduces
azimuthal anisotropies [88,158,159].

fluid P [Pa] T[K] n[Pa-s] n/s[h/ks]

H,O 0.1-10° 370 29-107% 8.2
‘He 0.22-10 5.1 1.7-1076 0.7
QGP 88-10% 2.10"2 <5.10U 0.4

Table 3.1: Pressure P, temperature 7', viscosity 7, and viscosity-to-entropy-density ratio n/s
for various fluids. Data taken from [160].

In a simple picture, the shear viscosity of a liquid scales like

E
1 & nexp <T> , (3.47)

where n is the density, T the temperature, and E an activation energy. It can be seen that the
viscosity grows as the temperature is lowered. The viscosity of a typical fluid has a minimum as
a function of temperature in the vicinity of the liquid-gas phase transition. A simple estimate for
the viscosity of a dilute gas is n= %%, where (p) is the average momentum and o the transport
cross section. This implies that the viscosity of a dilute gas grows with temperature (pTl/ 3,
while the viscosity of a liquid decreases, which gives a minimum viscosity in the vicinity of
the liquid-gas phase transition [161]. Experimental results show that the minimum value of the
viscosity of good fluids — such as water and liquid helium — and a quark-gluon plasma differs
by many orders of magnitude (see table 3.1). Thus it is desirable to normalize the viscosity to a
suitable thermodynamic quantity in order to make more useful comparisons. For non-relativistic
gases a suitable normalization is provided by the viscosity-over-mass density p=mn known as
the kinematic viscosity. In relativistic hydrodynamics the Reynolds number is defined in terms
of the ratio n/(sT"), which indicates that the viscosity-to-entropy-density ratio n/s could serve
for comparisons. Good fluids are characterized by /s~ h/kp. Estimates for the shear viscosity
of the quark-gluon plasma can be obtained from lattice QCD [14,162], but the actual value is
still under discussion. It can be seen that n/s of the quark-gluon plasma is even smaller than
that of liquid helium, which makes it the most perfect liquid. A universal lower bound on the

viscosity to entropy ratio in strongly interacting quantum field theories,

n 1
- > — =x=0.08, 3.48
s 47 ( )

has been proposed on the basis of a correspondence with black-hole physics (AdS/CFT) [163].
Experimentally, values for the viscosity can be constrained by comparison of hydrodynamic cal-
culations with different viscosity to the data. Figure 3.16 compares the data to hydrodynamic

model calculations using Glauber initial conditions with 1/s=0 and 1/s=0.08. It can be seen
that the pt dependence is described by both calculations, but the magnitude is better fitted by
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n/s=0 for vy, while v4 is better described by 1n/s=0.08. This effect may be due to the Glauber
initial conditions [141].

It is argued that the shear viscosity 7/s can be best estimated from pr-integrated v, mea-
surements in the most central collisions [164]. Fits to ATLAS data [165] constrain the shear
viscosity to 0.07 <7/s<0.43 [164]. Another calculations [166] yields a similar result of /s~ 0.2
with a systematic uncertainty of about 50%. The systematic uncertainty arises from the initial
conditions and is usually estimated by comparing calculations with different initial conditions
from Glauber and saturation models.

3.4.7 Non-flow effects

Non-flow effects include any correlations of particles that are not due to the collective hy-
drodynamic expansion of the medium, e.g. jets, particle decays, or Bose-Einstein correlations.
The correlation of particles from jets appear only in a small cone around the leading parti-
cle. Consequently, non-flow effects can be suppressed by requiring a certain pseudorapidity gap
|ni — nj] > Anmin between the particles. Assuming no hydrodynamic flow in pp collisions, non-
flow contributions can be estimated by comparing azimuthal correlations in pp collisions to
those measured in heavy-ion systems [167].

3.5 Summary

The present chapter discussed our present understanding of the time evolution in heavy-ion colli-
sions. In particular, it was shown in that the initial energy densities created in these collisions are
large enough to form a quark-gluon plasma. It was further shown that experimentally observed
hadron spectra and yields can be described by hydrodynamic and thermal models, which is a
clear evidence for thermodynamic behavior. In particular, the measurement of hadron spectra
and yields allow us to constrain the chemical and kinetic freeze-out temperature. Hydrodynamic
models describe the general features of the spectra and the azimuthal anisotropy at low pt. The
transverse expansion velocity of the medium is about 2/3 of the speed of light. Measurements of
higher-order harmonics of the Fourier decomposition of the azimuthal anisotropy constrain the
shear viscosity-to-entropy-density ratio to n/s~0.2, which implies that a quark-gluon plasma
behaves much like a perfect fluid [36].
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4. Direct photon production in
heavy-ion collisions

Photons originate from a variety of production mechanisms that are relevant at different stages
of the collision evolution, which is illustrated in fig. 4.1. First, it shall be distinguished between
photons from hadron decays that occur on typical time scales' of 107 fm/c and photons that
are produced on time scales of the fireball evolution ¢ <tg =~ 10 fm/c. We define the latter com-
ponent as direct photons.

hard scattering (prompt)
jet fragmentation
parton-medium interaction
QGP thermal
hadron gas thermal
. hadron decays

----- >

1 10 10" log t (fm/c)

S pr (GeV/c)

Figure 4.1: Time scales and momentum ranges of different photon production mechanisms in
heavy-ion collisions.

Direct photons are a unique tool for the study of the collision evolution in nucleus-nucleus
collisions. Since electromagnetic interactions are much weaker compared to strong interactions,
a strongly-coupled medium of femtoscopic size can be considered to be transparent to pho-
tons. The mean free path of a 1 GeV/c photon in a quark-gluon plasma at a temperature of

=200 MeV/kg is about A =430-480 fm [168,169] and thus much larger than the characteristic
size of the system, which are of order 10fm at freeze-out time (cf. section 3.1.4). Thus, direct
photons can escape without interaction from the strongly-coupled medium once they are created.

Experimentally, it is not possible to distinguish between direct photons and decay photons on
an event-by-event basis even though the time scales for the production are separated by orders
of magnitude. The decay length of strongly and electromagnetically decaying hadrons cannot
be resolved experimentally and thus the production vertex of decay photons cannot be dis-
tinguished from the primary vertex. A typical secondary vertex resolution is of the order of
100 um [170] and thus four orders of magnitude larger than the neutral pion decay length. The
most common technique to access the direct-photon spectrum is the statistical subtraction

!The decay length of 7° =~y is cr =25.5nm [9)].
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technique, which is described in section 4.1.

Direct photons can be further distinguished with respect to their production mechanisms (cf.
[29,171-177]):

Prompt photons are produced at the short time scale of the collision and can be traced
directly to incoming partons. Prompt photons are produced in next-to-leading-order pertur-
bative QCD processes in the hard scattering of incoming partons and the fragmentation of
outgoing partons. In heavy-ion collisions, the fragmentation is modified by in-medium effects
and additional photons arise from the interaction of high-pt partons with the medium.

Thermal photons are emitted by the scattering of thermalized particles in the quark-gluon
plasma and the hadron gas.

The production of prompt and thermal photons is discussed in sections 4.2 and 4.3, thereafter
the direct-photon azimuthal anisotropy in section 4.4 and Hanbury Brown-Twiss interferometry
for direct photons in section 4.5.

4.1 Statistical direct-photon extraction

The experimentally observed sum of direct photons N, qi; and hadronic decay photons N, pg,
mainly 7 —~7®*), is commonly referred to as inclusive photons
Nyjine = Ny bg + Ny dir - (4.1)

The contribution of photons from hadron decays is usually estimated from the measured hadron
spectra using a cocktail stmulation and subtracted from the inclusive photon measurement,
which implies that direct-photons can only be identified statistically averaged over many events.

It can be distinguished between virtual and real
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Figure 4.2: Electron pair invariant mass dis-

tribution [102].
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into dilepton pairs (e.g. v*—eTe™) inside the
medium (internal conversion), real photons
can escape the interaction zone and then either
be measured in an electromagnetic calorimeter
or be reconstructed from the externally con-
verted dilepton pair, which can be tracked as
charged particles. The latter approach is called
external conversion method and described
in detail in section 8.2. Virtual photons can be
extracted in a similar way from the dilepton
spectra, which is referred to as internal con-
version method. Figure 4.2 shows the dielec-

tron invariant mass distribution for small M.+, <500 MeV/c?. The background from hadron
decays is estimated from a cocktail simulation including the decays of the scalar mesons 7, n
and 7' and the vector mesons w and ¢. It can be seen that for small M.+~ the spectrum is
dominated by the neutral pion Dalitz decay 7° — vv*, while at M+, > 120 MeV/c? the direct
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photon signal-to-background ratio improves. The number of dilepton pairs per photon is given
by the Kroll-Wada formula [178],

1 dN, 2 4m2 2m? 1
1 s [Ty 1 0
N,dMg+e- 37 Mz, - Mz ) Mete-
with
2 M? 3
g |F (M2 )| <1 — R};) for hadron decays (4.3)
1 for point like processes with pp > M +.-

where M +.- is the dilepton invariant mass, m, is the electron mass, M is the hadron mass and
F (M3+e_) is a form factor. The Kroll-Wada formula is fitted at small M+, <30 MeV/c? for di-
rect photons fgi;(Me+.-) (orange line) and background f.(Mq+.-) (blue line). The direct-photon
excess R4 = NV dir Nvhine (Af L <30 MeV/c?) can be extracted by a two component fit of
faie(My+o-) and fe(Mg+o-) to the data in the range 120-300 MeV/c? (black line).

4.2 Prompt photons (pQCD)
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Figure 4.3: Feynman diagrams for next-to-leading-order pQCD prompt photon production [29].

Figure 4.3 shows the next-to-leading-order perturbative QCD diagrams for prompt photon pro-
duction. The first kind of process includes quark-gluon Compton scattering ¢+ g — g+~ (upper
left) and quark-antiquark-annihilation ¢ + ¢— g + v (lower left). A Feynman diagram for the
vacuum fragmentation (¢ + g— g + g + ) is shown in the upper right panel. The rates of such
processes for elementary hadron-hadron collisions can be calculated in next-to-leading-order
(NLO) perturbative QCD.

It is expected that the prompt photon production in heavy-ion collisions scales with the num-
ber of binary collisions Noj. Thus, prompt photons are an important tool to study the nuclear
modification of the initial state parton distributions. Furthermore, prompt photons are sensitive
to the modification of jets in the medium. As illustrated in the lower left panel in fig. 4.3, the
jet fragmentation is modified by the in-medium energy loss of partons and additional photons
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are produced by jet-bremsstrahlung and jet-plasma conversions?.
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Figure 4.4: Direct-photon nuclear modification factor R, , for 0-5% central events compared
with theoretical calculations for different modification scenarios (see text) [180].

Figure 4.4 shows a measurement of the direct-photon nuclear modification factor R, , in the
transverse momentum range 4-22 GeV/c for Au-Au collisions at RHIC. We have seen in sec-
tion 3.3.5, that the production of hadrons is significantly suppressed in nucleus-nucleus colli-
sions, which is interpreted as the fingerprint of jet quenching in hot QCD matter. Photons do
not show a similar suppression as hadrons in nucleus-nucleus collisions, which is consistent with
the picture of transparency. The data are compared to theoretical calculation for possible modi-
fications of the photon production including initial and final-state effects. The nuclear structure
functions might be modified compared to an incoherent superposition of free protons [127,128].
In addition, the prompt photon production might be modified by the isospin effect, which
accounts for the different isospin components of the nucleus®. Those effects are included in
the ‘EPS09 PDF’ [182] calculation and also in ‘prompt+QGP’ [174,175]. The latter calculation
takes also into account that the parton energy loss can reduce the contribution of fragmentation
photons. Yet another calculation (‘coherent+conversion+AFE’ [183]) also includes final-state ef-
fects such as jet-Bremsstrahlung, the LPM effect? and jet-plasma conversions. While both
first scenarios are consistent with the data, the third one predicts the strongest deviation from
unity and disagrees with the data [180]. In summary, the data are consistent with unmodified
binary scaled prompt photon production in pp collisions. Small modifications might arise from
slight modifications of the initial state compared to pp and in-medium instead of vacuum frag-
mentation, whereas final-state effects are unlikely.

A similar probe than prompt photons are the electroweak W and Z boson, which are also
produced in NLO pQCD processes and not expected to interact with the medium. In measure-
ments at the LHC the production of W and Z bosons was found to be consistent with binary

2Production of a high-pr photon by the scattering of a hard parton on a thermal parton [179].

3The cross sections for p+p, p+mn and n+n are different due to the different quark charge content of protons
compared to neutrons [181].

“The Landau-Pomeranchuk-Migdal (LPM) effect describes a reduction of the Bremsstrahlung and pair pro-
duction cross sections at high energies or matter densities [184]
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scaled NLO pQCD calculations [185,186], which together with the finding for prompt photons
confirms the binary scaling of the particle production in pQCD processes.

Prompt photons produced in quark-gluon Compton scattering or quark-antiquark annihilation
processes are associated with an outgoing parton that fragments into a jet in the opposite
direction. Such processes can also be tagged experimentally by identifying isolated photons
and their correlation with associated hadrons in the opposite azimuthal direction. Isolated
photons are photons that have no accompanying particles or energy within some angular range.
They can be reasonably assumed to be direct photons at high transverse momentum, because
any parent hadron would be nearby at a close angle. It should be noted that the definition of
isolated photons explicitly excludes fragmentation photons. However, in heavy-ion collisions it
very challenging to search for isolated photons due to the large multiplicity densities [29, 187,
188]. The ATLAS and CMS collaboration have recently presented an isolated photon spectrum
in Pb-Pb collisions at /syny=2.76 TeV [189,190]. The isolated photon spectrum in pp and
Pb-Pb is reasonably well described by (binary scaled) next-to-leading-order pQCD calculations
and the isolated photon nuclear modification factor is consistent with unity.

4.3 Thermal photons

hadron |
system

Figure 4.5: Mllustration of thermal photon production [29].

It was suggested long ago [22,191] that rescattering of quarks in local thermal equilibrium would
lead to emission of real and virtual photons. Due to the transparency of the medium, those
photons could reveal the undistorted information about the system at their production time.
However, from the transparency of the medium it also immediately follows that photons can
never be in thermal equilibrium with the QCD medium. Thus, the thermal photon production
cannot be described by black body radiation, where the photon rate R is given by the Planck
formula,

dR E R E (4.4)
—_ X exp| —= |, .
d3p " exp % —1 BE>T P\

and the total radiated power increases with the fourth power of the temperature. Instead, the

E
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thermal photon production involves individual processes, where the lowest order diagrams give

dR ) E ET E
EdTp X QemOsT” exp <_T) log <k:§> E;T exp <_T> , (4.5)

where k. is an infrared cutoff that regulates the infrared divergence. As illustrated in fig. 4.5,
thermal photons are produced either through the scattering of partons (e.g. ¢ + ¢—g + 7y or
q+g— q+~) during the quark-gluon plasma phase or by hadronic interactions (e.g. 7+ + p—
7% 4+ 7) in the hot hadron gas phase.

It should be noted that any photon production process requires electrically charged particles,
which puts further constraints on the thermal photon production: Since the quark-producing
cross sections are smaller in perturbative QCD than those for gluon production [192], it is
expected that the medium is gluon dominated at early times [193] and it is not clear at
which stage of the system evolution electric charge is produced. Earlier, it was even argued
that a quark-gluon plasma would produce more photons at the same temperature than a
hadron gas, since quarks become massless due to chiral symmetry restoration in the quark-
gluon plasma (cf. [102,194-196]) and thus highly abundant. It is also under discussion, whether
pre-equilibrium radiation — e.g. from a stage, where the medium is kinetically equilibrated, but
not chemically — contributes to the direct-photon spectrum [29].

o E s~ 10%e
g , Pb-Pb — y+X, 5.5 TeV [0-10% central] :;’o B 5 % AuAuMin. Bias x10°
% 10 Totaly: prompt + thermal % 103§ o o AuAuO-20% 10
O 120 — . Prompt:NLOxN_,E_w,=50Gev| O [
= 10°E toss a 2L o = AuAu20-30% x10
= £ Thermal: QGP f—, E
= r & v p+p
B_10: Thermal: HRG “a 10
C © E .
.g- L T,(c,=0.1 fm/c) = 650 MeV z 3 Turbide et al. PRC69
£ - A
1L = L
‘% 107 610's
10%F L 102k
£ > E
10°c 810°L
F o E
10%g S0k
F r E
10°¢ & 105E
s F
10 g 106§
! L ‘ Ll ‘ Ll ‘ L1l ‘ L1l ‘ L1l ‘ Ll ‘ L1l ‘ F \Q\
1()7HH .7‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\
o 1 2 3 4 5 6 7 8 1077 2 3 4 5 6 7
P, (GeV/c) p, (GeV/c)

Figure 4.6: (left) Prediction for the direct photon production in Pb-Pb collisions at /SNy =
5.5 TeV [197]. (right) Direct-photon spectrum in Au-Au and pp collisions at /s =200 GeV. The
black dashed lines represent a fit to the pp measurement scaled by Neoy [123].

Figure 4.6 (left) shows a prediction for the direct photon production at the full LHC energy.
It can be seen that thermal photons have an exponentially decreasing spectrum, while prompt
photons follow a power law. Figure 4.6 (right) shows the direct-photon spectra in Au-Au and
the cross section in pp collisions at RHIC. The low-pt data points are determined by the
internal conversion method [187], while the high-pt data points are obtained from real photons
[198,199]. The pp measurement is reasonably well described by a binary scaled pQCD calculation
for prompt and fragmentation photons [172]. The black dashed lines represents a fit to the
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pp measurement scaled by the number of binary collisions Nco. The binary scaled pp yield
describes the Au-Au data for transverse momenta pp above 4 GeV/e, which is expected from
the dominance of pQCD photons at high-pr. At smaller transverse momenta, the spectra in
fig. 4.6 (right) show a clear excess above the binary scaled pp fit and pQCD calculations for
prompt photons. The low-pr data points in the spectrum are fitted with Aexp (—F/T_g), which
is the expected thermal photon rate from eq. (4.5) in the limit of pp>>T 4, where T 4 is the
apparent temperature introduced in eq. (3.25) and A an arbitrary normalization. The PHENIX
collaboration reports an inverse slope parameter of TRHIC = (220 4 1954 £ 19¥%) MeV/kg in
0-20% Au-Au collisions at /syy =200 GeV [200]. First measurements of the LHC in 0-40%
central Pb-Pb collisions by the ALICE collaboration yield an apparent temperature of Tel;fHC =
(304 £ 515tat+sys) MeV/ kg [201]. Since the functional form for thermal production is the same
for a hadron gas and a QGP, the shape of the spectrum alone cannot specify the nature of the
emitting medium. As a consequence of the higher temperature the photons originating from the
quark-gluon plasma have a slightly flatter spectrum compared to those from the hadron gas.
Recent calculations such as fig. 4.6 (left) include a substantial portion of thermal photons from
the quark-gluon plasma, which is expected from the photon production rates being proportional
to the second power of the temperature (eq. (4.5)). Estimates for the initial temperature range
from 300-600 MeV/kg [200] at RHIC and 500-600 MeV/kp at the LHC [34,35].

4.4 Azimuthal anisotropy of direct photons

Since the azimuthal anisotropy of direct photons depends strongly on their production mecha-
nism, a measurement of o allows to put additional constraints on their production time.
Prompt photons from the initial hard scattering are expected to be produced isotropically, if
they do not interact with the medium (U,Z’pQCD =0) [202]. Due to the path-length dependence
of the in-medium energy loss, jets are more quenched along the long symmetry axis perpendic-
ular to ¥, . Thus, photons from jet-fragmentations are also more suppressed in the out-of-plane
direction (v,, > 0), while the photons produced in jet-medium interactions are enhanced out-of-
plane (v, <0). Consequently, it is expected, that these contributions almost cancel out and the
prompt photon production is considered as almost isotropic [202].

Thermal photon production is affected by the hydrodynamic anisotropic flow, so that photons
emitted along ¥, get a stronger boost and blue shift. This results in a positive anisotropic flow
for thermal photons, while the magnitude depends on the magnitude of the anisotropic flow of
the system at the photon production time. Consequently, thermal photons from the quark-gluon
plasma phase are expected to have a small positive anisotropic flow, while photons from the
hadron gas are produced just before the chemical freeze-out and thus have an anisotropic flow
similar to hadrons. Current hydrodynamic calculations include a substantial portion of thermal
photons from the quark-gluon plasma, so that a rather small thermal-photon anisotropic flow
o ™heT s expected [203).

It can be seen in figs. 4.6 (left) and 4.6 (right), that prompt photon production is dominant at
large transverse momenta and thermal photon production at small transverse momenta below
dir

3-4GeV/c. Consequently, the general expectation is that v, is is positive and small at low

momentum and vanishes at high momenta above 4 GeV/c.

Figure 4.7 shows a measurement for the neutral pion, inclusive and direct-photon v, at RHIC.
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Figure 4.7: vy in minimum bias Au-Au collisions at /syn = 200 GeV, using two different reaction
plane detectors for (left) neutral pions (right) inclusive photons and (c) direct photons [204].

The two data sets correspond to different techniques for the neutral pion and inclusive photon

elliptic low measurement. The direct-photon azimuthal anisotropy v;’dir can be calculated from

the inclusive-photon anisotropy vy as

,inc v,bg
vodir RUQ — Y : (4.6)
2 R—1
with RY4" = Ny inc/N+bg [204]. The azimuthal anisotropy of decay photons vy P& can be esti-

mated from vgo in a cocktail simulation.

At large transverse momentum, the direct-photon v2’dir is consistent with zero within its un-
certainties, which is expected from the dominance of prompt photons. At small transverse
momentum, the elliptic flow of direct photons is comparable in magnitude to the elliptic flow
of inclusive photons and neutral pions, which is not expected from hydrodynamic calculations
and the considerations made above. A large thermal photon v, might indicate a dominant con-
tribution of thermal photons from the late stages of the evolution, where the bulk flow has
fully developed. It was even argued by Basar et al. [205] that the large azimuthal anisotropy
anisotropy might result from a novel photon production mechanism stemming from the con-
formal anomaly of QCD x QED and the existence of strong spectator magnetic fields. This
hypothesis can be tested by measuring the triangular direct-photon flow, since the direction of

triangular flow is uncorrelated with the reaction plane and thus the spectator magnetic fields.

4.5 Photon Hanbury Brown-Twiss interferometry

The production time of direct photons could be constrained by Hanbury Brown-Twiss interfer-
ometry, which measures the size of the region that contributes to the direct-photon spectrum.
Since photons are produced either directly from the medium or by the decay of hadrons, the
interferometry of photons includes two length scales: the femtoscopic scale of the medium and
the nanometer scale of decays. However, the large scale correlations will appear at a momentum
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difference of ¢ < h/nm~200eV /c [29], which much smaller than typical momentum resolutions
in heavy-ion detectors®. The first measurement of direct-photon HBT was performed by the
WAO98 experiment at the CERN SPS [207]. The correlation was studied as a function of the
invariant relative momentum ¢;,y, which equals the invariant mass M, for two massless par-
ticles. The measurement yielded HBT radii for direct photons being only slightly smaller than
those for pions, which suggests that the direct photons are emitted in the late hadron gas stage
of the collision. It will be interesting to see further measurements from RHIC and the LHC.
The STAR experiment has published preliminary data for photon correlations and observes a
significant peak at small gy, but it is not understood yet to what content this correlation is
due to Bose-Einstein correlations and apparatus effects [208].

For a fully chaotic source, the correlation

strength A is directly related to the fraction of
direct photons Ny gir =V2AN inc [209], which
allows one to measure the direct-photon yield

® Correlation method
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N Upper limit,
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— Sum

at very small transverse momenta. The direct-
photon spectrum in ,/syy=158GeV Pb-Pb 10
collisions at the CERN SPS are shown in 10 f
fig. 4.8. The first two low-pr data points were ol
determined from HBT correlations (closed cir- o
cles), whereas the other data points were mea-
sured by the statistical subtraction method
(open circles, or arrows indicating upper limits).

While the data points that were determined by T I
the statistical subtraction method [210] are de- Pr (G
scribed by the theoretical calculation, the limits ~ Figure 4.8: Direct-photon invariant yield in
and data points measured via Hanbury Brown- ,/sxn =158 GeV Pb-Pb collisions [207].
Twiss interferometry at low transverse momen-

tum clearly exceed the theoretical expectation.

4.6 Summary and motivation for this thesis

Direct photons are produced over the whole time evolution of heavy-ion collisions. Since photons
do not interact with the strongly-coupled medium, they carry the undistorted information about
the medium at their production time. At high pr, direct-photon production can be described
by binary scaled next-to-leading-order pQCD calculations. At low pr, experiments at SPS,
RHIC and the LHC have revealed a significant excess above the pQCD expectation, which
is interpreted as a contribution from thermal photons. Current hydrodynamical calculations
include a substantial portion of thermal photons from the hot quark-gluon plasma phase and
thus early times are expected to dominate the thermal photon production. Since the anisotropic
flow builds up with time, the thermal photon anisotropic flow is expected to be small compared
to the one of hadrons. However, measurements of the azimuthal anisotropy vz’dir at RHIC

5The momentum resolution of the ALICE TPC is about is about 0.7% at pr =1GeV/c and the detector cannot
cannot track well below 100 MeV/c due to the large curvature of charged tracks in the magnetic field [206].
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indicate that the direct-photon elliptic flow has a similar magnitude compared to the elliptic
flow of hadrons. Furthermore, results from direct-photon Hanbury Brown-Twiss interferometry
at the SPS suggest that the size of the direct-photon source is comparable to the source of
hadrons. These results might indicate that photons are produced at a later stage of the evolution
than expected by hydrodynamic calculations. Within this thesis, the direct-photon azimuthal
anisotropy is studied in Pb-Pb collisions at ,/syny=2.76 TeV, which will shed more light on
the production time of direct photons. In particular, the first measurement of the triangular
direct-photon flow will allow us to test, to which content the direct-photon azimuthal anisotropy
could be explained by mechanisms related with spectator magnetic fields.
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5. The LHC and ALICE

The Large Hadron Collider (LHC) at the European Organization for Nuclear Research (CERN)
near Geneva is the world’s largest, most complex, and highest-energy particle collider ever
constructed. It collides hadrons at almost the speed of light, and such allows physicists to test
the predictions and theories of particle and high-energy physics. In collisions of lead nuclei, the
LHC is able to recreate conditions similar to those just after the Big Bang.

In the following, the LHC design and operation shall be briefly discussed. The LHC is equipped
with four large experiments with different physical aim. ALICE is the dedicated heavy-ion
experiment designed for the quest after the quark-gluon plasma.

5.1 The Large Hadron Collider

The LHC is a 26.6 km long accelerator ring situated about 100 m underneath the surface be-
tween Switzerland and France. The two adjacent parallel beam pipes of the LHC are placed in
a tunnel with a circumference of 26.6 km. The LHC reuses the tunnel that was built for the
previous big accelerator at CERN, the Large Electron Positron collider (LEP). Each of the two
beam pipes contains a proton or heavy-ion beam traveling in opposite directions. 1232 dipole
magnets keep the beams on their circular path, additionally 392 quadrupole magnets are used
to keep the beam focussed. At the nominal magnetic dipole field of 8.33 T, the LHC is capa-
ble to collide either protons or fully stripped lead 208Pb%2* ions at a centre-of-mass energy of
V/s=14TeV and /sy =5.5TeV per nucleon, respectively [211,212].

The LHC has been finished in 2008, with total material costs of about 4.6 billion CHF [212]. The
first collisions at a centre-of-mass energy of 900 GeV were expected to take place in September
2008. On September 19*", 2008, during powering tests a fault occurred in the electrical bus
connection in the region between a dipole and a quadrupole, resulting in mechanical damage,
causing a loss of approximately six tonnes of liquid helium [213,214]. A total of 53 magnets
were damaged in the incident and had to be repaired or replaced [215]. First particle collisions
took place on November 23, 2009, at 450 GeV beam energy. In February 2013, the LHC finished
its first period of operation [216]. Due to the accident in 2008, the LHC was operated at a
decreased centre-of-mass energy during its first period of operation. After a technical stop of
about 2 years, the LHC will resume its operation at the nominal energy in 2015.

While protons can be directly extracted from a bottle of hydrogen, lead ions are created from
isotopically pure solid 2°®Pb, which is vaporized in an ohmic heated micro-oven at a temperature
of about 500 °C. The lead vapor or the hydrogen are ionized in an electron cyclotron resonance
(ECR) ion source [218], bunched, and accelerated by a radio frequency quadruple. The acceler-
ator complex at CERN sketched on fig. 5.1 is a succession of machines that accelerate particles
to increasingly higher energies. 2°8Pb?** jons are further accelerated in the linear accelerator
LINAC3, LEIR, PS, SPS and finally injected into the LHC. During these acceleration steps, the
remaining electrons are subsequently stripped of by carbon foils, which finally gives 298Pb%2+,
For protons, the acceleration procedure is different. Protons are first accelerated in the LINAC2,

then in the PS booster, PS, SPS and finally injected into the LHC.
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Figure 5.1: Schematic sketch of the CERN accelerator complex and the LHC with its four
experiments ATLAS, CMS, LHCb and ALICE [217].

The two LHC beams can be collided at four intersection points, where besides smaller experi-
ments [219,220] the four large experiments are placed, ATLAS, CMS, LHCb and ALICE.
The main purpose of ATLAS [221] and CMS [222] is the search for the Higgs boson [3,4],
and for new elementary particles predicted by supersymmetric extensions of the Standard
Model [223,224]. Both experiments have similar physical purpose with complementary design.
LHCD [225] investigates the asymmetry between matter and antimatter by measuring the CP
violation in the decay of b-hadrons [226]. ALICE [227] is the dedicated experiment for heavy-ion
collisions, designed to study the properties of the quark-gluon plasma.

The luminosity at these intersection points is defined by

nN1Na f

L= 1 ;

(5.1)
where n is the number of bunches, N; and Ny are the number of particles per bunch, f=v/I
is the circulation frequency, and A is the cross sectional area of the beam at the intersection
point. For a Gaussian profile with root mean square beam size o, the cross sectional area can
be estimated by A=4mo,0,, where o, and o, are the standard deviations of the distribu-
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tion of particles in = and y direction, respectively [41]. In the nominal pp operation, the LHC
will be filled with about 2800 bunches with 10! protons each. Both beams with a width of
0 =16 pm cross each other at a frequency of f=11kHz, which yields a nominal peak luminosity
of Lpp= 1034 cm=2s~!. In the Pb-Pb mode, the LHC will be operated with beams consisting
of 592 ion bunches with 7 x 107 lead ions per bunch yielding a nominal peak luminosity of
Lpb.ph, ~ 102" cm ™25~ 1. The total cross section for removal of an ion from the beam is 514 b
(1b=10"2m?), which yields an interaction rate of about 0.5 MHz [228].

During the first run period the LHC was operated at 50% of the nominal energy. In the
first heavy-ion run in 2010, the peak luminosity was about a factor 10 smaller compared to
the nominal luminosity, Lpp,-pp ~0.1 x 1027 cm 257! [229] yielding an integrated luminosity of
[ £dt~10 ub~!. The inelastic hadronic cross section is about Uilfleleb [77,230], which yields
about 80 million inelastic Pb-Pb collisions at /syy=2.76 TeV.

5.2 The ALICE experiment
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Figure 5.2: Layout of the ALICE detector [227].

ALICE (A Large Ion Collider Experiment) is one of the four large particle detectors at the
LHC. Figure 5.2 illustrates the design of ALICE. With a length of around 26 m and a diameter
of around 16 m, ALICE has a weight of around 10000t. ALICE is composed of 18 subdetector
systems for tracking and particle identification. The central barrel detector components at mid
rapidity (|n] <0.9) are symmetrically arranged around the intersection point and placed in the
red L3 magnet, a solenoid that generates a uniform (within £2%) magnetic field of up to 0.5 T.
In addition, ALICE has one muon arm at forward rapidity.
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In the following, the detector components relevant for this thesis and their performance are
briefly discussed [227,231]:

(ITS) The Inner Tracking System consists of 6 cylindrical layers of high-resolution silicon
detectors and is designed for vertex detection. It provides charged particle tracking with a
spatial resolution better than 100 um in the transverse plane, combined tracking together with
the TPC, primary vertex reconstruction with a resolution better than 20 um in central Pb-Pb
collisions, and reconstruction of secondary decay vertices of charmed mesons and hyperons.
The two innermost bands are made of silicon pixel detectors (SPD), the two intermediate
of silicon drift detectors (SDD) and the two outermost of double-sided silicon strip detectors
(SSD). The two innermost layers are fundamental for the determination of the position of the
primary vertex and the impact parameter of secondary tracks from weak decays of strange,
charm and beauty particles. The two outer layers of the ITS are crucial for the connection
of tracks from the ITS to the TPC. They also provide dE/dz information to assist particle
identification for low-momentum particles [170,232].

(TPC) The Time Projection Chamber is the main device for particle reconstruction and
identification. Particles traversing the gas volume of the TPC ionize the gas along their path
and can be tracked and identified by their specific energy loss. The TPC is placed between
an inner radius of 85 c¢m and an outer radius of 250 cm. With a length of 500 cm the TPC
has a total active volume of 88m? filled with a Ne/COy/Ny (85.7/9.5/4.8%) gas mixture,
which makes it the largest TPC ever built. The two end caps are instrumented by two rings
with 18 multi-wire proportional chambers (MWPC) with segmented readout pads, which gives
557.568 individual readout channels in total. The TPC provides tracking of charged particles
in a pp-range of 0.2- 100 GeV/c with a spatial resolution in the transverse plane of 800 um for
the inner readout chambers (IROC) and 1100 um for the outer readout chambers (OROC).
The resolution along the beam axis is 1250 um. After a truncation, the distribution of the
characteristic energy loss at a given momentum is almost normal distributed with a width

of about orpc~5% [233-235]. For analysis purposes, the TPC signal dE/dx,, is usually
expressed as the deviation to the expected energy loss dE/ da:exp in units of opc,
dE/dz —dE/dx
Ny rpc = [ e [Aresy . (5.2)
’ OTPC

(TRD) The Transition Radiation Detector is placed at a radial position between the TPC
and TOF. Since only electrons produce transition radiation at momenta below 100 GeV/c,
the TRD provides additional separation between electrons and other particles even at higher
momenta above 1 GeV/e [236]. More details can be found in section 6.2.1.

(TOF) The Time-Of-Flight detector is a multi gap resistive plate chamber (MRPC) placed at
a radius of 370 cm from the interaction region. It consists of 1638 double gap MRPC strips with
an intrinsic time resolution better than 40 ps, which gives a time resolution of orop =~ 85 ps,
including the resolution of the start time measurement by the TO detector (opg=>50ps). In
conjunction with the momentum and track length measured by the tracking detectors, the time
of flight between the intersection point and the TOF detector is used to separate particles
by their mass in a momentum range of 0.5-5GeV/c [237]. Analogously to the energy loss
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measurement in the TPC, the time-of-flight information t,e.5 is expressed as the deviation to
the expected time of flight tcyp, in units of oror,

t —1
N, ror = %()chp . (5.3)

(VO0) The VO detector is composed of two arrays of scintillator tiles covering the full azimuth
at forward rapidity. The C-side component (V0-C) is placed 90 cm away from the interaction
point, the A-side component (V0-A) 340 cm, which results in a pseudorapidity coverage of
—3.7<n<—1.7 (VO-C) and 2.8<n<5.1 (VO-A), respectively. The VO detectors are mainly
used for multiplicity measurements, centrality determination and as a reference detector for
anisotropic flow measurements [238].
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Figure 5.3: (left) TPC signal as a function of the momentum over charge ratio p/Z [234].
(right) Relative pr resolution for TPC-ITS combined tracks as a function of pt [239].

The event reconstruction with ALICE is described in [206]. Figure 5.3 (right) shows the relative
pr resolution for the combined track reconstruction using ITS and TPC. Both detectors are
aligned with respect to each other to the level of a few hundred millimeters using cosmic-ray
and proton-proton collision data [240]. The pr resolution is better than 4% for tracks with a
transverse momentum below 10 GeV/c. The best resolution is reached at about 1.5 GeV/c with
about 1%. Towards smaller momenta, the resolution deteriorates due to multiple scattering in
the detector material, towards larger momenta, the tracks become straight and the uncertainty
on the measurement of the radius of curvature increases. For comparison, the best momen-
tum resolution of the ATLAS experiment of about 4% is reached at 20 GeV/c and deteriorates
rapidly towards smaller momenta to about 10% at 5GeV/c. On the other hand, the ATLAS
momentum resolution is smaller than 5% up to momenta of 200 GeV/c [241].

ALICE is the dedicated heavy-ion experiment at the LHC, designed to study identified parti-
cles at small momenta, where thermal and hydrodynamic behavior is visible. Figure 5.3 (left)
illustrates the particle identification capabilities of the ALICE TPC. The characteristic energy
loss bands for electrons, pions, kaons and protons, but even for bound systems like deuterium,
tritium, *He and *He are clearly separated over a broad momentum range.
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6. A bidimensional approach for

electron identification with the
ALICE Transition Radiation
Detector

The ALICE Transition Radiation Detector (TRD) provides reconstruction of charged parti-
cle trajectories and electron identification via their specific energy loss due to ionization and
transition radiation at momenta above 1GeV/ec [236]. In combination with the tracking and
particle identification capabilities of the Inner Tracking System (ITS) and the Time Projec-
tion Chamber (TPC), it gives access to the dilepton continuum and the production of light
and heavy vector-mesons such as the J/1) meson, which is a key observable for deconfinement
(cf. [242-250]). In addition, the ALICE TRD is able to provide trigger information on single
electrons, electron-positron pairs or jets [251].

Transition radiation detectors make use of the threshold like onset of transition radiation pro-
duction for charged particles traversing a stratified material. For momenta below 100 GeV/c,
only electrons produce detectable transition radiation, which allows to separate them efficiently
from the hadronic background produced in hadron collisions. Besides heavy-ion physics with
ALICE, transition radiation detectors are also used in various other fields of high energy
physics [252,253], for example by the ATLAS experiment [254,255] and by the AMS exper-
iment installed at the International Space Station (ISS) [256,257].

The first approach for electron identification with the ALICE TRD was a likelihood method
based on the accumulated energy loss [258]. Compared to the TPC ionization energy loss mea-
surement, this method benefits from an improved separation of the electron and the hadron
characteristic energy loss due to the additional transition radiation for electrons. By its design,
the TRD provides a position sensitive measurement of the energy loss: while ionization is de-
posited along the whole pass of the particle, the energy deposition of TR photons is most likely
happen in a small area in the close vicinity of the radiator. Thus, a significantly improved per-
formance is expected from multivariate PID taking into account the position sensitive energy
loss measurement.

This chapter presents a detailed study of a bidimensional likelihood approach, which divides
the trajectory in two parts: one in regions, where transition radiation photons are expected
to contribute and one, where only ionization energy loss is important. The performance of the
bidimensional approach is studied in pp collisions as well as in Pb-Pb collisions and compared
to other approaches.

6.1 Transition radiation production by charged particles

Charged particles can be identified via their characteristic energy loss due to electromagnetic
interaction with a medium. The relevant processes are ionization, Bremsstrahlung, Cherenkov
radiation and transition radiation in case of inhomogeneous media.

Transition radiation (TR) is produced by charged particles crossing the boundary between two
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media of different dielectric constants. It had been predicted by Ginzburg and Frank [259] in
1946 and was first observed by Goldsmith and Jelley [260] in 1959. Its relevance for particle
identification was realized in the late 70th [261,262].

ALICE TRD (Xe-CO2 [85-15])
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Figure 6.1: Most probable TRD signal as a function of 8y measured in pp collisions at /s=
7TeV, testbeam and from cosmic rays [239,263].

The probability for TR photon emission and its energy depend on the Lorentz factor ~ of the
incident charged particle and show a threshold-like onset at around v~ 1000 [253]. Figure 6.1
shows the most probable signal measured by the ALICE TRD as a function of Sy =p/m of the
incident particle. Data points from test beam data and cosmic ray (muons) measurements for
exclusive ionization energy loss (dEjo,/dz) and in combination with TR (dEie,/dz +TR) are
shown. Both measurements overlap at small 8 and split up after the onset of TR at 8= 400.
From this measurement it is evident that in a wide momentum range from 1-100 GeV/c exclu-
sively electrons and positrons can generate detectable TR!.

The most probable energy of TR photons emitted by electrons at 1GeV/c is of the order of
10keV (cf. [264]) and TR photons are emitted almost collinear in the direction of flight of
the particle [265]. Due to its small emission angle the TR signal overlaps with the particles’
ionization energy loss, which is about 5-12keV for electrons at 2 GeV/c in Xe/CO2 [266,267].
The emission probability for a TR photon increases with the number of crossed boundaries.
A typical radiator consists of periodically arranged materials of different dielectric constants.
In the ALICE TRD radiator electrons at 2 GeV/c produce 1.29 TR photons per transit on
average, while 25% of the electrons do not produce TR [266]. Thus, the efficiency of the electron
identification can be significantly increased by multiple independent measurements in a stack
of radiators and readout detectors.

! At momenta above 100 GeV/c also pions have a sufficiently large 87y to generate detectable TR: m, + =
139.57 MeV/c? = By=p/m > 700 [9]
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6.2 Design of the ALICE Transition Radiation Detector

6.2.1 Technical design

The ALICE Transition Radiation Detector is installed in the 1.3 magnet space frame at radial
position (2.9<r<3.7 m) between the Time Projection Chamber and the Time Of Flight de-
tector. The TRD layout is shown in fig. 6.2. It consists of 18 super modules with five stacks
with six layers of readout chambers each. One super module and one chamber are displaced
for clarity in fig. 6.2. The TRD has a length of 7m along the beam axis, which corresponds to
a pseudorapidity coverage of |n| <0.9. It has an active area of roughly 675 m? with an average
size of 135 x 103 x 12 cm per readout chamber [236].

TRD stack TRD supermodule

TRD chamber

| TPC heat shield e

TOF

Figure 6.2: Schematic drawing of the TRD layout in the ALICE space frame. Figure taken
from [227].

Figure 6.3 shows the cross section of a TRD chamber. Each readout chamber consists of a
carbon fiber sandwich radiator of 48 mm thickness, a drift region of 30 mm thickness and a
multi-wire-proportional-chamber of 7 mm thickness with individual pad readout. The radiator
is a sandwich of polypropylene fibers and Rohacell foam. The drift volume is filled with a gas
mixture of Xe/CO2 (85%/15%). Xe has been chosen for the main gas, since its high charge
number Z =54 provides a high probability to absorb the produced TR photons. COs is used as
a quencher gas and has been chosen due to its inflammability. Further details about the design
can be found in [236].

6.2.2 Principle of operation

Figure 6.3 also illustrates the principle of operation. A charged particle crosses a TRD readout
chamber and ionizes the gas atoms along its path. In addition, electrons produce TR photons
in the radiator. The absorption length for TR photons is about 4 mm for a 5keV photon [269]
and thus the absorption of TR photons is confined to a small region of the drift volume close
to the entrance window. The electrons produced by TR and ionization drift in a field of about
700keV /cm towards the amplification region, which is located between the cathode wires and
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Figure 6.3: Cross section of a TRD readout chamber and schematic illustration of the principle
of operation. (left) Projection in xz plane. Schematic signals produced by the energy loss of a
pion and an electron. (right) Projection in the zy plane. The insert shows the distribution of
the pulse height (signal) over pads and time bins [268].

the readout pad plane. The gas gain of the TRD is about 4000 [270]. The electrons create an
avalanche that induces a detectable signal on the cathode plane, which is segmented in pads
of a typical size of 0.7 x 8.8 cm [236]. The drift time of about 2 us is sampled in 20 time bins
of 100 ns. In each time bin the signal is distributed over typically two or three adjacent pads.
During the reconstruction signals in adjacent pads are grouped to clusters. The y position of
the cluster is calculated from the charge distribution on the readout pads, while the z position
is given by the center of the pad and the radial position in the drift volume is derived from the
drift time. The signal induced on the read out pads is dominated by the signal of the ions. Since
the mobility of ions is about 1000 times lower than that of electrons [265], the signal is spread
over a longer time range than the duration of one time bin. As a consequence, the ion tail of
the signal would overlap with the signal in subsequent time bins or even be interpreted as an
additional cluster. These effects are significantly suppressed by a tail cancellation [271]. Finally,
the particle trajectory can be reconstructed from the measured clusters along the particle path.
The reconstruction process is described in detail in [272].

Since the amplification is almost linear, the pulse height of the clusters is proportional to the
primary deposited charge @ and thus the energy loss AE. Figure 6.4 (left) shows the average
pulse height as a function of the drift time for incident particles with 2 GeV/c momentum. The
peak at short drift times is due to the charge deposit in the amplification region, since at early
times the charge drifts from both sides to the anode wire, which is placed in the middle between
the cathode wires and the cathode pad plane. The plateau for pions and electrons without TR
production (dashed line) at intermediate drift times originates from the almost constant energy
loss in the drift region. According to the Bethe-Bloch formula electrons have on average a higher
ionization energy loss than pions [41,265]. Due to their short mean free path in the Xe/COq
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Figure 6.4: (left) Average pulse height as function of the drift time for pions and electrons with
a momentum of 1 GeV/c [268]. (right) Illustration of the TRD track reconstruction.

gas mixture, TR photons are absorbed close to the radiator resulting in a characteristic peak
in the average pulse height distribution for electrons at large drift times.

6.2.3 Track reconstruction and energy loss calculation

The track reconstruction in the central barrel starts with a pattern recognition procedure that
combines TPC clusters at the outer wall of the TPC in such a way that they could form a
track that points towards the primary vertex. Those track seeds are then further propagated
towards the primary vertex and all clusters that might belong to the track are added. This
procedure is followed by the primary vertex reconstruction using hits in the ITS and several
Kalman filtering steps of the tracks [206,273]. If tracks have been successfully reconstructed
in ITS and TPC, the reconstructed track is extrapolated towards the TRD. The situation is
sketched in fig. 6.4 (right). For simplicity, only four chambers with eight clusters each are shown.
The red points denote the reconstructed TRD clusters. The TPC track extrapolation defines
a search corridor (light grey dashed area) for TRD clusters that are likely to belong to the
extrapolated track. The width of the search corridor is given by the expected error of the TPC
track extrapolation plus a systematic error accounting for misalignment and miscalibration of
the TRD readout chambers. In each layer, a local linear approximation of the track, a tracklet,
is calculated from the attached clusters and a filtering is applied in order to remove outliers.
Finally, the track is refitted with the attached TRD tracklets and the track is extrapolated
further outwards to TOF. Alternatively, TRD tracks can be reconstructed with a stand-alone
tracking algorithm, which is described in [274].

The performance of the track reconstruction and cluster collection depends on the quality of
the calibration and alignment of the TRD readout chambers. The conversion of drift times into
radial positions requires a calibration of the start and end point of the signal (¢y calibration)
and of the drift velocity [275]. A Krypton calibration for each individual readout pad ensures
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a uniform amplification within the readout chambers [276]. All chambers were aligned with
respect to the TPC [276,277].

The charge deposit along the trajectory is sampled in eight/seven slices. After the 2010 pp
data taking, the drift voltage was increased and the number of sampled time bins reduced. In
addition, the implementation was changed for technical reasons to seven slices (Pb-Pb data in
this work), but the change was not applied to older reconstructions (pp data in this work). The
charge deposit dg;/dl per unit length in slice i is given by

dgi o)

= —min 6.1
dl  sin(¢) cos(f)dx (6.1)
where ¢(x) is the charge deposit as a function of the radial coordinate x with
Thnin = Totart + -2 (6.2)
slices

defining the starting point in radial direction of the slice ¢ and

- Zanode — T
2l = Tt + (i + 1) Z2node — Tstart (6.3)

N, slices

defining the corresponding end point. xgart is the radial coordinate of the bottom of the drift
volume and Z,n04e the radial position of the anode wire. ¢ and 6 are the inclinations in y and z
direction of the linear approximation of the particle trajectory (tracklet). A number of eight /-
seven slices has been found as a performant tradeoff that provides a sufficient granularity on
the one hand and on the other hand a sufficient suppression of statistical fluctuations arising
from the measurement and the statistical nature of the energy loss.
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Figure 6.5: (left) Average charge deposit per unit track length (dg/dl) for electrons and pions
in eight slices. (right) Ratio of electron to pion charge deposit for various momentum bins.
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Figure 6.5 (left) shows the average charge deposit (dg/dl) for electrons and pions as a function
of the slice number. It reproduces the characteristics of the time dependence of the average
pulse height shown in fig. 6.4 (left), namely the amplification peak in the first slices and the TR
peak for electrons in the last slices. Figure 6.5 (right) shows the ratio of mean electron (dg./dl)
and pion (dg,/dl) charge deposit in different momentum ranges. It can be clearly seen that
the electron energy loss is by about a factor of 1.5-1.6 larger than for pions in the first slices
corresponding to early drift times. With incrementing slice number the ratio increases, while
the relative change depends on the momentum. The increase is most pronounced for 1-2 GeV/c
with an about 25% larger value in the last slice than in the first slices. For 0.6-1GeV/c the
ratio increases by about 15%, which can be attributed to the onset of TR production. However,
even at smaller momenta the ratio is about 5% larger than in the first slice, which cannot be
attributed to TR. A possible explanation are artifacts of the dg/dl calculation in slices, e.g. a
slight miscalibration of radial coordinates.

6.3 Approaches for electron identification with the ALICE TRD

6.3.1 Classical methods for particle identification

The simplest approach for particle identification neglects the drift time dependence of the charge
deposit and deals with the total accumulated charge dQ/dl per layer,

Nslices
dQ 1 dqi
- E _=r 4
Al Ngices = i (6.4)

Figure 6.6 (left) shows the distribution of d@/dl for electrons and pions with a momentum of
1-2GeV/c. The distribution for electrons peaks at an almost twice as high value than pions.
Both distributions follow a Landau probability distribution [278] with an overlap towards higher
d@/dl values. The simplest approach for electron identification follows the common strategy
used in time projection chambers such as the ALICE TPC. Using a truncation, the Landau tails
disappear and the distribution of d@Q/dl in the TPC becomes almost Gaussian with a width of
about 5% [234]. As defined in eq. (5.2), the measured energy loss dF/dx is usually expressed
as the deviation from the expected value (dE/dz) expressed in units of the standard deviation
of the distribution, N, 1p. Electrons can be identified with a certain efficiency and purity by
selecting all particles with a band around the expected energy loss, for example a selection cut
on ‘N;TPC < 3’ should contain 99.7% of all electrons.

Another approach is based on cluster counting. Figure 6.6 (right) shows the number of recon-
structed TRD clusters per track. Due to the higher charge deposit, electrons produce more
clusters than pions and thus electrons can be separated from pions by requiring a minimum
number of clusters. A more sophisticated approach for cluster counting makes use of the fact
that the deposited charge of TR clusters is larger than for ionization clusters. Thus, ionization
clusters can be suppressed by choosing an appropriate cluster charge threshold. A discussion
of several approaches can be found in literature [267,279,280]. It has been demonstrated that
the ALICE TRD shows a better performance using the deposited charge approach than cluster
counting [281].
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Figure 6.6: Distribution of electrons and pions for (left) the accumulated charge deposit per unit
track length d@/dl per layer and (right) the number of clusters per track with six contributing
layers.

In case of multiple, independent measurements, the most powerful approach to combine the
measurements is based on a likelihood calculation. Since the TRD consists of six stacked layers
of readout chambers, it provides up to six independent measurements and thus the standard
approach is based on a likelihood on the total deposited charge, which is described in the
following.

6.3.2 Likelihood on the total deposited charge (LQ1D)
6.3.2.1 Electron likelihood

After normalization, both distributions in fig. 6.6 (left) are considered to describe the conditional
probability function P(Q|k), which is the conditional probability to measure a total charge
deposit Q@ =dQ/dl for a particle of species k in one TRD readout chamber. The relation between
P(e|@Q) and P(Q|e) is given by Bayes’ theorem [282],

P(Q)
P(e)

P(e) + P(n)

TORE (6.5)

P(e|Q) = P(Qle)

~ P(Qle)

where P(k) is the prior probability to find a particle of species k. For practical reasons only
electrons and pions are considered, since pions are the main source of background in hadron
collisions. The prior probability is determined by the experimental conditions and does not
depend on the measurement of the energy loss Q). In pp, as well as in Pb-Pb collisions, much
more pions than electrons are produced such that pions have a higher prior probability than
electrons (P(m) > P(e)). Taking those prior probabilities into account, P(e —Q) would always
favor the pion hypothesis due to the dominant pion prior probability:

P(m) > P(e) = P(e|]Q) — 0 (6.6)
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Instead, the electron likelihood L(e|@) shall be defined as
P(Qle P(Qle
Le]Q) = ) (@re) (67

" SR P@IF) ~ P(Qle) + P(Qlr)

which does not consider the prior probabilities. The distribution for L(e|Q) is shown for various
momentum ranges on fig. 6.7 (left). For low @ values up to 1000 L(e|Q) is dominated by P(Q|)
and thus the pion hypothesis is favored. Particles with Q~ 1200 have a 50% likelihood to be
either an electron or pion, which corresponds to the intersection of the electron and pion dis-
tribution in fig. 6.6 (left). At larger values the electron hypothesis becomes dominant until the
likelihood saturates and even slightly decreases due to the shape of the Landau tails of P(e|Q)
and P(7|Q). It can be seen that the electron likelihood L(e|@) is not a monotonous increasing
function of the deposited charge (), which explains why a cut on a minimum likelihood can
provide a better separation than a cut on d@/dl.
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Figure 6.7: (left) Electron likelihood L(e|Q@) as a function of the accumulated charge @ in one
readout chamber. (right) Distribution of the electron likelihood L(e|Q) for electron and pion
tracks with six contributing layers with a momentum of 1-2 GeV/c.

It should be noticed that the electron likelihood L(e|@) defined in eq. (6.7) is not the conditional
probability P(e|Q). In fig. 6.6 (left) the integrals of both distributions are normalized to unity,
which gives the conditional probability P(Qle).

6.3.2.2 Combined electron likelihood

The ALICE TRD consists of six stacked individual readout chambers (cf. section 6.2.1) and
thus TRD provides up to six independent measurements of the energy loss d@/dl per track.
The combined TRD electron likelihood for a set of measurements Q:{QO, Q',..., Q%) with
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Q' =dQ'dl is defined as

= P(Qle
L(elG) = L) (6.5)
> P(QIK)
while the combined probability for a certain particle species P(Q|k) is given by
P(Qlk) = HPZ Qlk) HP Q'[k)- (6.9)

It is explicitly assumed that all TRD readout chambers are technically equivalent and well cali-
brated (P?= P). Under this assumption, the probability distributions P(Q|k) can be considered
to be universal for all readout chambers. Figure 6.7 (right) shows the electron likelihood dis-
tribution dN/dL(Q|e) for electron and pion tracks with six contributing layers at 1-2 GeV/e.
Electrons peak at L(e|Q)=1 and pions at L(e|@)=0. For pions, a second peak can be ob-
served at L(e|@)=1, which is about three orders of magnitude smaller compared to the peak
at L(e|Q)=0. The peak might be due to a small electron contamination of @(1073) in the pion
sample, which is discussed in detail in section 6.5.

6.3.2.3 Technical implementation

Details on the implementation and performance of the LQ1D method can be found in [258]. For
the LQ1D approach, reference distributions for electrons and pions were obtained from tests
with a prototype stack of the ALICE TRD using a test beam at the CERN Proton Synchrotron
(PS) [283]. Electrons and pions were identified using a combination of a Cherenkov detector and
lead glass calorimeter. The energy of the beam consisting of electrons and pions was increases in
integer momentum steps from 1 to 10 GeV/c. The distributions for electrons and pions in integer
were fitted with a modified Landau function. Sine the width and most probable value depend
on the calibration of the detector, both parameters were adjusted such that the distributions
describe the LHC data. Within this thesis, exclusively electron and pion reference samples from
reconstructed VOs as described in section 6.5 are used.

6.3.3 Bidimensional likelihood on the deposited charge (LQ2D)

Within the bidimensional approach (LQ2D) the drift time dependence of the charge deposit
dg/dl shown in fig. 6.5 (left) is sampled in two input variables Q)9 and @1, which are defined as
the accumulated charges in the first four and last four/three slices, respectively:

Nslices

3
dg;
Qo= ; e Z o (6.10)

Figure 6.8 shows the distribution of the input variables Qg and @1 for electrons and pions
with a momentum of 1-1.5GeV/ec. The distributions for electrons and pions have a different
shape. The pion distribution indicates two almost uncorrelated Landau tails, one towards large
Q1 values at )9~ 500 and another one at ()1 =~ 300 towards large )y values, respectively. This
behavior can be understood in terms of independent fluctuations of the energy loss in the first
and last slices. For electrons, Qg and Qg seem to be stronger correlated and no such tails can
be observed. Due the production of transition radiation, the energy loss Q1 is generally larger
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Figure 6.8: Distribution of the input variables )9 and @Q; for electrons and pions.

than for pions and less sensitive to fluctuations of the ionization energy loss, which results into
the observed shape.

6.3.3.1 Electron likelihood in the bidimensional approach

Analogously to the LQ1D approach, the combined probability in all TRD stacks for a for a
particle of species k for a measured charge deposit (Q}, Q}) is given by

P(Qo, @1|k) = [ [ P(Q}, Qilk) (6.11)

and the electron likelihood is analogously defined as

>k P(Qo, Quk)

Following the approach of the LQ1D method, the conditional probability function P(Q}, Q! |k)
can be obtained from the V0 identified reference samples for electrons and pions (cf. section 6.5).
In the LQ1D method, the conditional probability distributions P(Q|k) are parametrized by
modified Landau distributions providing a stable description of the peaks and the tails (cf. [258]).

L(e|Qo, Q1) = (6.12)

The shape and particularly the correlation of the two dimensional distribution is more complex,
thus a function that describes the data reasonably could not be found. Instead, a design based
on multidimensional binary search trees [284] was developed, which is described in the following.

6.3.3.2 Multidimensional binary search trees

A multidimensional binary search tree is a data structure for storage of information to be
retrieved by associative searches. They are commonly called k d-trees, where k is the dimen-
sionality of the search space. The data is stored in a binary space-partitioning tree in which each
node corresponds to a k-dimensional point. Every non-leaf node divides the space into two sub-



62 Chapter 6: A 2D approach for electron identification with the ALICE TRD

(x1,y1)
y
1 (x7,y7)
.......................... o
(x3,y3) @
(X2,y2) (x3,y3) '
y>Yys @ el
: : (Xe,Ys6)
(Xa,ya)  (x5,y5) (xe,y6)  (x7,¥7) x

Figure 6.9: llustration of the k d-tree data structure.

trees. Figure 6.9 shows a schematic illustration of a 2 dimensional tree. The first node (x1,y1)
splits the tree into the left subtree with x <x; and the right subtree with x > ;. The non-leaf
node (z3,ys) defines a subspace [z <z <z7, ys <y <y7 | spanned between node (xg,ys) and
(z7,y7). A node can be thought of as an implicitly generated hyperplane that divides the space
into two parts, whereas points to the left of this hyperplane represent the left subtree of that
node and points right of the hyperplane are represented by the right subtree. The hyperplane
direction is chosen perpendicular to the axis with the largest spread. Roughly speaking, the k-d
tree splits the data space into subtrees, while nodes at the same depth hold subtrees, which
define subspaces of equal number of nodes [284].

6.3.3.3 Probability density estimation using nearest neighbor search

As every tree structure, k d-trees provide a fast search algorithm for nearest neighbors. The
probability density function can estimated from the number of nearest neighbors Nyeighbors

within a maximum distance r=+/Q3 + Q7:

N eighbors
P(Qo, Q1) = 71\1273; (6.13)

However, the nearest neighbor search algorithm requires the availability of the full data during
computation, which is not favorable due to its high memory consumption. The memory con-
sumption can be drastically reduced using an interpolator approach described in the following.

6.3.3.4 Probability density interpolation

Even though the shape of P(Qq, @1]k) cannot be described by a trivial function it can be approx-
imated by a hyperplane interpolation in the vicinity of sampling points. The sampling points
need to be chosen such that areas with alternating gradients are more frequently populated
by sampling points than areas of approximately constant gradients. A sophisticated choice of
sampling points is given by the subspaces defined by the non-leaf nodes of the k d-tree, which
are small in the region of high probability P(Qo,@1|k) and large in the tails. The sampling
points are chosen as the center of gravity of the subspaces. The following hyperplane equation
is used for the interpolation:

P(Qo, Q1) = ap + a1Qo + a2@Q1 + azQoQ1 + a1Qf + a5Q7 (6.14)
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Figure 6.10: Conditional probability density function P(Qg, @1|k) for electrons and pions cal-
culated with the k-d tree interpolation.

The hyperplane interpolation is calculated at each sampling point and the interpolation pa-
rameters are stored. The conditional probability P(Qo,@1|k) for a variable pair (Qp, Q1) can
be estimated as follows: A nearest neighbor algorithm searches for the closest sampling point
and the hyperplane interpolation using the parameters at the sampling point is evaluated at
(Qo,Q1). The results of the k d-tree interpolation for the probability density of electron and
pions is shown in fig. 6.10. The likelihood profile describes the reference data reasonably well
and reproduces all features of the distribution. Small deviations can occur at the tails of the
distribution close to the Qy and Q)1 axis, where the hyperplane fit cannot describe the asymp-
totic behavior L(e|@o, @1) —0 for Qg —0 or Q1 — 0. In the default implementation, the value
at the closest sampling point is used if the uncertainty of the interpolation is larger than the
uncertainty of the node value.

6.3.4 Multivariate approaches for electron identification

The PID approaches discussed so far are referred to as linear approaches, since the decision
process can be reduced to linear equations of the measured charged deposit. Non-linear ap-
proaches include decision making tools such as neural networks, random forests or boosted
decision trees, just to label some of them. It has been demonstrated in various applications that
non-linear statistical data modeling is a very powerful tool for complex relationships between
input and output variables. The performance of those decision making tools is a potent argu-
ment compared to linear approaches, while those have substantial advantages in terms of their
understandability. An approach using artificial neural networks (NN) is discussed in [285-287].
However, those approaches have fundamental drawbacks compared to linear approaches in terms
of their robustness and maintenance requirements.
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6.4 Electron and pion efficiency

Electrons and pions can be separated with a given efficiency by requiring that electron candi-
dates exceed a minimum electron likelihood. Electron and pion efficiency are defined as
‘electrons after TRD PID’ _ ‘pions after TRD PID’

= d = .
‘¢ = Telectrons before TRD PID’ a o ‘pions before TRD PID’

(6.15)

The pion efficiency can be understood in terms of the probability of misidentifying a pion as
electron. The separation power is also often expressed by the pion rejection, which is the inverse
of the pion efficiency 1/e.. A pion rejection factor of 100 means that 1% of the pion sample is
misidentified as electrons.

6.4.1 Efficiency estimation

The usual approach to estimate selection efficiencies is to treat the number of selected candidates
m out of a sample of N candidates as a binomially distributed variable. If €., is the true
selection efficiency, the probability to select m candidates is given by

N!

P(m,e,N):m

€™(1—e)N ™ [288,289] . (6.16)

The best estimator for the efficiency is given by

m
E = — 1
= (6.17)

which is the value that maximizes the log-likelihood function In L(e).

Consequently, the electron and pion efficiency for a given threshold value L(e|@)€e can be

calculated from the likelihood distribution dN/dL(Qle) as

B le(e@‘)ee dNe,w/dL(e‘@)
Jo ANer/dL(e|@)

(6.18)

e,

6.4.2 Uncertainty of the efficiency estimate

In the most common approach for binomial confidence intervals, the distribution of estimators é
is approximated by a normal distribution, which is usually justified by the central limit theorem.
Assuming that N is constant and applying Gaussian error propagation with the uncorrelated
random variables m and N — m, we obtain

o? = (;iam>2+ (8(]\[6ém)aNm>2 (6.19)
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The estimator for the standard deviation o; is then given by

é(1—¢) m(1—m/N)
It follows that
éE+o:<1 and E—0:<0, (6.23)

which implies that the standard deviation vanishes, if the efficiency becomes zero (m=0) or
one (m=N). It is important to notice that é=1 and o, =0 do not necessarily mean that the
true efficiency €4 is one and that the true standard deviation of the estimator is zero, but
rather that both quantities are the most probable values for the given sample. It follows that
the estimate for o, given by Equation (6.22) is rather useless for small or large efficiencies [290].

Usually, efficiencies are estimated from Monte Carlo simulations or from independent data sam-
ples, such that one is more interested in confidence intervals for the distribution of efficiency
estimators from different data samples. In particular, the accuracy of the estimated efficiency
depends on the size of the data sample N. Consequently, we consider P(e|m,N) as the con-
ditional probability to find m candidates for a data sample with N candidates and selection
efficiency €. In the Bayesian approach, the posterior probability density for € is given by

P(m|e, N)P(e)

P(elm,N) = POnIN

(6.24)
with
1
P(m|N) = / P(mle, N)de . (6.25)
0
Assuming that we have no prior knowledge about the prior probability of the efficiency, P(¢)

can be chosen uniform between zero and one, and we obtain

I'(N+2)

PlmN) = o s DN —m 1)

emelVTm 289,290 . (6.26)

Figure 6.11 (left) shows the conditional probability density function P(e|m, N) for different val-
ues for V and m. The distribution for m = N has a tail towards ¢ <1, which implies a non-zero
probability that the true efficiency is smaller than one. For m < N, the distributions are asym-
metric with stronger tails towards smaller efficiencies. As the N increases, the distributions
become sharper, which implies that the estimates for the efficiencies become more accurate.
Instead of using binomial errors, the uncertainty of the efficiency estimator é can be expressed
by the upper and lower limits of the 68.3% confidence interval of the conditional probability
density function eq. (6.26). This functionality is provided by the ROOT class TEfficiency [291].
Figure 6.11 (right) shows the upper and lower uncertainty divided by the binomial errors de-
fined in eq. (6.22) for different values for N. It can be seen that the Bayesian uncertainties
are symmetric at € =0.5. For € < 0.5, the upper uncertainties are generally larger and the lower
uncertainties smaller than binomial errors. Deviations to binomial errors diverge as e —0. At
small efficiencies, the lower uncertainty is much smaller than the upper uncertainty, since the
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Figure 6.11: (left) Bayesian conditional probability distribution P(elm, N) for different values
for N and m. (right) Comparison of Bayesian uncertainties with binomial uncertainties for
different values of N and é=m/N.

efficiency is confined by zero. If m=1, which gives e=1/N, binomial errors are about 50%
smaller than Bayesian errors.

The ALICE TRD is designed for a pion efficiency of 1% at 90% electron efficiency. From the
considerations made above it is evident that deviations between binomial and Bayesian confi-
dence intervals can only be neglected for efficiencies around 50%. For expected pion efficiencies
on the order of 1% those effects cannot be neglected and thus Bayesian confidence intervals are
used within this thesis.

6.5 Reference track selection

This performance analysis is based on Pb-Pb and pp collisions recorded in 2010. Figure 6.12
shows a schematic cross section of the ALICE experiment during the 2010 data taking with
seven TRD super modules (yellow) installed. In 2011 and 2012, three more super modules were
installed each. The detector will be completed during the first long shut down, which started
in February 2013.

Reference samples for electrons and pions can be obtained from photon conversions in the
detector material to ete™ and KO decays into 777 ~. The reconstruction of secondary neutral
vertices allows to identify neutral particles and their decay daughters just by topological cuts,
which yields rather clean samples of electrons and pions without any particle identification.
The purity of the samples can be checked and further enhanced using the dE/dz information
of the TPC or the TOF measurement. This section discusses the selection of reference samples,
with particular emphasis on the impact of the purity in the samples on the measured TRD PID
performance.
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period collision type Nelectrons  Npions

LHC10e pp, V/5=7TeV 7x10° 2 x10°
LHC10h Pb-Pb, \/synn=2.76TeV 1 x10° 1 x 10°

Table 6.1: Data sets and corresponding number of electron and pion reference tracks with a
momentum of 0.2-10 GeV/c.

6.5.1 Topological cuts

The reconstruction of secondary decay vertices
is described in detail in [293,294] (for photons
cf. section 8.2). While the K? has a decay length
of 2.68 cm [9], photons are stable particles that
can convert far away from the primary vertex.
Dielectron tracks of those converted photons
can have a slightly different angles of incidence
in the TRD compared to primary tracks. In or-
der to select tracks with similar properties com-
pared to primary tracks, it is required that the
distance of closest approach (dca) to the pri-
mary vertex in zy direction (bending plane) is
smaller than 5cm and along the beam axis (di-
rection of magnetic field) smaller than 10 cm. It
was checked that a further tightening of the dca

cut has no significant impact on the results. Ref-

erence tracks are required to have a TRD pro-  migure 6.12: Schematic cross section of the

longation with at least four tracklets. Table 6.1 ALICE experiment showing the TRD (yellow)
shows the number of electron and pion reference installation status during the 2010 data tak-
tracks with a momentum of 0.2-10GeV/c in ing [292].

Pb-Pb and pp collisions after topological cuts.

6.5.2 Energy loss measurement in the TPC

Figure 6.13 (left) shows the distribution of N, ppo=(dE/dx
identified electrons and pions, where dE/dz

—dE/dz,_)/oTpc for VO
is the measured energy loss, dE/ dxexp is the

meas exp )

meas
expected energy loss and orpc is the standard deviation of the dF/dz distribution. Electrons

are expected to be follow a Gaussian distribution around zero, while the energy loss of pions is
expected to be much smaller, since the Bethe-Bloch curves for both species are well separated
in the momentum range of 1-2GeV/c. The VO tagged electron sample shows a double peak
structure with a large peak at zero and an about one order of magnitude smaller second peak
at —60. The pion distribution peaks at about —6c. Comparing the distribution for VO tagged
electrons to the distribution for pions, the smaller peak of the electron distribution can be
identified as a significant contamination of pions in the electron sample. In addition, pions have
a strong, asymmetric tail towards the electron distribution.
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Figure 6.13: (left) Ng rpe and (right) Nj pop for VO identified electrons and pions at 1-2 GeV/e.

6.5.3 Time of flight measurement with TOF

Figure 6.13 (right) shows the distribution of IV, » TOF = (tmeas—texp)/oTOF for electrons and pions,
where tpmeas i the measured time of flight, f,eas is the expected time of flight for electrons and
oror is the standard deviation. The time of flight depends on the velocity S=p/E, which
implies that electrons are faster than pions at the same given momentum due to their smaller
mass. It can be seen that both distributions overlap, since the time of flight becomes similar
as the momentum increases, since the rest energy becomes negligible. Consequently, unlike in
the dE/dx distribution measured with the TPC, the pion contamination in the electron sample
cannot be seen as a separate peak. In addition, both distributions show a large tail towards
positive values. Interestingly, the distribution of VO tagged electrons is shifted from zero toward
negative values. The reason is that those electrons do not come from the primary vertex, but
from photon conversions, which can happen far away from the primary vertex. Those electrons
have a shorter time of flight, since photons travel on straight trajectories at the speed of light.

6.5.4 Impact of contamination on the pion and electron efficiency

A pion contamination in the electron sample gives a contribution at small values in the electron
likelihood distribution for electrons, which results in a smaller electron efficiency compared to
the true electron efficiency. In addition, an electron contamination in the pion sample contributes
at large values in the electron likelihood distribution for pions and results into a higher pion
efficiency compared to the true efficiency.

Quantitative estimates for the purity of the sample can be determined within a Monte Carlo
simulation. Without particle identification using the TPC or TOF the electron sample has a
contamination of about 5% and the pion sample contains an electron contamination of about
0.1-0.3%. The impact of that contamination shall be clarified with a simple calculation. It is
assumed that the true pion efficiency is 1% at 90% electron efficiency. The application of TRD
electron identification removes 10% of the electrons and 99% of the pion contamination in the
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electron sample, which yields

Jobs _ 90% + 5% - (1~ 99%)

= ~ 85.8 6.27
¢ 100% + 5% % ( )
instead of €' =90%. Analogously, the pion efficiency comes out to
1 - 0.
obs _ 170+ 90% - 0.3% 50/ (6.28)

‘T T T100% + 0.3%

instead of €7 =1%. Thus, an electron contamination of 0.3% in the pion sample leads to a
relative bias of almost 30% in the pion efficiency. In addition, the measured electron efficiency
is much smaller and evaluating the pion efficiency at €2P® =90% would even give a much larger

pion efficiency.

6.5.5 Application of TOF and TPC particle identification
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Figure 6.14: Pion efficiency at 90% electron efficiency for various cuts on TPC and TOF PID.
Cut 5 was chosen as standard cut.

The purity of the VO tagged electron sample can be further increased by applying TPC and
TOF particle identification. In this momentum range already for electron candidates with dE/dz
value smaller than 5 ¢ the contamination is rather small. If the contamination would be ex-
actly known the measured electron and pion efficiencies could be corrected for contamination.
However, the agreement between the experimentally observed dFE/dz distributions and the
distributions in Monte Carlo is not perfect and deviations will be most pronounced if the con-
taminations is small, in particular if the applied cuts are tight. In the following, the impact of
contamination on the pion efficiency of the LQ2D method shall be investigated by a variation
of the dF/dx and tof cut from open cuts to tight cuts.

Figure 6.14 shows the pion efficiency for different cuts on the TPC dE/dz and TOF time
measurement. The cut values are listed in the table right of fig. 6.14. The PID cuts are applied
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in addition to the topological VO cuts. Cut 0 are the default topological cuts without any
additional particle identification using TPC or TOF. Cut 1 to cut 8 are selection cuts, which
are expected to increase the purity of the selected electron and pion samples subsequently.
Asymmetric cuts for N »rpc are applied, since the electron and pion distribution overlap at
negative values.

It can be seen that the pion efficiency changes significantly if a TPC PID cut of 45 ¢ is applied.
According to fig. 6.13 (left) it removes the dominant fraction of the pion contamination in
the electron sample and vice versa. Additional cuts on the TOF PID and a further tightening
of the TPC slightly decreases the pion efficiency until it saturates at cut 5. Hereafter, only
the statistical uncertainties increase such that cut 5 was chosen as the standard cuts for the
following performance studies.

6.6 Impact of TRD track properties on the PID performance

The quality of the TPC track prolongation within the TRD is described by the reduced X?ed of
the fitted TRD tracklets, which shall be defined as

Nlayer i ‘ 2
2 1 (ytrack — ytracklet) (6 29)
Xred = N, i 2 ’ :
layer p Oy

where yérack is the position of the tracklet and yérack is the position of the prolongated track at
the radial position of the tracklet xiracklet with the corresponding error U;. The estimated error
is derived from the propagated covariance of the TPC track and includes a systematic error
in order to account for misalignment and miscalibration of the TRD. Since the track is only
prolongated and the TRD is not changing the track the number of degrees of freedom is equal
to the number of tracklets.

As described in section 6.2.3 the cluster collection for a given track prolongation depends on
the estimated tracklet position and its covariance defining a search corridor for the cluster
attachment. Consequently, the cluster attachment and thus also the dE/dx calculation depend
on the quality of the reconstructed track.

6.6.1 x2 , dependence in 2010 pp data

Figure 6.15 (left) shows the X?ed distribution for electrons and pions in pp collisions recorded
in 2010. It can be seen that the X?ed distribution for electrons has larger tails than for pions,
which is an artifact of the cluster attachment in the TRD track reconstruction. After the first
reconstruction passes, the cluster attachment was changed and first applied for the reconstruc-
tion of 2010 Pb-Pb data (cf. section 6.6.3).

Figure 6.15 (right) shows the most probable dQ/di
function of Xl?ed' While the most probable value is almost independent of Xfed, (dQ/dl) shows a

mpy and mean (dQ/dl) charge deposit as a
significant increase at large values for x2 ;. The dQ/dl distributions for both particle species are
shown in figs. 6.16 (left) and 6.16 (right) for x2 ;<5 and x2,>5. The distributions for x2 ,>5
have less entries at the most probable value and much more entries in the tails compared
to small Xfed values, which explains the observed increase of the mean value. Since X?ed is a
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measure for deviations between track extrapolation and TRD clusters i.e. tracklets it is strongly
connected with the width of the search corridor during the cluster attachment. In particular,
a larger X?ed value corresponds to a larger search corridor and vice versa. Thus, a large X?ed
value coincidences on average with a larger amount of collected charge in case of high detector
occupancy. This artifact of the track reconstruction leads to a broadening and smearing of the
d@/dl measurement and result into a deterioration of the pion rejection.
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Figure 6.15: (left) x2, distribution for pions and electrons. (right) Mean value (dQ/dl) and

most probable value d@/ dlmlDV for electrons and pions as a function of Xl?ed'
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Figure 6.16: dQ/dl distribution for pions (left) and electrons (right) for tracks above and below
a Xfed—cut at X?ed =5.

Figure 6.17 shows the pion efficiency at 90% electron efficiency as a function of X?ed for all
tracks and separately for positively and negatively charged tracks. The pion rejection improves
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Figure 6.17: (left) Pion Efficiency as a function of a cut on x2 ;. (right) Corresponding number
of tracks surviving the x2 j-cut.

significantly from about 1% without any x%j-cut to less than 0.3% for tracks with a x2 <
0.5. However, the improvement in the pion efficiency coincides with a significant loss in the
number of tracks fulfilling the Xfed—cut. For practical purposes a standard value of X?ed<5
has been chosen for the performance studies in pp collisions. The standard cut removes about
10% of the pion tracks and 20% of the electron tracks in the tails of the x?2, distribution.
In addition, comparing the curves for positively and negatively charged particles in fig. 6.17
a significant charge dependence of the pion efficiency and the number of tracks fulfilling the
cut conditions can be observed. Positively charged tracks have a 0.3% smaller pion efficiency
(X?ed < 5) than negative charged tracks. In addition about 2-3% more positive electron tracks
survive the X?ed—cut, while the discrepancy is negligible for pions. This might point to the
conclusion that electrons and positrons have slightly different x?ed distributions, while positive
and negative pions have similar distributions. Since the track references are obtained from V0
decays, the number of positively and negatively charged tracks is approximately equal and thus
the combined result is simply given by the mean of both charges. The charge dependence is
further discussed in section 6.6.4.

6.6.2 Modification of the cluster attachment procedure

After the first reconstruction passes in pp collisions with the artifacts described in section 6.6.1,
the concept of cluster attachment was modified in order to deal with the increased detector
occupancy in Pb-Pb collisions. Instead of adding individual clusters within a search corridor, in
the new implementation tracklet segments are attached based on a likelihood approach taking
into account the distance of the tracklet to the track, the inclination of the tracklet, the quality
of the tracklet fit and the number of clusters per tracklet [295]. In the following, the impact of
these modifications is studied in data from Pb-Pb collisions.
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6.6.3 x2, dependence in 2010 Pb-Pb data

Figure 6.18 (left) shows the x2, distribution for pions and electrons in Pb-Pb collisions. In
section 6.6.1 a huge tail above Xfed%5 was found and in addition significant differences for
electrons and pions. Both observations disappear in Pb-Pb data. The dependence of the pion
rejection on x2, of the TRD track prolongation is shown in fig. 6.18 (right). In all centrality
classes the pion efficiency decreases as the Xfed—cut is tightened. This finding supports the earlier
statement that the cluster attachment depends on the detector occupancy and the matching of
the prolongation with the TRD measurement. For the performance analysis in the Pb-Pb data
a standard cut of X?ed <2 is used.
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Figure 6.18: (left) x2 4 distribution for pions and electrons. (right) Pion Efficiency as a function
of a cut on X?ed for various centralities.

6.6.4 Charge dependence

Figure 6.19 shows the pion efficiency in minimum bias Pb-Pb collisions as a a function of the
Xfed—cut for positively and negatively charged tracks and combined. While a similar charge de-
pendence of the pion efficiency compared to fig. 6.17 is observed, the number of tracks surviving
the Xfed—cut seems to depend neither on the charge nor on the particle species. It can be con-
cluded that the observed charge dependence is rather an artifact of the detector performance
than of the track reconstruction. The charge dependence might be understood as a result of the
charge collection on the pad plane. Due to the presence of a magnetic field, the drift direction
has a small inclination with respect to the direction of the electric field, which is known as the
Lorentz angle. Tracks with a local inclination parallel to the Lorentz angle deposit their charge
on a small area on the readout pad plane, while oppositely charged tracks will spread their
charge over a larger area. Tail cancellation will affect positive and negative tracks in a different
way. This effect could be tested in runs with different polarizations for the magnetic field.
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Figure 6.19: (left) Pion efficiency as a function of the x2 j-cut for positively and negatively
charged tracks and combined. (right) Corresponding number of tracks surviving the x?2 ;-cut.

6.7 Performance of the bidimensional likelihood approach

Since the performance of the TRD PID is not accessible in Monte Carlo simulations yet, it is
important for analysis purposes to control the electron efficiency. Thresholds defined according
to eq. (6.18) are provided for six nominal electron efficiencies (70%, 75%, 80%, 85%, 90%, 95%).
In the following, the performance of the electron identification is studied in terms of the pion
efficiency, which is the probability to identify pions as electrons and thus a benchmark for the
significance of any electron analysis using TRD electron identification. In the following, the pion
efficiency is studied as a function of the selected electron efficiency, the momentum and the on
the number of contributing TRD layers. The performance studies are shown for pp collisions at
v/s=TTeV and for Pb-Pb collisions at /sny =2.76 TeV.

For pp collisions, the results are compared to the results obtained with a neural network (NN)
[287] and a truncated mean method [296]. The truncation method calculates the truncated
energy loss in all six layers, which results into almost Gaussian distributions. Analogously to
the TPC PID discussed in section 6.5.2, electrons can be separated from pions by setting a
threshold on the deviation of the measured energy loss from the expected energy loss. The
method is very robust and can be applied for difference particle species. All other methods are
based on a electron likelihood approach. The neutral network uses the signal in all 8 (7) slices
and was trained with the V0 identified electron and pion samples with similar cuts than for the
LQ2D and LQ1D method [287] .

6.7.1 Performance in pp collisions at /s =7 TeV
6.7.1.1 Pion efficiency vs electron efficiency

Figure 6.20 shows the pion efficiency as a function of the electron efficiency as obtained with the
LQ1D and LQ2D method in comparison to the neural network (NN) and the truncated mean
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method. The pion efficiency can be reduced by requiring a higher threshold value for the electron
likelihood threshold value, which on the same time reduces the number of electrons above the
threshold and thus the electron efficiency. The smallest pion efficiency is reached with the NN
method, while the pion efficiency with the LQ2D method is only slightly higher and at high
electron efficiency even consistent with the NN method performance. At 90% electron efficiency
the LQ1D method provides a pion rejection factor of 75 (e, =1.35%), while the LQ2D method
provides a pion rejection factor of 134 (e, =0.75%) for tracks with 6 contributing layers. Thus,
the pion efficiency reached with the LQ1D method is about a factor of 2 larger than for the
LQ2D method. However, for practical purposes the LQ1D method is much more robust against
calibration and detector performance effects, since it is based on the total charge deposition in
individual TRD readout chamber. The calculation dg/dl in small slices depends strongly on the
calibration of the detector and thus the LQ2D and even more the NN method are confronted
with a higher workload for maintenance issues.

6.7.1.2 Dependence on the number of contributing TRD layers
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Figure 6.21: Pion rejection obtained with LQ1D, LQ2D and NN method at 90% electron effi-
ciency as a function of the number of contributing layers (left) and the momentum (right). For
comparison a simulation for the LQ1D method [253] is shown.

Due to the overlap of the probability density functions P(m, Q) and P(e, @), electrons can have a
high probability for the pion particle hypothesis and vice versa due to fluctuations of the energy
loss in a single measurement of the charge deposit dg/dl. Multiple independent measurements
Cj reduce the impact of those fluctuations on the electron likelihood L(e\@o, Q})

Figure 6.21 (left) shows the pion efficiency as a function of the number of contributing layers as
obtained with the LQ1D, LQ2D and NN method. For comparison, a simulation for the LQ1D
method by Andronic et al. [253] is shown, where the pion rejection scales linearly with the
number of contributing layers, while any additional measurement improves the pion efficiency
by a factor of 2. The simulation focusses only on the performance of the electron identification
and neglects the tracking performance. The ALICE TRD consists of six layers per stack, but
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due to tracking inefficiencies, limited acceptance and inactive readout chambers a considerable
fraction of tracks has less than six TRD tracklets. During the 2010 data taking the TRD was
operated with 7 supermodules and about 10% of the chambers are not available for analysis.
In order to get a sufficient description of the TRD track, at least four consecutive tracklets
are required in order to provide particle identification. The pion efficiency in data shows the
expected improvement with the number contributing layers. For the LQ1D method the results
for 4,5 and 6 layers are in reasonable agreement with the simulation. The pion rejection for
the LQ2D (LQ1D) is 3.8% (5.7%) for 4 layers, 1.6% (2.6%) for 5 layers and 0.75% (1.3%) for 6
layers. As expected, the improvement for each additional layer is approximately a factor of 2, for
4 to 5 layers it is somewhat higher, which can be explained by differences in the track quality,
i.e. the X?ed distributions for 4 layers is slightly different than for 5 and 6 layers. The smallest
pion rejection (0.5%) is reached with the NN method for the case of six contributing layers.
However, the pion efficiency obtained from the NN method does not follow the expected linear
scaling such that the result for four tracklets is even higher than that of the LQ2D method. This
observation might be attributed to the non-linear behavior of the neutral network approach and
its lack of robustness compared to the linear likelihood approaches.

6.7.1.3 Momentum dependence of the pion rejection

The momentum dependence of the pion

T P efficiency in pp collisions is shown in fig. 6.21 (right).
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method still provide a smaller pion efficiency
than the LQID method. The LQ2D method
treats the energy loss in the lower and up-
per half of the drift volume independently even
though there is some small correlation between adjacent clusters. Obviously, the LQ2D method
also provides a much better performance than the LQ1D method at lower momenta, where TR
does not contribute. A possible explanation might be that the pulse height — even in absence
of TR — still depends on the drift time. Thus, further improvement in that momentum range
can be reached with the NN method, which make use of the dg/dl measurement in smaller
slices. At higher momenta the TR production saturates and the pion efficiency increases as a
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consequence of the relativistic rise of the ionization energy loss of pions. Since the simulation
for the LQ1D method [253] was done for eight contributing layer it was scaled by 4, as expected
from the linear scaling with the number of contributing layers (cf. section 6.7.1.2). Compared to
the data the simulation shows a similar momentum dependence, but reaches its smallest pion
efficiency at a somewhat higher value than observed in the data, which might indicate a bias
due to detector effects in the data.

6.7.2 Performance in Pb-Pb collisions at /sy =2.76 TeV

6.7.2.1 Centrality dependence
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Figure 6.22: (left) Centrality dependence of mean (dQ/dl) and most probable dQ/dl,,, charge
deposit. (right) Pion efficiency as a function of the electron efficiency in different centrality bins.

Figure 6.22 (left) shows the centrality dependence of the mean (d@/dl) and most probable
d@/ dlmpv charge deposit for electrons and pions. While the most probable value is rather con-
stant, the mean value increases with centrality, which can be attributed to additional cluster
attachment with increasing charged particle densities and detector occupancy. In central colli-
sions it is more likely that additional clusters are falsely attached to a track due to the higher
detector occupancy. Those additional clusters are visible in the tails of the dQ/dl distributions
and shift the mean value (dQ/dl) towards higher values. The large tails in the d@Q/dl distribu-
tions increase the overlap of both probability density distributions P(Q|k) and thus reduce the
separation power.

Figure 6.22 (right) illustrates the centrality dependence of the pion efficiency. The best per-
formance is reached in peripheral collisions were track multiplicities are similar compared to
pp collisions. The pion rejection at 90% electron efficiency in 60-100% peripheral collisions is
about 140 (0.71%), while a rejection of 134 (0.75%) was determined in pp collisions. In 0-10%
central collisions the pion rejection is about 25 (4%).
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6.7.2.2 Momentum dependence of the pion rejection
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Figure 6.23: Pion efficiency for various centrality classes as a function of the track momentum
(left) and as a function of the number of contributing layers (right).

Figure 6.23 (left) show the momentum dependence of the pion efficiency in Pb-Pb collisions. The
centrality dependence is visible at all momenta. The results in peripheral and midcentral Pb-Pb
collisions indicate the same momentum dependence of the pion efficiency as in pp collisions
discussed in section 6.7.1.3. An optimal performance is found at a momentum of 0.6 GeV/c,
where the production of TR for electrons sets in (cf. fig. 6.5 (right)), while more central collisions
do not show a distinct minimum at low momenta. Non-continuity in the momentum dependence
can be explained by the fact that the likelihood is computed from reference distributions in fixed
momentum ranges.

6.7.2.3 Dependence on the number of contributing TRD layers

Figure 6.23 (right) show pion efficiency as a function of the number of contributing layers.
Qualitatively the results are in agreement with the observations in pp (cf. section 6.7.1.2) and
the pion efficiency improves roughly by a factor of 2 for each additional layer. Slight deviations
from the expected linear scaling can be observed for mid-central and peripheral collisions, which
might be explained by artifacts of the track reconstruction.

6.8 Summary and outlook

In this chapter the technical implementation and performance of a bidimensional likelihood ap-
proach (LQ2D) for electron identification with the TRD was described and discussed in detail.
Reference samples for electrons and pions were obtained from topological cuts on photon con-
versions and K decays. It was demonstrated that further particle identification cuts using the
TPC and TOF were necessary to clean the samples from impurities. It was further shown in sec-
tion 6.5.4 that already small contaminations can introduce a rather large bias of the extracted
electron and pion efficiencies and thus restrictive cuts were chosen.
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Within this thesis it was found that the pion rejection depends on the X?ed of the track prolon-
gation from the TPC into the TRD. For the study of pp collisions rather restrictive cuts were
applied during the track selection (cf. section 6.6.1). In particular, systematic differences for
electrons and pions were observed and about 20% electron and 10% pion tracks were removed
by a Xfed—cut. It could be argued by the large X?ed value that the track prolongation from the
TPC to the TRD failed for those tracks and thus the TRD PID cannot be applied to those
tracks.

For the reconstruction of the Pb-Pb data an improved cluster attachment algorithm was in-
troduced in order to deal with the increased detector occupancy, which solved the discrepancy
between electrons and pions. Furthermore, a significant charge dependence of the pion rejec-
tion was observed, which seems to be an artifact of the interplay between the drift field and
the magnetic field of the L3 magnet. This hypothesis could be tested by comparing runs with
different polarizations of the magnetic field.

Data Sample pion efficiency pion rejection
pp, Vs=T7TeV (0.75 4+ 0.06)% 134
Pb-Pb, \/sny=2.76TeV  60-100% (0.71 £0.04)% 140
Pb-Pb, \/sxw=2.76TeV ~ 40-60%  (0.91 4 0.05)% 110
Pb-Pb, \/sxw=2.76TeV ~ 20-40% (1.3940.05)% 72
Pb-Pb, \/sx\n=2.76TeV  10-20% (2.62 £0.08)% 38
Pb-Pb, \/sx\y=2.76TeV ~ 0-10%  (4.08£0.09)% 25

Table 6.2: Pion efficiency at 90% electron efficiency in pp and Pb-Pb data for various centrality
bins for tracks with 1-2 GeV/c momentum.

Finally, the performance in terms of its pion rejection was determined for the bidimensional
approach in pp and Pb-Pb collisions. The results are summarized in table 6.2. According to
the technical design report [236], the TRD was designed for a pion efficiency of 1% at 90%
electron efficiency for tracks with six contributing layers with a momentum between 1-2 GeV/c.
The performance in pp and Pb-Pb collisions is summarized in table 6.2. In pp data as well
as in peripheral and mid-central Pb-Pb collisions the bidimensional method is able to provide
electron identification at the design performance or even better. In central Pb-Pb collisions the
performance suffers from additional charged attachment due to the high detector occupancy.
However, even in the 0-10% most central collisions still a pion rejection factor of 25 at 90%
electron efficiency is reached.

It will be interesting to see the TRD PID applied to physical analyses such as the .J/v¢ or heavy
flavor electron analysis (cf. [297]). For the purpose of photon reconstruction, which is part of
this work, the TRD electron identification was not used for two reasons. First, it is shown in
section 8.2.4 that the contamination of photon conversion after TPC and TOF PID is even in
central Pb-Pb collisions small enough and dominated by electron combinatorics. Second, during
the first period of LHC operation the TRD was not fully installed. The common approach is to
use TRD information if it is available. However, this reduces azimuthally nonuniform systematic
effects, which is undesirable for the purpose of anisotropic flow analyses.
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7. Analyzing direct-photon anisotropic
flow from fluctuating initial
conditions

The physical aspects of transverse flow and its implications for our understanding of the time
evolution of heavy-ion collisions was discussed in section 3.4. This chapter focusses on the tech-
nical aspects of the anisotropic flow measurement.

If the number of particles of interest is large enough, the Fourier coefficients of the azimuthal
anisotropy can be extracted directly from the laboratory azimuthal distribution in each individ-
ual event. While this approach is used to measure the event-by-event probability distribution
of the bulk flow, this method is inappropriate for identified particles or differential flow mea-
surements, since statistical fluctuations in the particle yields would dominate the measurement.
Instead, the azimuthal anisotropy is measured averaged over many events, either from multi-
particle correlations (cumulants) or the azimuthal distribution is measured with respect to an
event plane, which is an event-by-event estimate of the direction of the n-th order transverse
flow ¥, . A slightly modified version of the event-plane method is the scalar-product method.
When those methods were developed, it was assumed that event-by-event fluctuations of v,
were negligible [298]. Nowadays, it is known that v,, fluctuates significantly within a class of
events (cf. section 3.4.2), which has different implications for the outcome of the three methods
mentioned above [65,298]. As described in section 4.1, direct photons cannot be separated from
decay photons on a event-by-event basis. The most common approach is to measure inclusive
photons and hadrons, and to subtract the spectrum and anisotropy of decay photons, which
is estimated from a cocktail simulation based on the measured hadron spectra and azimuthal
anisotropy. However, unlike hadrons and decay photons, direct photons are produced over the
whole time evolution of the system and it is not obvious what the correlation of particles emit-
ted from different stages of the fireball evolution measures. Therefore, it will be important to
understand the direct-photon flow extraction in detail and to ensure that a large direct-photon
anisotropy cannot arise due to artifacts of the experimental method.

In this chapter, the effects of fluctuations expected for Pb-Pb collisions at /sy =2.76 TeV
are estimated within a Glauber Monte Carlo simulation. The extraction of the direct-photon
anisotropic flow is tested for different scenarios for the direct photon production.

7.1 Flow fluctuations from Glauber initial conditions

In section 3.4.1, it was shown that v, and v4 are proportional to the second and third order
eccentricity €, and €5, respectively. As a consequence, relative flow fluctuations o, / (v,,) should
be described by o, / (€,,), which can be determined from initial state models such as the Glauber
model. The eccentricity used in this work is the participant eccentricity defined in eq. (3.7). In
addition to the standard Glauber calculation, the eccentricity is also estimated from a quark con-
stituent Glauber calculation with three constituent quarks with oqq =1/90m, with on, =64 mb
instead of nucleons. This approach is inspired by the Additive Quark Model [299-301].

Figure 7.1 (left) shows the mean eccentricity (e,) as a function of Npar as determined from
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Figure 7.1: (left) Mean eccentricity (e,,) as determined from nucleon and quark participants.
(right) pr-integrated elliptic and triangular flow measured by ALICE [141] divided by the mean
nucleon eccentricity as a function of Npart.

nucleon and quark participants. In central collisions, the elliptic and triangular eccentricity are
of similar magnitude. As the impact parameter goes to zero, the system becomes radially sym-
metric and thus also the elliptic eccentricity is exclusively induced by fluctuations. At non-zero
impact parameters, €, is always larger than e; due to the asymmetry of the nuclear overlap. At
large impact parameters, fluctuations due to small numbers of participants drive €, — 1.

Figure 7.1 (right) shows the pr-integrated elliptic and triangular flow measured by ALICE [141]
divided by the mean nucleon eccentricity as a function of Npar. It was already discussed in sec-
tion 3.4.1 that proportionality of the anisotropic flow v,, and the eccentricity ¢,, change with the
centrality, which might be explained by different viscous corrections for central and mid-central
collisions. In order to parametrize this effect, it is assumed that v, = (a + bNpart) €, With pa-

rameters a and b extracted from ALICE data [141]. The resulting v,, /€, ratios in the simulation
are also shown in fig. 7.1 (right).

The event-by-event probability distribution for v, and v4 is shown in fig. 7.2 for different values
of (Npart). Looking at the probability density function for elliptic flow, it can be seen that the
most probable value is shifted towards higher values as the collisions become less central and
Npart decreases. This effect is driven by the asymmetry of the nuclear overlap in non-central
collisions. In addition, the probability density functions show large asymmetric tails towards
smaller values in non-central collisions and towards towards larger values in the most central
collisions. The most probable value of the triangular flow shows only a weak increase with
decreasing centrality compared to the elliptic flow, since triangular flow is only driven by fluc-
tuations and independent from the asymmetry of the nuclear overlap.

Finally, fig. 7.3 shows the ratio o /(e,) as obtained from Glauber initial conditions and
0y, / (v,) measured by ATLAS [143] as a function of (Npart). For triangular flow, the data points
are in agreement with pure Gaussian fluctuations (o, /(€,) =+/4/m — 1 [302,303]). Both, the
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Figure 7.2: Event-by-event probability density function for v, (left) and v; (right) for different

values of (Npart).

standard nucleon and quark participant Glauber calculation, describe the data points in cen-

tral and mid-central collisions. In peripheral collisions, the Glauber model deviates from pure

Gaussian fluctuations and underestimates the data, which can be understood from the fact that

€, — 1 at large impact parameters.

For elliptic flow, data points and Glauber calcu-
lation are below the limit of pure Gaussian fluc-
tuations, except for the most central collisions.
Quark participants yield a much smaller rela-
tive width of fluctuations compared to nucleon
participants, which can be interpreted by the
smoothening of eccentricity fluctuations in the
quark participant model. In central and mid-
central collisions the data points lie between
the values obtained by the quark and nucleon
participant model, which implies that adjust-
ments in the cross-section o4q could give a bet-
ter agreement between data and the Glauber
Monte Carlo simulation. Similar to the triangu-
lar eccentricity, the relative magnitude of fluc-
tuations decrease in peripheral collisions as a
consequence of €, — 1.

In summary, v and in central collisions also v,
can be understood as induced by pure Gaus-
sian fluctuations in the energy density profile.
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Figure 7.3: Relative eccentricity fluctuations
oe, / (€,) for nucleon and quark participants in
comparison to o, /(v,) for charged particles
(0.5 <pr <1GeV/c) [143] vs. Npart.

In mid-central and peripheral collisions, the second order eccentricity is dominantly driven by

the asymmetry of the nuclear overlap in the transverse plane and thus flow fluctuations are

significantly reduced.
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7.2 Multi-Particle cumulant method

A method for measuring anisotropic flow based on genuine multi-particle correlations was pro-
posed by Borghini, Dinh and Ollitrault in 2001 [304-306]. Compared to the scalar-product and
event-plane method, this approach allows to subtract non-flow effects from flow measurements.

7.2.1 Two- and four-particle cumulant

The cumulant method correlates each particle with every other particle in the same event. The
two-particle cumulant ¢ is defined as [52,136,137]

¢ = {cos (n (¢1 — ¢2))) (7.1)

where ¢1 and ¢y denote the azimuthal angles of two different particles and the brackets (...) an
average over all particles of interest in all events. The two-particle cumulant estimate for the
n-th order anisotropy v,,{2} is given by

02} = Vs . (7.2)

Analogously, the four-particle cumulant ¢4 and the corresponding estimate v, {4} are defined
as [52,136,137]:

ca = {cos (n(¢1 + ¢2 — 3 — ¢4))) (7.3)

7.2.2 What does the cumulant method measure?

Assuming that the correlation between the particles is only due to the collective expansion and
using the definition of v,, given in eq. (3.29), one obtains

va{2} = V/{cos (n (@1 — ¥,))) (cos (n (¥, — ¢2))) = V/(v3) . (7.5)

It can be immediately seen that the two particle cumulant method v, {2} measures the root
mean square of v,,. The magnitude of flow fluctuations is given by

o5, = (vn) = (v)* (7.6)

which implies that

{2} = (v7) = (v,)" + 0}

n

Analogously, we obtain for the four-particle cumulant estimate

on{d} = /2(02)" = (vh) = (v,)? — 0y . (7.8)

The anisotropic flow measurement from two-particle correlations v,{2} is sensitive to non-flow
correlations dy¢, while v,,{4} is almost insensitive to non-flow effects [137]. Assuming that both
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non-flow and fluctuations are present, we obtain
2 2 _ 2
vn{2} — v {4} = us + 20, (7.9)

which implies that non-flow effects can be estimated from the comparison of two- and four-
particle cumulants.

7.3 The event-plane method

The event-plane method was introduced by Voloshin and Zhang in 1994 [307]. Historically, the
event plane was though as an estimate of the reaction-plane orientation. However, by defini-
tion, the event-plane angle points towards the direction of maximum pr-integrated flow, which
— taking the role of fluctuations into account — can be identified with the participant-plane
orientation rather than the reaction-plane orientation.

7.3.1 Flow vector

The flow vector @, for the n-th order harmonic is defined by [135,308]:

= (X)) _ S Neet 4, cos (nebi)
Qn = (Yn> B <Z£vref w; sin (mbi)) (7.10)

The sum goes over all N, reference particles in an individual event. Optimal weights w; in
eq. (7.10) in terms of small statistical errors and high angular resolution of the event-plane
angle are given by v, (pr) itself [304], a simple parametrization of the pr dependence of v,, (cf.
section 3.4.4) is given by:

P =

{ pr[GeV/c] for pr <2GeV/c (711)

2 for pr >2GeV/e

The flow vector measures the magnitude and direction of the pp-integrated reference flow o,,.
If the weights w; are neglected (w;=1), the normalized flow vector Q’med is related with the
two-particle cumulant ¢y as follows [136]:

‘@n T Neg—1

= f _

Qnyred = = \/ e T 7.12
e Nref Nref Nref 1/Nyes—0 " ( )

Thus, the flow vector measures the strength of the reference flow ,, for sufficiently large numbers

of reference particles N.r. Accordingly, the two-particle cumulant can be estimated from the
flow vector as

g = —rored  Nrer (7.13)

This approach reduces computational costs to O(Nyef) instead of O(N2,). Similarly, also four-
particle cumulants can be estimated from the flow vector [136]. Figure 7.5 (left) shows the
normalized flow vector Q_,ered as a function of the reference flow strength vs as obtained from
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different number of reference particles (Nyef). Since QQ’red is shown as a function of vo, fluctua-
tions are explicitly excluded and Q’Q’red coincidences with v, for large v and (V). For small
values of vs, the reduced flow vector Qn,red is dominated by multiplicity fluctuations, which
gives the lower bound Qs req > 1/v/Nyet-

7.3.2 Event-plane angle

The direction of maximum n-th order anisotropy ¥, can be estimated from the flow vector.
The estimate is referred to as event plane and defined as [308]

1 1 Yy
oEP — - (tan ! X_n) : (7.14)

The event-plane angle WEP points towards the direction of maximum n-th order transverse
flow ¥, , which is ambiguous in the laboratory system for n > 2. Figure 7.4 shows a schematic
diagram illustrating the orientation of the elliptic ¥, and triangular ¥; flow direction in relation
to the initial distribution of participant nucleons from a Glauber Monte Carlo simulation. By
definition, eq. (7.14) yields an angle in the range [0, 7/n], which is equivalent to any WEP 4-i7 /n
for i € R due to the periodicity of the cosine.

Figure 7.4: Schematic diagram illustrating the orientation of the elliptic and triangular flow
direction in relation to the initial distribution of participant nucleons from a Glauber Monte
Carlo simulation [309].

7.3.3 Transverse flow measurement with respect to the event plane

The event-plane estimate of the n-th order anisotropic flow v, {EP} is given [134,135,308] by

(cos (n (6~ WEP)))

v, {EP} = -~

(7.15)

The respective particle of interest is always subtracted from the flow vector @n in order to avoid
autocorrelations. The measured anisotropy is smeared out by the dispersion x of the event-plane
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Figure 7.5: (left) <Q)2,red> and (right) R=(cos (2 (¥EF — ¥y))) as a function of reference flow

strength 5. The black dashed lines represent the limit of perfect correlation between the flow
vector and reference flow.

estimate \IIEP. In appendix A, it is shown that resolution correction R is given by
R={cos(n(T;" - T,))) . (7.16)

The relation between the resolution correction R (x) and the dispersion x is given [134,137] by

R(x) = \fe‘xzﬂx <Io <X;) +1 (X;» : (7.17)

where Iy and I; are modified Bessel functions.
In general, the dispersion y is related to the pp-integrated reference flow strength v, and the
number of particles Ny used for the event-plane estimate as [134,137]:

X X T/ Nyef (7.18)

Figure 7.5 (right) shows the resolution correction R as a function of the reference flow strength v,
for different values for the reference particle multiplicity (NVyef). In the limit of perfect resolution,
the correction factor R approaches unity. It can be seen that the estimate of the event plane
gets more precise as v and Ny increase.

7.3.4 Estimation of the event-plane resolution

The resolution correction factor R (x) can be estimated from the correlation between the refer-
ence detector and at least one additional detector. Three cases can be distinguished:

1. There are two identical detectors A and B, which are symmetric around mid rapidity and
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separated by a pseudorapidity gap. Then the resolution correction factor is given by:

R = /(cos (n (¥ — 0B))) (7.19)

. If there is no such symmetry, a third reference detector C is required. The resolution

correction for detector A is then given by:

(7.20)

. Alternatively, the signal in the detector is often divided in two or more sub events of equal

number of particles Ng,,. The sub events should be separated in pseudorapidity in order
to suppress non-flow correlations. Often, the event plane is split randomly into two sub
events, which will overestimate or underestimate the correlation, if non-flow correlations
are present. The resolution of the full event plane can be obtained as follows: using that
the dispersion x is proportional to v/Nyet (eq. (7.18)), the resolution parameter R () of
the full event plane can be estimated from the sub-event-plane resolution Ry, by

R(X) = Rsub (Xsub\/M) 5 (721)

where xgup is the dispersion of the sub-event plane [137,308]. The relation between dis-
persion x and resolution correction R was given in eq. (7.17). For practical purposes, the
following interpolation [308] is used

R (x) = 0.626657x — 0.09694x> 4 0.02754x* — 0.002283x° . (7.22)
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Figure 7.6: (left) Event-plane resolution as a function of the relative reference particle multi-
plicity Nyef/Nref,max- (right) Estimates for the event-plane resolution as a function of (Npar) as
obtained from the correlation with a second, identical detector (‘2ep’), the two other detectors
(‘3ep’), and random sub events (‘2sub’).The true resolution is shown as solid line.
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The derivation and validity of the relations eqgs. (7.19) and (7.20) is discussed in detail in
appendix A. It is important to notice that the factorization and thus the derived resolution
correction is only valid, if the correlation between the event-plane estimates WEF is only due
to the flow signal. The contribution of non-flow correlations can be partially suppressed, if the
event-plane detectors are sufficiently separated in pseudorapidity. However, as a quid pro quo,
the estimate of the resolution correction then depends on the pseudorapidity gap An and differ-
ent values for An might yield different values for the resolution. Recently, even a decorrelation
of event planes over pseudorapidity was observed in AMPT calculations [310]. These findings
might call into question, whether n gaps are an appropriate tool to reduce non-flow contribu-
tions.

It can be demonstrated that the sub-event approach is not valid, if the strength of the pr-
integrated reference flow vy, fluctuates event-by-event. Figure 7.6 (left) shows the true resolution
R as a function of the relative reference particle multiplicity Nyef/Nyef max- The resolution correc-
tion was calculated once for fluctuating reference flow v,, and once for constant reference flow of
magnitude v, = (v,,). The red and black dashed line describes the expected scaling with Npef (cf.
eq. (7.18)), if the reference particle multiplicity is lowered with respect to Nyef max - The scaling
describes the resolution for constant v,,, but overestimates the resolution in case of fluctuations.
This effect just follows from the concaveness of R (), which implies that (R (x)) <R ({x)).

Figure 7.6 (right) shows a simulation for the resolution R for three different event-plane detectors
as a function of (Npart). The reference particle multiplicities Nyef are chosen proportional to the
number of participants Nyef = agpNpart, While the parameters agp were chosen such that the
true resolution Riye is similar to the resolution for the detectors used in the analysis described
in chapter 9, namely the ALICE TPC, VO-A, and V0-C detectors. In this simulation, the only
correlation is due to flow, non-flow correlations and calibration effects are explicitly neglected.
The resolution is determined from a second identical detector (‘2ep’), from the correlation with
the other two detectors (‘3ep’), and from two sub events (‘2sub’). It can be seen that all three
estimates differ from the true resolution R, which is shown as a solid line. In order to quantify
this effect, the ratio of the estimated resolution to the true resolution R/R™" is shown in
the lower panel. As expected from fig. 7.6 (left), the two sub-event method overestimates the
resolution due to fluctuations, which can be seen when the ratio R/R'"® is compared with
the ratio \/(v2)/ (,) (black line). Furthermore, also both other methods overestimate the
resolution, but the effect decreases, if the resolution increases. The smallest deviations with
respect to the true resolution are obtained for the TPC event plane, which also implies that
the difference between the two-sub-event method and the three-event-planes method is most
pronounced for the TPC. It can be concluded that the resolution is only estimated correctly
in the perfect resolution limit (R— 1), while the low resolution limit (R—0) asymptotically
approaches the root mean square

<R2ep,3ep> = <Rtrue> _VU%> . (7.23)

(
Rtrue 0 (v,,)
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7.3.5 What does the event-plane method measure?
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Figure 7.7: v, {EP}=(v2)"/* as a function of the true event-plane resolution R as obtained
with the standard method for different (Npart) (left) and as obtained from different averaging
procedures (right). The event-plane resolution R was determined from the correlation with a
second, identical detector (‘2ep’). Details in text.

When the event-plane method was first developed, it was assumed that event-by-event fluctua-
tions in v,, were negligible. It was explicitly stated [311] that the event-plane method measures
rather the root mean square \/@ than the mean value (v,,) in presence of flow fluctuations.
It was further argued in [298] that the event-plane measurement is uncontrollably biased and
thus yields an ambiguous measure between the root mean square and mean value

(vn) < v, {EP} < \/{12) . (7.24)

Figure 7.7 (left) shows a simulation for v,{EP} for elliptic and triangular flow as a function
of the true event-plane resolution Ryye for different values of (Ny.f). For better comparability,
v, {EP} is expressed by v, {EP}=(v®)}/®. Similar calculations can also be found in litera-
ture [67,137]. It can be seen that the event-plane method measurement approaches the root
mean square (a=2) for R—0. As the resolution increases, the measurement is continuously
biased from the root mean square /(vZ) towards the mean value (v,,) (a«=1). The asymptotic
behavior depends on (Npart) and thus on the collision centrality. For v,, the points are almost
on a common line together with the v, result for central collisions. The reason might be that
eccentricity fluctuations for those classes of events are almost Gaussian, while v, in mid-central
and peripheral collisions originates mainly from the asymmetry of the nuclear overlap in the
transverse plane (cf. section 7.1). In order to get a better understanding of this experimental
bias and its features, the averaging procedure is studied in more detail in the following.
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If fluctuations are present, the definition in eq. (7.15) is only valid for a single event. The single

event average of for vy, for an event with reference flow vy, Ny, reference particles and N7,

particles of interest can be defined as

e
obs,e

e 1 - COS( (¢z - )) Un,
C=— - = . 7.25
° Z R (Nref7 n) R (Nref7 n) ( )

poi j—q

R (Ngs,v5) is the correction for the event-plane resolution, which depends on the reference

particle multiplicity N,ef and the magnitude of the event reference flow v,,. Averaging over Ny
events one obtains

o & cos ( —-v.))
(vp) = ZN“ No ZZ Ne ) (7.26)

e
poi j=0 i=0 ref> Un
1 Nev UObS e
_ Ne —n (7.27)
ch Z po1 e e ’
Z N§01 ] 0 R (Nref7 ’Un)

Uobs,e

n

= (= (7.28)
R (N fef’ U%)

It should be noted that in this definition of v,, the event average (vS) is implicitly weighted with

the multiplicity N7, which is given by the centrality dependent cross-section of the particles

of interest. Experimentally, the event-by-event resolution correction R®= R (NES,, ) is not

ref? Un

accessible. Instead, the following following formula is used by many authors [52,308,312]

() .

v = —,

! (Re)

where (R°) is the resolution correction averaged over all events. Alternatively, one can also find

pmeas _ <vgb5£> <}%> . (7.30)

another approximation [313]

In the following, it shall be explicitly demonstrated that the two approaches egs. (7.29) and (7.30)
do generally not measure the mean value of the anisotropic flow. We do a Taylor expansion of

2= to the first order at R®=(R®) and use that 2 is a convex function (( 1%9) >0) and strictly

monotonically decreasing, which gives

Q1 (R
FER) . (mp (731

Taking the expected value, the second term vanishes ((z — (z))=0) and we obtain Jenssen’s
inequality

1\ 1 N gobse [ L ><Ugbse>, 7.32
<Re>—<Re) <” ><Re>_ (Re) (732
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Similarly, we expand v”>°/R® to the first order. It is not obvious how v5™>°/R® behaves as a

function of vgbs’e /R¢. The resolution scales with the reference flow signal v,, and the multiplicity
Ny while the reference flow itself also changes with centrality. However, it is reasonable to

assume the following asymptotic behavior:

—0 for R®—0
vebse /R = { o (7.33)

< Upmaz for R¢—1

Under the assumption of monotonicity and using that ¥,,4, <1, it is reasonable to assume that
voPse /R® behaves like a concave function. It follows that

Ugbs,e Ugbs,e U;)Lbs,e (Re N <Re>)

R = (R) (Re)? (734)

and evaluating the expected value gives

obs,e
<”’£e’ > < <<;e>> . (7.35)

Finally, we obtain the following relation between eqs. (7.28) to (7.30):

obs.e 7)?Lbs,e
()= =) ()

It can be seen that the calculation based on eq. (7.29) tends to give larger values than the mean
value (v,,). In the limit of perfect resolution (VE¥ =W = R=1), the outcome does not depend
on the averaging procedure and v,,{EP} indeed measures the mean value

v, {EP} = (v,) - (7.37)

Analytically, it is not obvious how v,{EP} behaves for non-perfect resolution. Figure 7.7 (right)
shows a simulation for v, {EP} as determined by different averaging procedures. v and
R (NS, vy) are measured in small bins of v, and Nt and then v, {EP} is evaluated according
to the three approaches given in egs. (7.28) to (7.30). The resolution correction is estimated
from the correlation of two event planes (‘2ep’) as defined in eq. (7.19).

Using the exact formula eq. (7.28) (red), v,{EP} exactly measures the mean value (v,,), while
using eq. (7.29) the extracted v,{EP} (black) approaches the root mean square (aw— 2) as the
resolution deteriorates. The third approach eq. (7.30) (blue) even overestimates the root mean
square and should not be used. The green points show a modified version of eq. (7.28), where

the resolution correction was averaged

<\/cos (n (A — qu))> ~\/(Riye) (7.38)
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instead of averaging the cosine expression before taking the square-root
(cos (n (‘112 - \I'S))> = Rirue (7.39)

The second approach eq. (7.39) yields exactly the true resolution Riye, while eq. (7.39) yields
the root mean square of Riyue, which can be seen in fig. 7.6 (right). Using the true resolution,
the result approaches aa=3. It can also be seen that multiplicity fluctuations in Ny do not
change the result.

Experimentally, v,, is not accessible unless the N.f and v, are large enough to be precisely
determined event-by-event and thus eq. (7.29) (black) is the commonly used standard method.
While the transition between mean and root mean square is not trivial to explain, the rms-like
behavior for small resolutions can be understood as follows: In the low resolution limit (R — 0),
the numerator of eq. (7.15) is just a two-particle correlation, which measures (v, 0p). It was
demonstrated in section 7.3.4 that the resolution correction measures the root mean square of
the reference flow 1/(v2) in the low resolution limit. Under the assumption that v, /7, =a is
constant one obtains

v2) . (7.40)

A detailed discussion of the impact of non-flow contributions can be found in [137].

7.4 The scalar-product method

It was demonstrated that the event-plane method yields an ambiguous measure between the
mean value and the root mean square. It is argued in [298] that the ambiguity of the event-plane
method can be overcome by a simple modification of the event-plane method referred to as the
scalar-product method [314]:

(1Qn| cos (n (¢ — ¥n)))

v, {SP} =
2 {1SP} O

(7.41)

The resolution correction @Q,, is similar to that of the event-plane method, except without
dividing by the magnitude of the measured flow vector. For two identical detectors A and B it
is given by [298]

Qn = <©n,A@n,B> (7.42)

and using a third detector C' by

 [{GenGun) (Gurtinc)

Qn = <C§n,BQn,c> (7.43)
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The modified numerator measures (Nyefv,,0p,) and the denominator 4 / <Nr26f177%>. Neglecting fluc-

(\ (NE) =

V/ (v2) regardless of the resolution:

tuations ( Nryet)), the scalar-product method always yields the root mean square

<Nref’U @n> . <U2>
— n
_2> Nyef=const

v, {SP} = (7.44)

However, it can be shown that this statement is
no longer valid, if the number of reference par-
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which is shown as a blue dashed line in fig. 7.8. It is obvious that relative fluctuations are more

(7.45)

pronounced in mid-central and peripheral collisions, where the reference particle multiplicity
Nyt 1s smaller. For comparison, the result is also shown for 10 centrality bins of 10% width each,
which increases the width of fluctuations and decreases the measured value for v, {SP}. In central
collisions, v,,{SP} is about 0.2% smaller than the root mean square and in peripheral collisions
more than 1%, which are negligible corrections compared to typical systematic uncertainties.

7.5 Comparison of the cumulant, event-plane and scalar-product
method

Figure 7.9 shows a simulation for the elliptic and triangular flow measured with the event-
plane method v, {EP}, the scalar-product method v,{SP} and the cumulant method v, {2}
as a function of ( part> The measured anisotropies are normalized to the true anisotropy wv,,.
The root mean square of the true anisotropy is shown as a black line. It can be seen that the
root mean square of the elliptic flow exceeds the mean value by about 6% in mid-central up
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to 13% in the most central collisions for v,. The root mean square of the triangular flow is
about 13% larger than the mean value in all centrality classes for vs. Similar results can be
found in [298]. As expected from the considerations above, vo{EP} shows a rms-like behavior,
if the event-plane resolution is low, which is the case for V0-A and VO0-C event plane for vy
and in peripheral collisions also for v,. Due to the higher resolution, the measurement with the
TPC event plane is uncontrollably biased between the root mean square and the mean value.
While the two-particle cuamulant method exactly yields the root mean square, the scalar-product
method shows small deviations in very peripheral collisions due to fluctuations in the number
of reference particles N,q¢. For more central collisions this effect can be neglected.
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Figure 7.9: Simulation for elliptic (left) and triangular (right) flow measured with the event-
plane, scalar-product, and two-particle cumulant method.

7.6 Extraction of the direct-photon anisotropic flow

7.6.1 Single event direct-photon anisotropy

The definition of experimentally observed inclusive photons includes photons from hadronic
decays and a contribution of direct photons N, jnc = N be + Ny dir- The presence of azimuthal
anisotropy leads to the following relation for inclusive photons for a single event

N .
) 1 “,inc
ot = 1 D cos(n(gi—1,)) (7.46)
“,inc i
N bg N’y,dir
Nypg 1 i Nyair 1
= —= cos(n(p; — W ))+—"—— cos(n(p; — W 7.47
N'y,inc ny,bg Z ( (¢’L n)) N'y,inc ny,dir Z ( ((bl TL)) ( )
T
,Ug,bg v;y?,ﬁir

,b ,dir
_ P (R-Dun (7.48)
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with R= Ny inc/Ny bg. Solving for v%’dir, we obtain

) Rome _ 4, 7bg
ot = (7.49)

which is the relation that can be found in literature (cf. section 4.4).

7.6.2 Event mean and root mean square of the direct-photon anisotropy

In the following, it shall be clarified, whether relation eq. (7.49) still holds, if the anisotropic flow
is averaged over many events with fluctuating initial conditions. From E[X +Y|=FE[X]+ E[Y],
it directly follows that the above relation eq. (7.49) holds for the event mean value

(o) = R (™) = (™) . (7.50)

R—-1

However, it has been shown in section 7.5 that most experimental methods measure the root
mean square rather than the mean value depending on the details of the analysis. We will now
derive the corresponding relation for the root mean square value:

) - (i)

(R—1)?

) R2 <U%,inc 2> 4 <U;1y,bg 2>2_ R <v%,incvg,bg> .
(R—1)

We apply the binomial formula, which gives

@Z’dir 2> = (31—1) <R\/<v;{’im 2> - \/<vﬁgbg 2>>2 + 24 (7.53)

with

A= (2 (% 2) — (gt (7.59)

It can be seen that eq. (7.49) does generally not hold for the root mean square for A#0.

7.6.3 Study of different scenarios for the direct-photon production

The mean value is experimentally only accessible in the perfect resolution limit of the event-
plane method, or if the anisotropy coefficients are measured event by event. It was shown in
section 7.5 that the event-plane v, {EP} and scalar-product v,{SP} measurements yield

0, {BP} _ (uyo,) | i R0
Un{SP} <1772L> if <Nr2ef>/ <Nref> —0

(7.55)
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in the low resolution limit and if multiplicity fluctuations are negligible. The cumulant method
v, {2} always yields the root mean square

0,2} = V2 - (7.56)

It was also argued in section 7.3.5 that under the assumption of a linear relation between the
reference flow v, and the particle of interest v,, (v, =xv,,), the scalar-product and event-plane
method measure the root mean square

v x (v
(i) _ 2tn) _ s (7.57)
V) /el
Even though the linear relation might be a good assumption for any particle produced at the
same time as the hadronic bulk, it is not obvious at all, if that relation (v, ,dir =1z0,) holds for

direct photons, which are are emitted over the whole system evolution. It will be interesting to
see what different methods yield under different assumptions for the direct-photon anisotropic

flow
. v""{EP,SP,2} — v} "*{EP,SP,2
oy (Ep gp gy = fvn ABPSP2) = v THEP.SP2) (7.58)
R-1
From eq. (7.53) we obtain
. : A
fy,dlr 2 — ’y,dlr 2 .
v {2} \/vn o1 (7.59)
It can be demonstrated that the relation eq. (7.49) also holds for (v, v,):
. Nyinc Nyef
(v m5,) = anchef ; ZCOS — 05)) (7.60)
Ny bg Ny,bg
- o L 3 )
o
R ’Ydlr ref
= + cos ( 7.61
R N'y dir ref ; Z ¢])) ( )
< gdlr-n>
(o5, ) + (R = 1) (075,
_ (7.62)

R
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Solving for <U%’dirﬁn> and dividing by +/(72) we obtain

~,dir — y,inc - v,bg ~
vy (EP,SP} = <U <@;>> = Rl_l R <U \/%> - <U¢%> (7.63)

v "{EP,SP}  v}'PE{EP,SP}

and it follows that event-plane and scalar-product method will always measure <vn’dir6n> / \/@
regardless of any detail on the photon production. However, it is not clear how this measure is
related to the root mean square and mean value of o diT,

In the following, we four different scenarios for the direct photon production and the outcome
using the event-plane, the scalar-product and the two-particle cumulant method are studied.
In particular, for all cases upper limits are determined in order to demonstrate that a large
direct-photon anisotropy cannot appear due to artifacts of the methods. In our model, we make
the following assumptions:

1. The direction of the maximum direct-photon anisotropy is the same as for the reference
particles. A decorrelation of the maximum flow direction would always reduce the corre-
lation between photons and reference particles and thus reduce the measured anisotropy.
Hydrodynamic calculations yield a tight correlation between the thermal photon flow an-
gle and the hadron flow angle, which is reduced by pr-dependent viscous corrections. The
decorrelation is largest for photons produced at early times [315].

2. We assume a linear relation between the anisotropy of the particles used to calculate the

bg

event plane and the decay photons v, ™° = ¢, pgUy,. Since the result does not depend on the

choice of the constant cy 1,4, we set ¢y g =1 in order to minimize statistical uncertainties.

3. The inclusive-photon anisotropy is calculated from the decay and direct-photon anisotropy
according to eq. (7.48). For simplicity, it is assumed that R?%" =1.2, which is close to the
direct-photon excess observed in 0-40% Pb-Pb collisions at the LHC (cf. section 10.2.1).

4. In the cumulant method, vZ’inC{2} is calculated from the correlation of inclusive photons

and v"8{2} from the correlation of decay photons.

5. The direct-photon anisotropy is evaluated using equation eq. (7.58).

7.6.3.1 Constant relation between direct-photon and reference flow

In case of a linear relation c%incvg’mc = C%bgvz’bg = C%dier’dlr =7, with
Cy,inc = (C'y,bg + (R - 1>C'y,dir)/R ) (764)

we can substitute all contributions in eq. (7.63) according to eq. (7.57) by the root mean square

/ <U%,dir2> _ R\/<”’Z7im;>__1\/<”’z’bg2> | (7.65)

and obtain
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We can also derive this relation from eq. (7.53) by using

() = (7)) = () = (= () e

with @ = ¢y inc/cybg- In this case A=0 and we obtain again eq. (7.65).

Such conditions could most likely be the case, if direct photons were emitted in a similar stage
compared to the hadronic bulk. In that case, relation eq. (7.49) also holds for the root mean
square and the scalar-product and event-plane method deliver similar results than for hadrons:

vg’dir{EP} < Uz,dir{SP} < UZ’dir{2} = <1)?{,dir 2> (7 67)

Jinc __ ,bg dir _ ~
for Cy,incVp ¢ = Cy bgUp 78 = Cy dn¥y " = Dy,

The outcome of the simulation is shown in fig. 7.10 (left). Under this assumption, systematic
biases of the measurement with respect to the root mean square value similar to the sys-
tematic effects for hadrons as described in section 7.5. While the cumulant method and the
scalar-product method exactly measure the root mean square, the event-plane method yields
a measure between root mean square and mean value. Deviations are most pronounced for
the measurement with respect to the TPC event plane, for the VO-A and VO-C event plane,
deviations from the root mean square are smaller than 1%.
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Figure 7.10: Direct-photon elliptic flow measured with the event-plane, scalar-product, and
two-particle cumulant method in a Glauber Monte Carlo simulation with a constant (left) and
a fluctuating (right) relation between direct-photon and event-by-event bulk anisotropic flow.
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7.6.3.2 Fluctuating relation between direct-photon and reference flow

Now we consider that the direct-photon anisotropy is correlated With the bulk, but contains
some independent Gaussian fluctuations vn’dlr (1—¢) Cy,dirUn with (¢) =0 and \/672 . This
assumption could be valid, if direct photons are emitted early, when pressure gradients are still
changing. If the direction of the maximum flow changes over time, direct photons and the
bulk become even more decorrelated resulting into smaller values for the extract direct-photon
anisotropy. It follows that

(109 = cyan () () =0) (7.68)
() = Vit 2 V@) () =0d) (7.69)

and

~ dir
<v%’dir®n> = <(1 —€) et @2> ¢ by (02) = <U—2> . (7.70)

'y dir“n v,dir
Combining egs. (7.69) and (7.70), we obtain

v,dir — / 2. v,dir 2
<Un ’Un> 1+ UE ,ine <Un 1 < v,dir 2>
= Uy’ .

(v7) Vmc (14 02) \/<U%,dir 2> \/1 +0?

(7.71)

It can already be seen that the event-plane and scalar product method always yield values
smaller than the root mean square. In order to deduce the corresponding relations for the
two-particle cumulant method, we use that

. 2
(o2 = (29) 14 a2y (2 %) (7.72)
Cv,bg

and

i Cr,di bg 2
<U;{7d1rv;};,bg> _ y.dr <’U%’ g > . (773)
Cy,bg

Evaluating 77?7, the cumulant methods gives for the inclusive-photon anisotropy

. 1 ir 2 ir
<Ug,1nc 2> _ ]%\/1 + (R . 1)2 <C'y,d ) (1 + 0-2) +92 (R _ 1) C’Y’id <U%,bg 2> . (774)

Cy,bg Cy,bg

We insert 1+ o2 in the third term and obtain the following inequality

,/@gﬂm 2> < ]1%\/<1 +(R—1) (Zig) W)Q <v,7;bg 2> . (7.75)
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Inserting eq. (7.75) in eq. (7.58) we finally obtain

w2} < C‘Y’difm\/ (vi?5?) = \/ (o %) (7.76)

Cv,bg

Finally, we obtain:

/<,U'y,dir 2>
n
o) EP) < 04SPy < X —

V1+o2

,U;}L/,dir{Q} < /<,U%,dir 2>

for W)W =(1—¢€)ct,, €€ N(0,00)

(7.77)

It can be immediately seen that the extracted anisotropy is always smaller than the root mean
square for all three methods. The results of the simulation are shown in fig. 7.10 (right). In the
simulation, we have chosen c, gir =0.5 and . =0.2. For the scalar-product method, the extracted
anisotropies are consistent with the upper limit (black dashed line) and always smaller than
the upper limit for the event-plane method. For the two-particle cumulant method, the results
seem to be consistent with the upper limit for the event-plane and scalar-product method, the
exact outcome for the two-particle cumulant method is given by

(\/1+(R—1)2 <@>2(1+02)+2(R_1>@_

Cy,bg Cy,bg

o2} =

1
) <v%’bg2>, (7.78)

R—-1

which is shown as a red dashed line in fig. 7.10 (right). The result is slightly above the upper
limit for the event-plane and scalar-product method, which can be shown by setting 1 + 02 =1
in eq. (7.74):

<U%,dir 2>
V14 o?

v (21 > (7.79)

7.6.3.3 Zero direct-photon anisotropy

It can be easily shown that all methods measure zero for a zero direct-photon anisotropy.
Such conditions are expected, if direct photons are created early, for instance in hard initial
scattering in next-to-leading-order pQCD processes. It immediately follows that (v, v,,) =0 and

thus both, scalar-product and event-plane method, yield zero. Using <v;{’dirv;{’bg> =0in 7777

gives <v%’incv%’bg> :v%’bg 2/R and \/<U%’inc 2> = \/<v%’bg 2>/R, from which follows that A=0

and 4/ <v%’dir 2> =0. Finally, we obtain:
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Figure 7.11: Direct-photon elliptic low measured with the event-plane, scalar-product, and
two-particle cumulant method in a Glauber Monte Carlo simulation with zero direct-photon
anisotropic flow (left) and direct-photon anisotropic flow with an independent probability dis-
tribution with respect to the bulk flow (right).

Ug,dir{sp} _ Ux’dir{EP} = UZ’dir{SP} < U27dir{2} =0

: 7.80
for 4 =0 (7.80)

The results of the simulation (fig. 7.11 (left)) are consistent with zero within uncertainties and
thus confirm the considerations made above.

7.6.3.4 Independent probability distribution of the direct-photon anisotropy

Now we consider that the direct-photon flow undergoes small independent fluctuations v,, €
N (const, o). Such an independent probability distribution might apply to photons, which are
produced very early or if the mechanism that produces the direct-photon azimuthal anisotropy
is not the hydrodynamic evolution. Since the probabilities are independent, it immediately
follows that (v, v,) = (v,,) (vn,) and thus both, scalar-product and event-plane method, measure

<,U'y,dirﬂ >

n n . 3

At = (i) mﬁi , (7.81)
(o2) (o7)

which gives a a constant correction (o) /1/(02) < 1. Evaluating ??, the cumulant methods yields

for the inclusive photons

<vg,inc 2> _ <U’z7bg 2> + (- 1)2 <vg7dir ;>2 +2(R-1) <U’Y"dir> <Ug,bg> . (7.82)
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Inserting eq. (7.82) in eq. (7.58), we obtain

i v,bg 2
<w@g% 2@%m§<%b$ <% >

(R_1)2+ R-1 R-1

vydinfo) — <vg:dir 2> + (7.83)

Upper limits can be estimated by replacing the mean values <v%’dir> and <v;{7bg> with the
corresponding root mean square values, which finally gives:

U%’dir{SP} _ <U%’dir> (Unz < U%’dir{EP} < <,Ug,dir>

Wi g9y < /<U;1y,dir2 (7.84)

if o =0

The sign of the inequality for the event-plane method follows from the fact that the event-plane
method measures the mean value in the perfect resolution limit. The results of the simulation
are shown in fig. 7.11 (right), together with the deduced relations. The outcome for the event-

plane and scalar-product method are always smaller than the mean value <v%’dir>, since the

mean to root mean square ratio (0,) /+/(02) is always smaller than unity.

7.7 Summary

This chapter reviewed the most relevant methods for measuring anisotropic flow, with particu-
lar focus on the role of flow fluctuations.

It was demonstrated that the event-plane method rather measures the root mean square /(v2)
than the mean value v,, of the azimuthal anisotropy. However, the measurement is not generally
uncontrollably biased as quoted by the authors of [298]. It was demonstrated that using the
event planes from the VO-A or V0-C, relative deviations for the extracted v,,{ EP} from the root
mean square \/@ are expected to be less than 1%. The full TPC event plane should not be
used for the measurement, since it yields values somewhere between the root mean square and
mean value. Furthermore, it was shown that the experimentally measured resolution correction
does not follow the expected scaling with /Nt and thus the resolution correction should not
be estimated from sub events.

It has been further stressed out that the analysis should be done in small centrality bins in or-
der to reduce systematic biasses due to fluctuations. It was shown that even the scalar-product
method yields slightly smaller values than the root mean square, if multiplicity fluctuations are
present. The cumulant method always yields the root mean square of the azimuthal anisotropy.
It was shown that using Glauber initial conditions fluctuations yield an up to 13% larger root
mean square \/@ than the mean value (v,,) in central collisions. Since all experimental meth-
ods can only access the root mean square, fluctuations should be taken into account by any
hydrodynamic calculation when compared to data. Estimates for the magnitude of corrections
for different centralities were explicitly calculated.
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Finally, it was shown that the three different methods yield different results for the direct-photon
azimuthal anisotropy, depending on the details of the direct photon production. Theorists should
calculate rather the root mean square than the mean value or even both quantities, if possible.
Furthermore, it would be fruitful to run the simulation with input from hydrodynamic calcu-
lations. Four different hypotheses for the direct-photon anisotropic flow were tested and it was
demonstrated that all measurements never exceed the root mean square of the direct-photon
anisotropic flow. In particular, all methods measure zero, if the azimuthal anisotropy is zero, so
it will be an important check that the direct-photon anisotropic flow is consistent with zero at
high pt, where prompt photons dominate.
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8. Photon and neutral pion
reconstruction via photon
conversions

At energies above 1 MeV, pair production is the dominant mechanism for the interaction between
photons and matter. The physics of pair production shall be briefly introduced in section 8.1.
At these energies, photons can either be reconstructed via their conversion in the detector ma-
terial or by calorimetry. The first method was already used by the STAR [316] and CDF [317]
collaborations, while the second method is also used by the PHENIX collaboration [318]. In
ALICE, the photon conversion method reconstructs photons from neutral secondary vertices
(VO) of oppositely-charged dielectron tracks measured in the ITS and TPC. This method pro-
vides photon reconstruction in a broad rapidity window of |n|<0.9 at mid rapidity with full
azimuthal coverage (A¢=360°). In addition, photons can be measured using the two ALICE
calorimeters, EMCAL (|n| <0.7, A¢=110°) and PHOS (|n| <0.12, A¢=100°). The reconstruc-
tion of photons is described in section 8.2. Thereafter, the measurement of neutral pions via
the decay 7" — v using conversion photons is described in section 8.3.

8.1 Electron-positron pair production by photons

Photons at energies above 2m, (1.022 MeV) can be transformed into an electron-positron pair by
their interaction with the Coulomb field of an atomic nucleus. Photon pair production can also
take place in the field of an atomic electron, for photons with energies above 4m, (2.044 MeV).
Electron-positron pair production by photons was predicted by Dirac in 1928 [319, 320] and
first observed in cloud-chamber experiments by Anderson in 1933 [321]. A detailed historical
overview can be found in [322]. Figure 8.1 (right) shows a bubble chamber cosmic ray event. An
electron and positron produce invisible bremsstrahlung, which is indicated by the blue dashed
line. On the right, the Bremsstrahlung photon transfers a part of its momentum to an electron
by Compton scattering. On the upper left, the Bremsstrahlung photon converts into an electron-
positron pair. Due to their characteristic V-like shape, such neutral vertices are called VO0s.

Figure 8.1 (left) shows the photon total cross section as a function of the photon energy in
lead and the contributions of different processes: the atomic photoelectric effect oy, 0. (electron
ejection, photon absorption), Rayleigh (coherent) scattering orayleish, Compton (incoherent)
scattering ocompton, and pair production in an electron field k. or nuclear field £nye [9]. Nuclear
photon pair production becomes dominant at about 2MeV and is the only relevant mechanism
for the interaction between photons and matter in ultra-relativistic hadron collisions. The pair
production cross section is given by

7T A
o= -
INAXy '’

(8.1)

where X is the radiation length, A the atomic mass number and Ny Avogadro’s number [9].
The radiation length depends on the charge number Z of the material, approximately like
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Figure 8.1: (left) Photon total cross section as a function of the photon energy in lead [9]. (right)
Bubble chamber cosmic ray event with photon pair creation and Compton scattering. Figure
adapted from [323].

Xo(g/cm?)=[180A/Z]/Z, such that photons have a shorter mean free path in materials with a
large charge number [324].

Compared with other neutral particles, photon conversions are characterized by almost parallel
dilepton momenta at the secondary vertex. Neglecting the masses of the positron and electron
and the recoil of the nucleus, the dilepton tracks can be considered to be parallel at the decay
vertex. The most probable electron-positron opening angle 6, for a photon with energy £ is
given by

_ Amoc?
ok

2 b2(a) , (8.2)
where a = E™ /k is the fraction of energy of the positron daughter particle and ¢z(a) a factor
larger than unity that depends on the atomic charge Z and a [325]. An experimental method
of reconstructing the photon energy from the pair opening angle was discussed in [326]. Exper-
imental results for the opening angle can be found in literature [327,328].

8.2 Photon reconstruction via conversions in ALICE

8.2.1 Material budget

Figure 8.2 shows the distribution of photon conversions in transverse and longitudinal plane
of the ALICE detector. When reconstruction effects are neglected, the density of conversions
provides a direct measure of the material budget. A large number of conversions at a given
position corresponds to material with a large radiation length. The inner structure of the detec-
tor is clearly visible as regions with a large number of conversions, the corresponding detector
components are labeled in fig. 8.2. Conversions result mainly from the material budget of the
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Figure 8.2: Distribution of photon conversions (left) in the transverse plane and (right) in the
longitudinal plane [329,330].

beam pipe, the three layers of the ITS, the TPC inner containment vessel, the TPC inner field
cage vessel, the 18 TPC rods, and also the TPC central electrode foil. Due to a smaller recon-
struction efficiency at the small gap between two adjacent TPC readout chambers, the eighteen
fold segmentation of the TPC is also visible in the distribution of conversions in the TPC gas.
The material budget of the detector in |7 <0.9 up to R=180cm is 11.4 + 0.5% of a radiation
length corresponding to a conversion probability of about 8.5% for pr >1GeV/c [329-331].

8.2.2 Topological cuts

0'00-1 08 06 04 02 0 02 04 06 08 1

o= (p-p )P +P)

Figure 8.3: (left) Sketch of a VO vertex [206]. (right) Armenteros-Podolanski plot for recon-
structed neutral vertices in Pb-Pb collisions [332].

Photon conversions are characterized by neutral secondary vertices of two oppositely-charged
tracks named named VO vertices. Figure 8.3 (left) shows a sketch of a VO vertex. The VO algo-
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rithm searches for two oppositely-charged tracks, which are not assigned to the primary vertex,
since their reconstructed impact parameters b at the primary vertex are above a certain thresh-
old. Their point of closest approach (dca) is displaced from the primary vertex by the radius R,
and their four momenta at this point add up such that the mother particle momentum vector
P points towards the primary vertex.

Figure 8.3 (right) shows an Armenteros-Podolanski plot [333] for secondary vertices (without
any selection cuts). « is the energy asymmetry

+__
Q_PL P L

_ , 8.3
prL+pTL 8.3)

pty and p~ are the longitudinal components of the total momentum for the positive and
negative daughters respectively, relative to the direction of the VO momentum vector, and ¢t
the transverse momentum transfer

qT = Pdaughter sin (¢mother - ¢daughter) . (84)

Besides photon conversion, also the bands from the symmetric decay K? — 777~ and the asym-
metric decays A — pr~ and A — prt are clearly visible. The photons converting to et e~ with
the detector material are distributed symmetrically in a and located in the low g1 region due
to the small dilepton opening angle 0,

ar p:_>> . 0. (8.5)
The width results mainly from the finite momentum resolution. For a 1 GeV photon, the most
probable opening angle is about 6, ~2mrad. The angular resolution of the ALICE ITS is about
1.2-1.7mrad [232] for a particle with a momentum of 1GeV/c at the primary vertex and
deteriorates at lower momenta. The opening angle is smeared out by multiple scattering of the
charged daughter particles. Thus, the opening angle cannot be resolved and is considered to be
zero for practical purposes.
In order to ensure the reconstruction of the
dilepton tracks inside the TPC, only secondary
vertices with Reony < 180 cm and Zeopny < 240 cm
are selected. In addition, only events are se-
lected with a reconstructed primary vertex
within |z| <10cm. The contamination from
79— ~vete™ and n— vyeTe™ is reduced by reject-
ing all VOs with Reony <5 cm.
Candidate track pairs for photon conversions
Figure 8.4: Wpair is the angle between the are reconstructed using a secondary vertex find-
plane spanned up by the dilepton tracks (yel- ing algorithm based on the Kalman filter [294].
low) and the bending plane of the magnetic A y? value is calculated based on constraints
field (gray) [334]. on the reconstructed invariant mass and the

dilepton opening angle, and candidates with a

+

e

x?2 < 30 are selected. Looking at fig. 8.3 (right), most candidate pairs from A and K? decays and
a substantial portion of combinatorial background can be rejected by requiring that gt < 0.05.
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The dilepton momenta are almost parallel at the conversion point with no preferred direction
of emission in azimuthal ¢ or polar 6 direction. As the particles propagate in the magnetic field,
their opening angle in the transverse plane A¢p=¢°® — ¢e+ increases due to the curvature of the
tracks, while the opening angle in polar direction Af=60°¢ — 6" stays constant. The situation
is sketched in fig. 8.4. The angle between the plane spanned up by the dilepton momenta (some
finite distance away from the secondary vertex) and the bending plane of the magnetic field is

defined as
Af
\I/pair = arcsin ( ) s (86)
pair
with
i%*'i%*
Epair = arccos (#> 8.7
P pe_"’pe+‘ ( )

The standard cut is Wpair < 0.05.

8.2.3 Particle identification cuts
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Figure 8.5: (left) dE/dz spectrum in the TPC and (right) relative velocity 8 determined with
TOF as a function of the momentum in Pb-Pb collisions at ,/syy =2.76 TeV.

The purity of the photon selection can be improved by particle identification applied to the
daughter tracks. Figure 8.5 (left) shows the specific energy loss spectrum in the ALICE TPC
and fig. 8.5 (left) the time-of-flight measurement in the ALICE TOF detector as a function of
the momentum for charged particles in Pb-Pb collisions. Clearly visible are the characteristic
bands for electrons, pions, kaons, protons and even deuterons. Electrons can be selected by re-
quiring that the signal of a given track lies within a certain interval around the expected energy
loss and time of flight for electrons. Deviations from the expected energy loss and time-of-flight
are commonly expressed in units of the standard deviation IV o TPC and N o TOF> both defined in
eq. (5.2) and eq. (5.2), respectively. The standard cuts for this analysis are Ny rpc € [—3,5] and

N; ror €[5, 5]. In addition, the pion contamination in the region, where the dE/dx curves

start to overlap, is further reduced by removing all tracks within NZ—T;PC € [-10, 3] with respect
to the expected pion energy loss for transverse momenta above 0.4 GeV/c. At higher momenta,
the characteristic energy loss and time-of-flight curves overlap and thus the separation power
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decreases.

The separation of electrons and pions can be significantly improved with the Transition Ra-
diation Detector (cf. chapter 6). During the first period of operation, the TRD was not fully
installed (cf. fig. 6.12) and thus not used for this analysis, since it would introduce azimuthally
anisotropic photon purities and efficiencies, which could introduce non-flow correlations.

8.2.4 Performance of the photon reconstruction

The performance of the photon reconstruction is characterized by the detector acceptance acc?,
efficiency €7 and purity p?, which are defined as:

N'Ytrue,ﬁndable

acc” = 8.8
N’ytrue ( )
pq/ _ N’Ytrue,found (8 9)
Nytrue,ﬁndable
N’y I 1
€l — true,found (8.10)

N,yfound

Only a certain fraction of photons is findable due to the limited coverage of the detector and
conversion probability inside the fiducial volume. The acceptance accounts for the fraction of
photons that escape the detector volume without any detectable signal. The efficiency accounts
for the fraction of photons that generate a signal inside the detector, but cannot be reconstructed
due to inefficiencies in the track and VO finding algorithm and the application of particle identi-
fication cuts. The purity is the fraction of reconstructed photons, which can be assigned to true
photons. In other words, (1 — p?) is fraction of combinatorial background and contamination
from A and K? decays, which passes the selection cuts. Combinatorial background means falsely
combined particles, which do not originate from the decay of the same mother particle.
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Figure 8.6: (left) Photon efficiency and (right) purity as a function of pr for different centralities.

The photon purity, efficiency and acceptance can be calculated in a Monte Carlo simulation
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based on HIJING [335], with the same selection cuts as for data. Details on the Monte Carlo
simulation, in particular on the agreement between data and simulation, can be found in [332].
Figure 8.6 shows the photon efficiency and purity as a function of the transverse momentum
for different centralities.

The photon reconstruction efficiency is about 45% at intermediate pr and decreases towards
lower momenta, since the track reconstruction efficiency deteriorates. Photons below about
100 MeV/e cannot be reconstructed, since tracks below 50 MeV/c curl up in the magnetic field
and cannot be reconstructed. The radius of curvature is given by R~ pr/(0.3B)[mT/GeV/c] [41],
which gives a radius of about 30 cm for pr =50 MeV/c and B=0.5T. At high pr, the efficiency
slightly decreases, since the separation power and thus the efficiency of the particle identification
cuts decreases. The efficiency is some percent larger in mid-central compared to peripheral
collisions due to the smaller detector occupancy.

The photon purity at intermediate pp is between 95% for central and 99% in mid-central
collisions. The purity is much worse at low pr due to combinatorial background of photon
candidates reconstructed at small radii Reony in the first layers of the ITS, where the track
densities are very large.

Both, purity and efficiency, depend strongly on the photon selection cuts. The purity can be
significantly increased if photon candidates reconstructed at small radii are excluded, but at
the expense of a significantly lower efficiency. In particular, the efficiency and purity are not
smooth in pp due to cuts, which depend on the transverse momentum itself.

8.2.5 Inclusive photon spectra in Pb-Pb collisions

Figure 8.7 shows the inclusive photon invariant
yield in 0-40% and 40-80% Pb-Pb collisions,
measured with the photon conversion method.
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At high pr, where next-to-leading-order pQCD
photon production dominates, the yields are ex-
pected to scale with the number of binary col-

lisions Negpp. In 0-40% central collisions, about
O(10%) photons are produced per event. Tak-
ing the photon efficiency of about 45% and ¢
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the conversion probability of about 8% into ac- 107

count, about 30 to 50 photons are reconstructed
central Pb-Pb collisions. The systematic uncer-  Fjgyre 8.7: Inclusive photon invariant yield in
tainty of the spectra is dominated by the uncer- 0-40% and 40-80% Pb-Pb collisions [201].
tainty on the material budget, which is about

4.5% [336].

8.3 Neutral pion reconstruction using photon conversions

The neutral pion is the lightest strongly interacting hadron observed in nature. The neutral pion
dominantly decays into two photons, which has been suggested by Lewis, Oppenheimer, and
Wouthuysen as a possible origin of the soft component in the cosmic radiation [337]. It was first
discovered in 1947 with photographic emulsions exposed to cosmic rays at mountain altitudes by
Lattes et al. [338] and later in 1950 by Carlson et al. [339]. Its dominant electromagnetic decay
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channel 7° —~~ was first detected in 1950 at the Berkeley synchrocyclotron in proton fixed
target experiments by Bjorklund, Panofsky, Steinberger, et al. [340-343]. A historical review
can be found in [344, 345].

In ALICE, the neutral pion decay 7 — +v can be reconstructed from photons measured via the
conversion method. The combinatorial background is estimated by the combination of photons

from two uncorrelated events (mixed event technique).

8.3.1 Invariant mass spectrum
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Figure 8.8: (left) Invariant mass M., spectrum (black) and estimated background spectrum
from event mixing (red). (right) pizero signal after background subtraction (black), fit of the
peak (red) with first order polynomial for remaining background correction (blue).

Since the invariant mass M, is constrained by the relative kinematical properties of the two
photons, it is important to mix only events with a similar topology in terms of the event central-
ity, photon multiplicity, the orientation of the reaction plane ! and the z-position of the primary
vertex. For a proper normalization, each mixed-event pair gets the weight wpg = (n1—1)/(2n2),
which corrects for the fact that a mixed-event yields ning pairs instead of nj(n; — 1)/2. Since
one event can be mixed more than once, the background is finally normalized by Nsame/Nmixed-

Figure 8.8 (left) shows the photon pair invariant mass spectrum in the transverse momentum
range from 1.5-2.0 GeV/c. The black points are the distribution from same events dNgg/d M.,
the red points are the background estimated from mixed events dNyig/dM,., which is nor-
malized as described in the following. The excess of neutral pions peaks at the physical rest
mass mY = (134.9766 + 0.0006) MeV/c?. The background is subtracted after a final normaliza-

'For any study of the azimuthal anisotropy, it is important to take the reaction plane orientation into account
in order to get the most precise description of the background. Due to a technical limitation related to the number
of events that can be processed at the same time, the reaction plane dependence was not taken into account here.
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tion with a function n(M,,):

dNyo  dNsg
dM’Y’Y a dM’Y’Y

n( 77>Eﬁﬂf;;

113

dNae (8.11)

In order to estimate systematic effects of the background subtraction, three different methods

are applied:

1. Side band integral right of the invariant mass peak (0.145 < M., <0.3 GeV/c?):
dNsg
J anto, AMyy

~ [ dNur
J dM,, dM

n(Myy) = const (8.12)

2. First order polynomial fitted in the range left (0.145 < M, <0.3 GeV/c?) and right (0.05 <
M, <0.1 GeV/c?) of the invariant mass peak:

n(Myy) = a + bM,, (8.13)
3. Exponential function plus constant fitted in the same range:
n(Myy) = a(l — exp(bM,)) + ¢ (8.14)

Figure 8.8 (right) shows the invariant mass spectra d Ngigna1/d M., after background subtraction.
It can be seen that the invariant mass peak is only roughly at the physical rest mass mQ.
The physical decay width is only about 8eV [9], so that the actual width and position of
the invariant mass peak is modified by detector effects. In particular, the tail towards small
invariant masses can be explained by bremsstrahlung of the converted electrons and positrons.
Figure 8.9 shows the width and position of the
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Both effects, the energy dependence of the peak position and the peak width, have to be taken
into account when the neutral pion yield is extracted. The invariant mass peak is fitted with
the following function:

N0 { a (G (Myy) +exp (Myy =0) /d) (1 = G (M) if My <b (8.15)

dM.~ aG (M) else
with
G(My) = exp (=05 (M = b) /0)?) (8.16)

The parameter b is the peak position and determines the experimental neutral pion mass mo,
and the parameter ¢ the corresponding width of the invariant mass peak o. In order to correct
for remaining background after background subtraction, eq. (8.15) is fitted together with a first
order polynomial, which can be seen as red curve in fig. 8.8 (right). Finally, the remaining
background is subtracted (blue points).

8.3.2 Yield extraction

The neutral pion yield is extracted by integrating the signal invariant mass distribution

Mm X
S dNSignal

Ny =y —Sisnal
™ dM’Y’Y

(8.17)
Mmin

in the flexible range [Mmin, Mmax], With Mipin =m0 (pr) — 0.045 GeV/c? and My =m0 (pr) +
0.01 GeV/c?. The extended integration window towards low M., accounts for the tail resulting
from bremsstrahlung of the converted electrons and positrons. The statistical error of the signal
dN,o/dM,, is given by

dNug 2
8% (Myy) = SQL\’SE (Myy) + n(M’Y’Y)QS%Nﬂ(M’Y’Y) + 55 (W(M’Y’Y)> ’ (8.18)
dM~y~y dM~y~ dM~~ 7y
The error of the yield N o follows from eq. (8.17):
Mmax
o = D g (M) (8.19)
Mmin dM’y’Y

8.3.3 Performance of the neutral pion reconstruction

Neutral pions can only be identified statistically, since the signal-to-noise ratio is rather low,
particularly at low momentum. Only particles with a large signal-to-noise ratio can be identi-
fied on a event-by-event basis, while the fraction of misidentified background is corrected by a
purity correction determined from a Monte Carlo simulation. The reconstruction efficiency of
photons is smaller than 50% (cf. fig. 8.6 (left)) and the conversion probability of about 8.5%,
which results into a pion efficiency of about (50%)2(8.5%)? = O(10%) (cf. [332,336]). Per Pb-Pb
collision, O(10?) neutral pions are produced, which gives about one reconstructable neutral pion
per central Pb-Pb collision. On the other hand, about 50 inclusive photons are detected, which
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gives about Ny inc(Ny,inc —1) = O(10%) photon pair combinations per event. Even if only a small
fraction of photon pairs contributes to the neutral pion invariant mass range, the signal-to-noise

ratio is smaller than 0.3 at 1.5-2GeV/c? in 20-40% mid-central collisions (cf. fig. 9.10 (left))
and gets even smaller at low pr and in central collisions.

The neutral pion significance can be improved by a cut on the energy asymmetry

_ BB

a_EerE;'

(8.20)
A large energy asymmetry means that one photon has rather small energy compared to the
other photon. At large momenta, the energy asymmetry of photons from 7° decays is almost
uniformly distributed, while background pairs typically have large asymmetries. The combi-
natorial background increases with «, since the inclusive production cross-sections fall steeply
with increasing momentum, such that photon pair combinations with large energy asymmetry
are more likely than symmetric combinations. Thus, the significance of neutral pions can be
increased at high pt by cut on the energy asymmetry. The standard cut used in this analysis
is @ <0.65.

8.3.4 Neutral pion spectra in Pb-Pb collisions
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Figure 8.10: (left) 7° invariant yield in Pb-Pb collisions at different centralities [346]. (right)
Neutral pion RK(A measured in Pb-Pb collisions in comparison to data at different energies [332].

Figure 8.10 (left) shows the neutral pion invariant yield measured in different centrality bins in
Pb-Pb collisions at /sy~ =2.76 TeV. For comparison, data points for pp collisions at /s =7 TeV
are shown. The data points were obtained with the photon conversion method. Similar than
for photons, the systematic uncertainties are dominated by the uncertainty on the material
budget (4.5%), which results into a systematic uncertainty of 9% on the neutral pion spectra.
Figure 8.10 (right) shows the neutral pion R’XL as a function of the transverse momentum pr
in 0-20% central Pb-Pb collisions in comparison to data at different energies measured by the
PHENIX [347,348] and W98 [349] collaboration. While the neutral pion suppression is similar
for all energies below pr <2 GeV/c, the suppression increases with /sxy for larger momenta.
This observation indicates that the increased parton energy loss due to the higher initial energy
density dominates over the flattening of parton pr spectra with increasing /sy~ [332, 346].
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9. Measurement of the neutral-pion and
inclusive-photon anisotropic flow

The anisotropic flow of direct-photons can be accessed from the measurement of inclusive pho-
tons. In order to subtract all photons from hadron decays, also the azimuthal anisotropy of
neutral pions as the dominant source of decay photons is measured. Photons and neutral pi-
ons are reconstructed from conversions in the ALICE detector material at mid rapidity. Their
anisotropic flow is measured by the event-plane method, while the event plane is either deter-
mined by one of the two VO detectors or by the TPC.

The presented analysis is based on 19.5 million minimum bias Pb-Pb collisions at ,/snn=
2.76 TeV recorded in 2010, which pass the ALICE physics selection cuts [74,350]. In order to
ensure a uniform performance of the photon reconstruction, about 2.5 million events were re-
jected with a primary vertex position along the beam axis deviating by more than 10 cm from
the geometrical center of the ALICE detector [331]. The centrality is determined from the VO
multiplicity [74]. The analysis is performed with about 6.8 million 0-40% central events. In
order to reduce the impact of the centrality dependence of cross sections and of the resolution
correction as well as the impact of flow fluctuations (cf. chapter 7), v,, is measured in small bins
of centrality:

0-5%, 5-10%, 10-20%, 20-30%, 30-40%

Experimentally, it is not always feasible for certain particles, such as neutral pions, to measure
in arbitrarily small centrality bins, e.g. if particles can only be statistically identified and the
expected number of particles per event or the significance are rather low. For this reason, neutral
pions are measured in 0-20%, 20-40% and 0-40% centrality. A method for the resolution
correction for measurements in wide centrality bins is described in [313]. The inclusive-photon
anisotropic flow in these wide centrality bins can be calculated as the weighted average of the
measurements in small centrality bins,

chnéx ,UC NC .
Un([cminacmax]) = W y (91)
ZCmin pOi

where v$ =wv, (¢, pr) is the corresponding azimuthal anisotropy in the centrality bin c. Since v,
is defined as a particle average, the anisotropic flow in larger centrality bins is weighted by the
total number of particles of interest Ny ;= Npoilc, pr).
The event-plane reconstruction, calibration and resolution is discussed in section 9.1. Thereafter,
the extraction of the inclusive-photon and neutral-pion azimuthal anisotropy is described in

sections 9.2 and 9.3.

9.1 Event-plane reconstruction

The event planes used in this work and their corresponding pseudorapidity range are summa-
rized in table 9.1. In addition, the corresponding average and minimum pseudorapidity gap
An with respect to inclusive photons and neutral pions (|n| < 0.8) were estimated assuming
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flat pseudorapidity distributions. Since non-flow contributions can be significantly suppressed,

event plane 7 range average (An) minimum An
VO-A —3.7<n<-1.7 2.70 0.9
VO-C 2.8<n<5.1 3.95 2.0
TPC —0.8<n<0.8 0.55 0.0

TPC-A/C  0.5<|n<0.8 1.05 0.5

Table 9.1: Event planes with their corresponding pseudorapidity range and the average and
minimum pseudorapidity gap An with respect to inclusive photons and neutral pions (|n| < 0.8).

if the event-plane detector and the particles of interest are separated in pseudorapidity, the
anisotropic flow measurement with respect to the VO event planes is chosen as the standard
method. The standard procedure for the VO measurement is to measure the anisotropic flow
v,, with respect to the VO-A and the VO-C event plane individually and to calculate v, {VO0} as
the error weighted average of v,,{V0-A} and v, {V0-C},

Un{VO'A}/Szn{Vo-A} + UN{VO'C}/Sin{VO-C}

v,{V0} =
1/Sgn{VO—A} + 1/512;n{v0-0}

(9.2)

The statistical error is given by s, (gp} = Syraw (EP} /R, where R is the correction for the event-
plane resolution and s,av(gp) the experimentally observed anisotropy before the event-plane
resolution correction. Since the number of particles of interest is the same for both methods,
differences in the uncertainties only result from differences in the event-plane resolution R.
Thus, the weighting gives more weight to the measurement with better resolution. In this
standard approach, event plane and particles of interest are separated by at least one unit of
pseudorapidity.

For comparisons and in order to estimate the magnitude of non-flow effects, the anisotropic flow
is also measured with respect to the TPC event plane. In order to avoid autocorrelations, the
dilepton tracks of the reconstructed photons are always removed from the flow vector Qn In
addition to the standard TPC event plane, we define two TPC sub-event planes TPC-C (—0.8 <
n<-0.5) and TPC-A (0.5<1<0.8). In this approach, particles at positive pseudorapidity
are correlated with the event plane at negative pseudorapidity and vice versa, which gives an
average pseudorapidity gap of An>1. A comparison of different event plane methods is given
in section 9.2.4.

9.1.1 Event-plane calibration

The flow vector Cjn =(X,,Y,) and the event-plane angle WEF are calculated according to their
definitions given in egs. (7.10) and (7.14), respectively. The VO event planes are reconstructed
from the signal in the VO cells, the TPC event planes are reconstructed from TPC tracks passing
the ALICE track cut selection, which are additionally weighted with their momentum. Since
the orientation the participant plane and thus the direction of maximum n-th order flow ¥, are
isotropically distributed, also the reconstructed event plane angle WEF should be isotropically
distributed. For a perfectly calibrated, full acceptance and high-granularity detector, the X,
and Y, components of the flow vector are distributed symmetrically around zero and thus the
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Figure 9.1: Distribution of the VO-A event plane for 0-20% (left) and 20-40% (right) central
Pb-Pb collisions.

event-plane distribution is uniform. Non-uniformities arise from azimuthal non-uniformities of
the detector efficiency and acceptance. The event-plane calibration is performed in three steps:

Weighting: Detector inefficiencies are corrected by weighting each track or each cell signal
Scell With the inverse of the observed laboratory azimuthal distribution. This procedure was
first applied by [351]. The signal in each cell sce of the VO detector is calibrated such that
the laboratory azimuthal distribution is uniform. Therefore, each cell signal is weighted by
Weell = (S) / (Scenn), where (s) is the average over all cells. Reconstruction inefficiencies in the
TPC are corrected by 1 and pr dependent weights, which are determined from the inverse
laboratory azimuthal distribution of reference particles w(n, pr) =1/Niet(n, p1)-

Recentering: Acceptance effects are corrected by a recentering of the flow vector

‘ /)n p— ) 9-3
( (Sn <}n>)/0Yn ) ( )

where (X,,) is the mean value and oy, is the width of the X,-component of the flow vector.

Shift correction: After the first two calibration steps, non-uniformities of the event-plane
angle distribution result from efficiency and acceptance effects, which are not fully corrected
by the weighting and recentering procedure. The anisotropy of the event-plane distribution
can be expressed by its n-th order harmonics (cos(n¥,,)) and (sin(n¥,,)). Further flattening
can be achieved by an event-by-event shift correction

nAv, = mzax - (— (sin (in¥,,)) cos (inV,,) + (cos (inV,,)) sin (inV¥,,)) [308,352]. (9.4)
i=1

For illustration, the V0-A event-plane distribution for 0-20% and 20-40% central Pb-Pb col-
lisions is shown in fig. 9.1. The red points show the distribution before and the black points
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after the shift correction. Non-uniformities are more pronounced in 0-20% central collisions
compared to 20-40% mid-central collisions, since the strength of the reference flow signal v,
and thus the event-plane resolution is smaller, which gives more relative weight to detector non-
uniformities. According to eq. (9.4), only first and second order non-uniformities are corrected,
the remaining, periodic non-uniformity is of higher order with a magnitude of less than 1%.
The effect of non-uniformities will be discussed in section 9.2.1.

9.1.2 Event-plane resolution
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Figure 9.2: Correction factor for the event-plane resolution for n=2 (left) and n=3 (right) as a
function of the centrality in 0-40% central Pb-Pb collisions.

Figure 9.2 shows the resolution correction factor R for different event-plane estimates as a func-
tion of the collision centrality. A large correction factor R corresponds to a higher resolution
and leads to a smaller correction to the extracted v},'°**. The best resolution is reached with the
full TPC measurement, followed by the TPC-A/C event plane. As expected from the higher
acceptance, VO-C provides a better resolution than V0-A. The VO0-C resolution is similar to
the resolution of the TPC-A/C event planes. Qualitatively, the observed ordering can be un-
derstood by the fact that the dispersion is proportional to v,v/ Ny (cf. section 7.3), where vy,
is the pp-integrated reference flow and Ny the number of reference particles. For n=2, the
resolution is maximal in 20-30% mid-central collisions, where o5 is large compared to central
collisions. Towards central collisions, the reference particle multiplicity N,ef increases, but the
strength of the reference flow v, decreases, such that the resolution deteriorates. It can be seen
that the resolution is smaller for n =3 compared to n=2, but also the centrality dependence is
weaker for n=3. The reason is that v; originates exclusively from the eccentricity €; generated
by fluctuations, while the second order eccentricity e, is mainly caused by the asymmetry of
the transverse nuclear overlap in non-central collisions. As a consequence, v; is much smaller
than v,, but almost constant as a function of the centrality (cf. section 3.4.1). The resolution
improves slightly towards more central collisions due to the increase in the multiplicity Nyef.
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The resolution is estimated by the three and two event-plane method defined by egs. (7.19)
and (7.20), where the event-plane resolution is either estimated from the correlation with a
second identical event plane (‘2ep’) or from the correlation with two other event planes (‘3ep’),
respectively. The corresponding correlations used to determine the event-plane resolution are
summarized in table 9.21.

Systematic uncertainties arise from the fact that non-flow contributions are only partially sup-
pressed, if the event planes are separated in pseudorapidity, and thus the estimated event-plane
resolution depends on the width of the pseudorapidity gap. The estimate for the resolution
changes, if the pseudorapidity gap between the correlated event planes is varied. To give an
example, slightly different resolution factors are obtained by correlating [V0-A,VO-C,TPC ]
compared to [V0-A,TPC-A,TPC-C]. Deviations between estimates obtained from different com-
binations are considered as systematic uncertainty of the event-plane resolution correction.

Event plane 3 ep 2 ep

VO-A V0-C,TPC,TPC-A,TPC-C .
V0-C VO0-A, TPC,TPC-A, TPC-C ;

TPC: VO0-A,V0-C :
TPC-A V0-A,V0-C,TPC-C TPC-C
TPC-C V0-A,V0-C,TPC-A TPC-A

Table 9.2: Candidates for event-plane correlations used to determine the resolution correction.

Further systematic uncertainty might arise from the fact that v,, is defined as a particle average,
but the event-plane resolution is calculated as an event average:

300 Npoi cos(n(UF — ¥,,))

R = {cos(n(UEF — @ 9.5
(cos(n( ) S N (9.5)
>y cos(n(WEP — W) 9.6)

Npoi#const Z;V:e‘() ‘

In small bins of centrality, this effect might be negligible. In wide centrality bins, the particle
and event averages will generally differ due to the centrality dependence of the resolution shown
in fig. 9.2 and the cross section e.g. number of particles of interest V.. This effect could be
corrected, if Npoi and its centrality dependence were known. However, the exact number of
particles of interest is not precisely known for an individual event, e.g. if the particle can only
be identified statistically or impurities and inefficiencies are large. Therefore, the event aver-
age instead of the particle average is used within small centrality bins; a dedicated correction
method for wide centrality bins is described in [313]. The magnitude of the systematic bias
related to this approximation is estimated by comparing the event-averaged resolution with the
particle-averaged resolution, where [V is estimated by either the charged particle multiplicity,

The TPC event-plane resolution is often determined from the correlation of the TPC-A and TPC-C sub-event
planes or from two random sub events. The resolution is then be calculated from the sub-event plane resolution
according to eq. (7.21). It was shown in section 7.3.4 that the scaling of the event-plane resolution with Nyr fails,
if multiplicity fluctuations are present, and thus this approach is not used within this work.
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the photon multiplicity or VO multiplicity. Deviations are considered as systematic uncertainty
of the event-plane resolution.

The systematic uncertainties of the event-plane resolution correction factor R — indicated by
the boxes in fig. 9.2 — are propagated to the systematic uncertainty of the measured anisotropy
(cf. sections 9.2.2, 9.3.2 and 10.2.2.3).

9.2 Anisotropic flow of inclusive photons

The standard analysis is based on the dN/dA¢ method described in appendix B, where particle
yields are measured as a function of the azimuthal angle ¢ relative to the event plane angle
\IIEP. The Fourier expansion is given by

N (Ag) = % (14 2v, cos (n(A9))) , (9.7)

with A¢=arccos (‘cos ((Z) — \IIEP)D The azimuthal anisotropy is studied in six bins for the
azimuthal angle with respect to the event plane A¢. Figure 9.3 (left) shows for illustration the
distribution of reconstructed photons in the momentum range from 1.0-1.2GeV/c in the six
aforementioned A¢ bins. Even though the number of photons per event would be large enough
for a direct calculation of the Fourier coefficients, the dN/dA¢ method was chosen in order
to study efficiency and purity effects (cf. section 9.2.3). Using the finite bin size corrections
discussed in appendix B, the evaluation of (cos (nA¢)) from finite A¢ bins gives exactly the
same as the direct calculation. The Fourier expansion is shown as a red line. The anisotropy
is either calculated directly from (cos (nA¢)) by evaluating eq. (B.12) or extracted by fitting
the corresponding Fourier expansion to the dN/dA¢ distribution. The Fourier harmonics are
independent if calculated directly, but using a fit of the Fourier distribution, the harmonics are
not linear independent and significant differences may arise, if the statistical uncertainty of the
points is large. Deviations are considered as systematic uncertainty.

9.2.1 Effects of non-uniform acceptance and reconstruction efficiencies

Non-uniform detector acceptance and efficiency lead to non-vanishing values for the harmonics
of the laboratory azimuthal distribution of the reconstructed particles of interest, (cos(ne))
and (sin(ng)), and the reconstructed event plane, (cos(nWEF)) and (sin(nWEP)). A detailed
discussion of the effects of non-uniformities on the anisotropic flow measurement can be found
in [353]. Systematic bias due to non-flow correlations arising from non-uniformities of the event-
plane and photon azimuthal distribution can be estimated by terms like

{cos (nT)T)) (cos (ne)) (sin (nT}T)) (sin (ne)) (9.8)
and corresponding mixed terms
(cos (n\IISP» (sin (n¢)) (sin (n\IQELP)> (cos (ng)) . (9.9)

Figure 9.3 (right) shows the corresponding terms for reconstructed photons and the VO event
plane, which are on the order of O(107%). Thus, even for a inclusive photon flow of 1%, relative
systematic biases are on the order of O(107*). As an additional cross-check, we extract the
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Figure 9.3: (left) Inclusive-photon raw yield in azimuthal bins with respect to the VO-C event
plane. (right) Estimates for the magnitude of systematic bias due to non-flow correlations arising
from non-uniformities of the event-plane and photon azimuthal distribution.

inclusive photon flow from the event-plane angle before the shift correction yielding relative
deviations on the order of O(1073), which are considered as systematic uncertainty. It can be
seen in section 9.2.2 that the contribution of the afore mentioned effects of non-uniformities to
the total systematic uncertainty is rather negligible.

9.2.2 Systematic uncertainties
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Figure 9.4: Individual contributions to the systematic uncertainties for vg’inc (left) and U3’inc
(right) measured with the VO-C event plane

Within this thesis, it is assumed that systematic uncertainties are associated with Gaussian
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probability density functions. Thus, systematic uncertainties are estimated by the root mean
square of results obtained by different selection cuts or methods for the anisotropic flow extrac-
tion. The total systematic uncertainty is then calculated as the square root of the quadratic sum

"¢ of the inclusive-photon

of all contributions. The relative systematic uncertainties 0, yine /v%’i
elliptic and triangular flow are shown in fig. 9.4. It is distinguished between uncorrelated sys-
tematic uncertainties and correlated systematic uncertainties arising from the propagation of
the event-plane resolution correction. For comparison, also the statistical error is shown (gray
open up-pointing triangles). The individual contributions to the total systematic uncertainty

(black full circles) are briefly discussed in the following;:

Cut Standard Variation
Ng rpc [—3,5] [—5,5],[—2.5,4]
Ng,TOF [_57 5]
NZIEPC (track pr >0.4 GeV/e) [3, —10] [3.5,—10],[2.5, —10]
Max 2 30 20,50
Min track pr [GeV/e | 0.05, 0.1, 0.075
Max gt 0.05 0.03 ,0.07
Max Wpair 0.05 0.1, 0.035, oo
Min Reony [cm] 5 13, 20, 35, 55

Table 9.3: Standard photon cuts and their variation

(red full boxes) Systematic uncertainties arising from the yield extraction, but also from
the missing efficiency and purity corrections, are estimated by a variation of the standard
photon selection cuts (cf. sections 8.2.2 and 8.2.3). Standard values for the main cuts as well
as their variation are summarized in table 9.3. Since the photon yields are not corrected for
efficiencies and purities, a variation of the photon selection cuts introduces small changes of
both quantities and deviations allow to estimate the magnitude of possible corrections. Since
local track densities become smaller at larger conversion radii, a significantly higher purity
can be achieved by neglecting conversions in the first layers of the ITS material. Thus, the
minimum conversion radius is varied from 5 cm to 55 cm, corresponding to a removal of photons
reconstructed in the I'TS. The variation of all aforementioned photon selection cuts gives the
dominant contribution to the total systematic uncertainty.

(blue full up-pointing triangles) v can be either be calculated directly or extracted

by fitting the Fourier expansion to the dN/dA¢ distribution. As a cross check, the Fourier
distribution is once fitted exclusively with the n-th harmonic and once including the next higher
harmonic (2n). Deviations are most pronounced at high pr, where the statistical uncertainties
are large.

(orange open boxes) In wide centrality bins, v,, is calculated from the measurements in
small centrality bins according to eq. (9.1). By default, each measurement is weighted by
the uncorrected raw yield in a given centrality bin NpcOi
purity depend on the centrality (cf. figs. 8.6 (left) and 8.6 (right)), as a cross check, the

= N, inc. Since the efficiency and

purity and efficiency corrected yield is used for Npei in eq. (9.1). As another cross check, the
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inclusive-photon yield is directly extracted from the yields in the wide centrality bin using the
method described in [313]. Except for the first low-p point, those effects have a rather small
contribution to the total systematic uncertainty.

(green full down-pointing triangles) Uncertainties arising from the non-uniformity of the
laboratory azimuthal distribution of reconstructed photons and the event plane are estimated
as described in section 9.1.1. Those contributions are small, since the photon acceptance and
efficiency do not have any low order periodic non-uniformities, since the TPC is an almost
uniform 27 detector. Small periodic non-uniformities of the efficiency and acceptance arise
from the eighteen fold segmentation of the detector read out and its supply structures, which
are not relevant for lower order harmonics.

(magenta open circles) The uncertainty of the event-plane resolution correction (cf. sec-
tion 9.1.2) gives a constant relative systematic uncertainty, which is correlated. In wide bins,
the systematic uncertainty is estimated by

2
D omax (UI%PU%NSOJ
oy = , (9.10)

Vi § :Cmax NC .
Cmin po1

where opp is the systematic uncertainty on the event-plane resolution correction in a given

centrality bin c.

Since the event-plane resolution is smaller for triangular flow than for elliptic flow, systematic
and statistical uncertainties are larger for the triangular flow than for the elliptic flow. It can
be generally stated that the systematic uncertainties of the inclusive-photon anisotropy one
are much smaller than the uncertainties of the inclusive-photon spectra (cf. section 8.2.5). The
reason is that v,, is a measure of the in-plane photon production relative to the out-of-plane
photon production and thus any uncertainty arising from normalizations, efficiency, purity or
acceptance corrections cancel out. As discussed in section 8.2.5, the systematic uncertainty of the
inclusive-photon spectrum is dominated by the uncertainty on the conversion probability (4.5%),
which is not relevant for the anisotropic flow analysis. Even non-uniformities in the conversion
probability are expected to cancel out, since the event-plane WEF is uniformly distributed with
fluctuations smaller than 1% (cf. section 9.1.1).

As indicated by their centrality dependence shown on figs. 8.6 (left) and 8.6 (right), the purity
and efficiency of the photon reconstruction depend on the TPC track multiplicity, which is a
measure for the detector occupancy. The azimuthal anisotropy of the bulk of particles generated
in heavy-ion collisions implies that the photon purity and efficiency depend on the azimuthal
angle. A variation of the photon selection cuts introduces small variations of the efficiency
and purity and allows to estimate the magnitude of missing purity and efficiency corrections.
The azimuthal non-uniformity of the photon purity and efficiency is not reproduced by current
Monte Carlo implementations, since the magnitude of the azimuthal anisotropy was not known
a priori. In the following, these effects shall be estimated with the help of a simple model.

9.2.3 Effects of azimuthal non-uniform photon purity and efficiency

It can be assumed that the multiplicity dependence of the purity and the efficiency are correctly
described in current Monte Carlo productions. The TPC track multiplicity is studied in six
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azimuthal bins with respect to the TPC event plane. In the following, the track multiplicity in
a given A¢ bin is referred to as local track multiplicity. Figure 9.5 (right) shows the average
local track multiplicity (Nirack) as a function of A¢, which gives access to the prp-integrated
elliptic flow with a magnitude of about 2% in 0-40% central Pb-Pb collisions. Figure 9.5 (left)
shows the photon reconstruction efficiency €¢? and purity p? as a function of the local TPC
track multiplicity. It can be seen that both quantities decrease with increasing multiplicity. The
multiplicity dependence is parametrized by a second order polynomial function. Combining both
results, it is found that the inclusive photon measurement has a higher purity p” and efficiency
€7 out-of-plane than in-plane. A bin-by-bin correction for this effect can be obtained by

P7 ((Nirack) (A9))
€7 ((Nirack) (A9))

cort” (A¢g) = (9.11)
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Figure 9.5: (left) Purity and efficiency as a function of the local track multiplicity for photons
with 0.5-0.6 GeV/c transverse momentum. (right) Average local track multiplicity as a function
of the azimuthal angle with respect to the event-plane angle.

,corr/ 7v,meas
n

The obtained correction factors vy, are shown in fig. 9.6. For comparison, also the
systematic uncertainty of v, (orange dashed open boxes) is shown. Uncertainties of the cor-

(%

rection consider only the uncorrelated statistical uncertainties of the purity and efficiency, since
the correlated part would just involve a constant bias of the yield and thus cancels out. Due to
a slightly larger in-plane than out-of-plane contamination, contamination in the photon sample
increases the measured anisotropy. On the other hand, the photon reconstruction efficiency is
lower in-plane than out-of-plane, which decreases the measured anisotropy. Consequently, the
purity correction reduces v,, (blue full down-pointing triangles), while the efficiency correction
enlarges v,, (red full up-pointing triangles). It can be seen that both corrections almost cancel
out, such that the full correction factor (black full points) fluctuates around unity. Within the
statistical uncertainties of the correction and the systematic uncertainty of the measurement,
the correction factor is consistent with unity and does not indicate any correlated systematic
mc

bias towards smaller or larger values. Only the first low-pt point for vy might indicate a

systematic deviation.
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Figure 9.6: Efficiency and purity correction factors for v (left) and v3"™ (right) in compar-
ison to the systematic uncertainty.

It can be concluded that the dominant uncorrelated systematic uncertainty related to the varia-
tion of photon selection cuts might result from an azimuthally anisotropic photon reconstruction
efficiency and purity. It should be noticed that the correction factors were obtained from a sim-
ple model as a cross check. Since the application of these corrections would not change the result
significantly and the corrections itself are affected by systematic uncertainties, the correction is
not applied to the data.

9.2.4 Comparison of different event-plane methods
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Figure 9.7: Relative deviations of v™ (left) and v3’inC (right) measured with the TPC,
TPC-A/C, V0-A and VO0-C event plane from the standard VO measurement.
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Figure 9.7 shows a comparison of the inclusive-photon elliptic and triangular flow measured
with respect to different event planes. In more detail, the relative deviation from the standard
event-plane method

(v, {EP} — 0,{V0}) /v, {VO} (9-12)

is shown. v,{V0-A} and v,{V0-C} agree within uncertainties. For triangular flow, also the
TPC-A/C measurement is consistent within uncertainties, while the elliptic flow measurement
indicates a constant systematic bias by about 5% towards higher values. The measurement us-

ing the full TPC event plane deviates by more than 8% for vQ’inC and by more than 10% for

vg’inc. The deviations increase with the transverse momentum pr.

It was shown in section 7.5 that also the systematic bias between mean value and root mean
square ({v,) <v,{EP}<./(v2)) needs to be taken into account, when results obtained with
event planes of different resolution are compared. The resolution of the V0-C and the TPC-A/C
event plane are comparable (cf. fig. 9.2), so a comparison of both methods is expected to give
unbiased access to non-flow effects of the order of 5%, which can be explained by the about four
times larger average pseudorapidity gap of the V0-C measurement compared to the TPC-A/C
measurement. Due to the higher resolution of the full TPC event plane, the elliptic and triangu-
lar flow extracted with the full TPC event plane is expected to be around 4% smaller compared
to the VO-C event plane (cf. fig. 7.9). If this systematic bias is taken into account, deviations
between the TPC and standard measurement are even larger than 10%, which indicates a strong
non-flow contribution to the TPC measurement.

From the observation that the VO-A and V0-C measurement agree within uncertainties, even
though the pseudorapidity gaps differ, it can be concluded that non-flow correlations are suffi-
ciently suppressed for the standard method.

9.2.5 Centrality and momentum dependence
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Figure 9.8: Inclusive-photon elliptic (left) and triangular (right) flow measured with the stan-
dard VO method for different centrality ranges.
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Figure 9.8 shows the inclusive-photon elliptic and triangular flow for different centrality ranges.
,inc

The results show the expected increase of v, with decreasing centrality, while the central-

¢ 4o rather weak. As expected from the hydrodynamical expansion, the

ity dependence of vg
anisotropic flow v,, increases almost linearly at low pr, then saturates and reaches its maxi-
mum between 2-2.5 GeV/c transverse momentum. Hereafter, the anisotropic flow decreases but

remains positive.

9.3 Anisotropic flow of neutral pions

The neutral pion raw yields are extracted as

described in section 8.3. The analysis of the «0? —

0-40%, Pb-Pb, /Sy = 2.76 TeV |

neutral pion anisotropy is done analogously to 1525220 Govis

dN/dAd

. . . . I R i
the inclusive photon analysis using the dN/dA¢ " Vi2"=0.09+0.01 v"=0.00+0.01 |
this work

method. The 7° raw yield is measured in six 181

A¢ bins. Figure 9.9 shows for illustration the
neutral pion raw yield as a function of A¢ as
measured with respect to the VO-C event plane
for transverse momenta of 1.5-2.0 GeV/c. Com-
paring the dN/dA¢ distribution for neutral pi-
ons with the inclusive photon dN/dA¢ distri-
bution shown in fig. 9.3 (left), it can be seen

14

that statistical uncertainties are much larger T ]

for neutral pions. Due to the limited statis- 00 02 04 06 08 10 ‘cl)idf;-w::l(rad)
tics, the neutral pion flow is studied in 0-20%,

20-40% and 0-40% centrality using the event- Figure 9.9: Neutral pion raw yield as a func-
plane resolution correction for wide centrality —t0n of A¢ measured with the VO-C event
bins described in [313]. As an alternative to the plane.

dN/dA¢ method, the neutral pion anisotropy

can be calculated from a different approach named tnwvariant mass sideband method, which

is described in the following subsection.

9.3.1 The invariant mass sideband method

Another way to study the anisotropic flow of short lived particles was suggested by the authors
of [354]. The anisotropic flow of all photon pairs is measured as a function of the invariant mass,
vy (M), which is shown in fig. 9.10 (right). The relation between v’ (M), the neutral pion

anisotropic flow v,’{o and the combinatorial background anisotropy vE€ is given by

Nrd o Npa

v (Myy) = —— (Myy) v + 7 (Myy) vp¢ (Myy) (9.13)
Nyy Nyy

n

where N o is the neutral pion raw yield, Npqg is the combinatorial background and N, =
N,o + Npg is the number of photon pairs. The relative contribution of signal and background
to the two-photon invariant mass spectrum is shown in fig. 9.10 (left). Both contributions are
fitted with eq. (8.15) with a constant offset, the fits are shown as red (dashed) lines. The
azimuthal anisotropy of the combinatorial background is estimated using a sideband fit within
the intervals defined in section 8.3.2. The combinatorial background anisotropy v2¢ is fitted



130 Chapter 9: Measurement of the neutral-pion and inclusive-photon anisotropic flow

2 L B B R x5 I L
& | 20-40%, Pb-Pb, {5, = 2.76 TeV 1 = | 20-40%, Pb-Pb, {5, = 2.76 TeV
) 1.5 <p <20 GeVic I 1.5<p_<2.0GeVic —NyovE +Ng Ve
oM L T ]
= [ this work 1 0.20 - v0-A event plane VBS=a+bM,
P4 + . 2 vy
1.0 LT -t-i-t&.ur._%* gy b | this work VE®=(0.15 £ 0.00)
+ , o018l vi=(013£0.01) |
+ ". : + Nn"/Npairs ] L
Vi + NBG/Npalrs B { 1
r K —fitN, 1 I |
- 016 }t ]l ! i H
+ L ]
05k - * Ty
+ r ! t f T
L | 0.14 -
+ 0.12 B
ty
- +
0.0 RS PP AP AR A AT o0 v v b
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.00 0.05 0.10 0.15 0.20 0.25
M,, (GeVic?) M,, (GeVic?)

Figure 9.10: (left) Relative contribution of signal and background to the two-photon invariant
mass spectrum as a function of M, with corresponding fits. (right) v,)" (M) as a function of
M., with fit for vl{o extraction.

with a constant, a first and a second order polynomial. The method with the smallest X?ed
value is chosen as default, deviations to the fit with the second best X?ed value are considered as
systematic uncertainty. In fig. 9.10 (right), the shape of v2% is best described by a second order
polynomial, but also a first order polynomial would fit, while a constant would obviously fail
to describe the shape. Thus, the constant fit gives the worst X?ed value and is not considered
here. The situation is different at high pt, where statistical uncertainties become large. There, a
constant or first order polynomial can give a better description of the combinatorial background
v,, shape.

7.‘.0
n

Finally, v7" can be calculated from v;" (M,,) by fitting eq. (9.13) with only vgo as a free

parameter. The fit is shown as red line in fig. 9.10 (right).

9.3.2 Systematic uncertainties with the dIN/dA¢ method

Figure 9.11 shows the individual contributions to the systematic uncertainties for vj * and vy ’
measured with the VO-C event plane as obtained with the dN/dA¢ method. For comparison,
also the statistical error is shown (gray open up-pointing triangles). The following sources of
systematic uncertainty are taken into account:

(red full boxes) In the case of a perfect background subtraction, the extracted azimuthal
anisotropy should not depend on the choice of the integration window. In order to esti-
mate systematic uncertainties arising from non-perfect background subtraction, the lower
integration limit My, is varied in [my o — 0.055,m, 0 — 0.05] and the upper limit My, in
[m o + 0.005, my0 + 0.025]. The variation of the integration window yields a distribution for
vf{o. Since the integration window is only varied in the tails of the invariant mass peak, dif-
ferences in the statistical uncertainties are neglected. We define vgo as the mean value of the
distribution and use the mean statistical error. The systematic uncertainty is estimated from
the width of the v;;O distribution, which is the dominant contribution to the total systematic
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Figure 9.11: Individual contributions to the systematic uncertainties for vgo (left) and fugo
(right) measured with the dN/dA¢ method using the VO-C event plane.

uncertainty at intermediate and high pr.

(blue full up-pointing triangles) Systematic effects of the background subtraction are
further studied by using the three different normalization procedures described in section 8.3.2.
By default, the method with the smallest X?ed value for the fit of the signal invariant mass
distributions in the six A¢ bins with eq. (8.15) is used. Systematic uncertainties are estimated
from deviations to the method with the second best X?ed value. Systematic uncertainty arise
only at low transverse momentum, where the signal-to-noise ratio is small.

(green full down-pointing triangles) A variation of the photon selection cuts (cf. table 9.3)
and of the energy asymmetry cut lead to small modifications of the neutral pion signal-to-noise
ratio, the efficiency and statistical uncertainties. For photons, we have found in section 9.2.3
that corrections for the non-uniformity of the efficiency and purity almost cancel out and
remaining corrections are covered by the systematic uncertainty estimated from the variation
of photon selection cuts. Since neutral pions can be identified by their peak in the two photon
invariant mass spectrum, purity corrections can be neglected and the extracted yields are
mainly affected by the efficiency. It can be seen in section 9.2.3 that the correction for the
photon efficiency would enhance the inclusive-photon anisotropic flow by less than 10% at
low pt below 1 GeV/e, whether at higher momenta are not significant. At small momenta, the
opening angle of photon pairs from neutral pion decays is rather large, such that efficiency
corrections on the extracted anisotropy are expected to be small. The systematic uncertainty
estimated from the photon cut variation seems to be correlated with the uncertainty estimated
by the variation of the integration window, which might indicate that the photon cut variation
is more sensitive to the non-perfect background subtraction than to non-uniformities in the
neutral pion efficiency.

(magenta open circles) In analogy to the inclusive photon analysis, the azimuthal anisotropy
is extracted directly from (cos (nA¢)) and by fitting the Fourier distribution with and without
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higher harmonics to the measured neutral pion dN/dA¢ distribution. Similar to the inclusive
photon measurement, the systematic uncertainty of the v,, extraction increases with p, since
the statistical uncertainty increases.

(orange open boxes) Analogously to the inclusive photon analysis, the uncertainties of the
event-plane resolution correction are propagated. Since it gives only a small contribution to
the systematic uncertainty, the correlation is neglected in the following.

(cyan open up-pointing triangles) Analogously to the inclusive photon dN/dA¢ analysis,
the integration over a wide centrality window is related with a small systematic uncertainty.

Comparing the total systematic uncertainties (black) with the statistical uncertainties (light
blue), it can be seen that the systematic uncertainty is about a factor of 2-3 smaller than the
statistical uncertainty, but seems to be at least partially correlated with the statistical uncer-
tainty. On the one hand, this behavior is expected, since the probability of residual background
increases with the statistical uncertainties, on the other hand, it could mean that part of the
statistical uncertainty is considered to be systematic and thus the systematic uncertainty is
overestimated. However, when comparing different results it is hard to trace the correlated part
of the statistical uncertainty, due to the complex extraction procedure. Therefore, the statistical
significance of deviations is neglected, which might give rather conservative estimates for the
systematic uncertainty.

9.3.3 Systematic uncertainties with the invariant mass sideband method
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Figure 9.12: Individual contributions to the systematic uncertainties for vgo (left) and vgo
(right) measured with sideband invariant mass method using the VO-C event plane.

Figure 9.12 shows the individual contributions to the systematic uncertainties for v3 * and vy ’
for the VO-C event plane as obtained with the invariant mass sideband method. For comparison,
also the statistical error is shown (gray open up-pointing triangles). The following aspects are
considered:
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(blue up-pointing triangles) The combinatorial background vE2% is fitted with a constant,
first and second order polynomial. The best fit in terms of its X?ed value is used as default,
deviations from the second best fit are considered as systematic uncertainty. Systematic un-
certainty arises from a small significance at low pr and large statistical uncertainties at high

pr.

(red full boxes) Systematic effects of the background subtraction method are studied by using
three different normalization procedures, which are described in section 8.3.2. The method
with the smallest x2, value for the fit of the signal invariant mass distributions eq. (8.15)
is used as default, deviations to the method with the second best X?ed value are considered
as systematic uncertainty. Systematic uncertainty arises only at low transverse momentum,

where significances are very low.

(green full down-pointing triangles) A variation of the photon selection cuts (cf. table 9.3)
and of the energy asymmetry cut leads to changes in the neutral pion significance, efficiency
and statistical uncertainties. Thus, the corresponding uncertainty is correlated with the statis-
tical uncertainty. The systematic uncertainty might be overestimated, but due to the complex
extraction procedure, it is hard to trace the statistically correlated part.

(orange open boxes) Analogously to the dN/dA¢ analysis, the uncertainties of the event-
plane resolution correction are propagated, which gives a constant contribution to the relative
systematic error. The correlation of this source of systematic uncertainty is neglected.

(magenta open up-pointing triangles) The integration over a wide centrality window
(compare with sections 9.2.2 and 9.3.2) is related with a small systematic uncertainty.

Compared with the dN/dA¢ method, the invariant mass sideband method seems to give smaller
systematic and statistical uncertainties, in particular at low pp. In the dN/dA¢ method, the sig-
nal extraction is done in A¢ six bins, which gives an up to v/6 times larger statistical uncertainty
on the extracted signal invariant mass distribution compared to the sideband method. Since
systematic and statistical uncertainties are at least partially correlated, the smaller statistical

uncertainties also involve smaller systematic uncertainties.

9.3.4 Comparison with charged pions

Figure 9.13 shows a comparison of neutral and charged pion elliptic and triangular flow. Both
measurements are obtained with the VO event-plane method. Even though the invariant mass
sideband method provides much smaller uncertainties compared to the dN/dA¢ method, the
neutral pion measurement has much larger statistical and systematic uncertainties compared
to the charged pion measurement. The reason is that the neutral pion reconstruction effi-
ciency is about 1000 times smaller than the charged pion reconstruction efficiency. The neutral
pion analysis via photon conversions is limited by the conversion probability of at maximum
Peony = 8.5% at pr >2GeV/e (section 8.2.4) and the photon reconstruction efficiency of about
50% (section 8.2.1), which gives (50%)? (8.5%)>=O(10~%). The measurements agree within
uncertainties, which is expected from isospin symmetry. Due to the significantly smaller sys-
tematic and statistical uncertainties, the cocktail simulation for the neutral pion decay photons
is parametrized with the charged pion measurement.
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Pb-Pb collisions, both determined with the VO event-plane method.
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10. Extraction of the direct-photon
anisotropic flow

This chapter describes the extraction of the direct-photon elliptic and triangular flow. The
anisotropic flow of direct photons can be extracted from the measurement of inclusive photons
by subtracting all photons from hadron decays. The details of the cocktail simulation and the
calculation of the decay photon anisotropic flow are described in section 10.1. Thereafter, the
extraction of the direct-photon anisotropic flow and the related uncertainties are discussed in
section 10.2.

10.1 Decay-photon spectra and anisotropic flow

Meson ~ Mass (MeV/c?)  Decay Mode /T (%)
98.823 + 0.034
70 134.9766 = 0.0006 7 ( )
ete (1.174 4+ 0.035)
vy (39.31 +0.20)
tr- 4.60 4 0.16
n 547.853 = 0.024 Ty ( )
etey (6.9+£0.4) x 1073
70y (2.74+0.5) x 1074
atry (9.94+1.6) x 1073
p 775.49 4 0.34 m0y (6.0 4+0.8) x 1074
7y (3.00 £ 0.20) x 10~*
0 28 40.2
w 782.65 4 0.12 7 (828 £ 0.28)
0y (4.6 £0.4) x 1074
Py (29.3+0.6)
n 957.78 4 0.06 wy (2.75 4 0.22)
vy (2.18 +£0.08)
ny (1.309 + 0.024)
é 1019.455 4 0.020 70y (1.27 +£0.06) x 1073
wry <5

Table 10.1: Cocktail hadrons, their electromagnetic decay modes and the corresponding relative
branching ratio. Values taken from [9].

Even though the decay-photon spectrum and its anisotropic flow cannot be measured directly,
it can be calculated in a cocktail simulation from the spectrum and anisotropy of those hadrons,
which undergo electromagnetic decays. The cocktail simulation includes decays of neutral pions,
n, ', w, p and ¢ mesons. Table 10.1 summarizes the relevant decay channels and the corre-
sponding branching ratios. The dominant fraction of decay photons comes from the neutral pion
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decay. The decay-photon spectrum can be estimated in a cocktail simulation, where the decay
kinematics are simulated by PYTHIA [355] and the production cross sections are parametrized
by the experimentally measured hadron spectra. As described in detail in the following, the
neutral pion spectra are parametrized by the measured neutral and charged pion spectra, while
the spectra of other hadrons are estimated from mr scaling. The parameterization of the neu-
tral pion azimuthal anisotropy is taken from the charged pion anisotropic flow measurement,
which has much smaller uncertainties than the neutral pion measurement (cf. section 9.3.4).
The anisotropy of the remaining hadrons is estimated by KFEr-scaling. Spectra and anisotropic
flow are parametrized in the same centrality bins used for the inclusive-photon anisotropic flow
analysis.

10.1.1 TImplementation of the cocktail simulation

The hadron spectra are generated with flat distributions for the transverse momentum pr €
[0,15 GeV/c], the rapidity y€[—1.2,1.2] and the azimuthal angle ¢ € [0,27]. Flat spectra in
transverse momentum yield almost uniform statistical uncertainties, while steeply falling spectra
would lead to small uncertainties at low pr and large uncertainties at high pt. The spectral
shape is then modulated by a weight for each particle of species h,

AprAy2mpr

N Y ) (1 205 o) cos (n9)) (10.1)

w (pr,n, ¢) =

with App = pp™a — pp™in Ay =2|y|™, where Ngen is the number of generated particles per
event, Y™ (pr) is the invariant yield and vg (pr) is the azimuthal anisotropy for the generated
particle of species h. The decays of these hadrons are simulated by PYTHIA 6 [355], while each
photon with mother particle h is weighted with

p— (pTh, nh, ¢h> WRR , (10.2)

where wgg is the branching ratio for the corresponding decay.

It is important to notice that the hadrons should be simulated in a slightly larger rapidity

X

window y™?* compared to the experimentally measured pseudorapidity window (|n| < 0.8),

since photons at small momenta can have large decay angles with respect to their mother

8% is chosen too narrow, photons, which are produced by

particles. If the rapidity window |y|
hadrons outside the rapidity window, but contribute to the experimentally measured inclusive-
photon spectrum in |n| < 0.8, might be missed by the cocktail simulation. Figure 10.1 (left)
shows a calculation for the fraction of missing photons (Niot — Njymax)/Niot from 70—y (full
symbols) and 7 — v (open symbols) decays in |n| < 0.8 as a function of py for different values
of |y|™*. For |y|™* =0.8, 50% of the photons stemming from neutral pion decays in the first
momentum bin and still more than 1% at higher momenta would be missed by the cocktail
simulation. Due to the higher mass, even 90% of the photons from 7 meson decays would be
missed at low pp. In the first bin containing photons with momenta below 100 MeV/c, photons
cannot be reconstructed and thus this momentum range is not analyzed. For |y|™**=1.2, less
than 1% of the photons from neutral pions are missed for momenta above 100 MeV/c. The
fraction of missing photons from the 7 meson is still above 1% for momenta below 500 MeV/c,
but it will later be shown (cf. fig. 10.2 (right)) that more than 90% of the decay photons at low
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Figure 10.1: (left) Fraction of missing photons from 7% —~~ and 7 —~~ decays in |n| < 0.8 as
a function of pr for different values of y™**. The default value is |y|™** =1.2. (right) Neutral
and charged pion invariant yield with different parameterizations.

pr come from the decay of neutral pions, such that deviations are smaller than 1% at low pr.
Consequently, the rapidity window for hadrons is chosen as |y[™** =1.2.

10.1.2 Parametrization of the hadron production cross sections

The spectra produced in pp collisions are often described by a modified Hagedorn function [102]

0 pT\ ¢
Yiag (PT) = @ (exp (=bpr — |c|pT) + 7) : (10.3)
or, at small transverse momenta, by a Tsallis distribution [356]
YE (pr) = a (1 + ba/c)° . (10.4)

In Pb-Pb collisions, the spectra are modified by the hydrodynamical evolution at lower pr
and suppression due to the parton energy loss at high pp. The following parameterization was
found [201] to describe the measured neutral pion spectra in central Pb-Pb collisions:

—(b+c/((pr)+e))

0
chd (pT) = apr (105)

Charged pions can be identified down to momenta of 0.1 GeV/c, where the signal-to-background
ratio is too small to extract the neutral pion yield. Since the function qu; cannot describe the
charged pion spectrum at low pr, a combination of this function at high pr and a Tsallis
distribution at low pr is used to parametrize the spectra,

0

Y dqed (01) = F (p7) YA, (p1) + (1 = F (pr)) Yerg (p1) (10.6)
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where a smooth transition between the two functions is given by a Fermi function

1
L+ exp (= (pr — s) /w)

F(pr) = (10.7)

with two free parameters s and w.

Figure 10.1 (right) shows the neutral pion and charged pion invariant yield with different param-
eterizations. Both, the neutral and charged pion spectrum, are fitted with the parameterization
eq. (10.6), which agrees reasonably well with the data over the whole momentum range. In
addition, the neutral pion spectrum is also fitted with the modified Hagedorn function, which
describes the neutral pion data, but shows deviations from the charged pions at low prp. Dif-
ferences between the parameterizations are later used to estimate the systematic uncertainty.
Small deviations between the charged and neutral pion measurement can be observed, which
are covered by the systematic uncertainties. The uncertainties of the neutral pion measurement
are rather large (9%) due to the uncertainty on the material budget (cf. section 8.3.4).

By now, only the neutral pion spectrum is measured with a sufficient precision in Pb-Pb colli-
sions. Thus, the neutral pion invariant yield Y (pr) is parametrized with the measured spectrum
and the spectra of the heavier mesons are estimated by mr scaling (cf. section 3.3.3):

VP (pr) = Ah/on“O(\/p% +mi —m2,) (10.8)

The constants A}, are taken either from the particle ratios A /A 0 measured in Au-Au col-
lisions at RHIC or the corresponding ratios calculated in PYTHIA. The values used in this
work are summarized in table 10.2. Figure 10.2 (left) shows the meson spectra calculated for
0-40% central collisions. It can be seen that the ratios become constant at large transverse
momenta, where the particle masses are negligible (py ~my for pr — c0). Thus, the normaliza-
tion of the mr-scaled hadron spectra should be taken from the particle ratios at infinity, but
for practical purposes, the particle ratios at ppr =5 GeV/c are used for the normalization. The
relative contribution of the individual meson decays to the decay-photon spectrum is shown in
fig. 10.2 (right). The decay-photon spectrum is dominated by the neutral pion decay followed
by the decay of the  meson, while other contributions are of the order O(10~2).

Ay /0 pp Au-Au (MB) Reference
n/m°  0.497 £0.003 0.5254+0.002  RHIC [101]
p/m 1.0+0.3 PYTHIA [355]
w/m%  0.903+£0.021 0.8454+0.145  RHIC [101]
n /7° 0.40 +0.12 PYTHIA [355]

¢/m0 0.2334+0.021 0.348+0.017  RHIC [101]

Table 10.2: Standard meson ratios in the literature for Au-Au collisions at /sy =200 GeV.

At first glance, this approach may seem inappropriate, as mr scaling is expected to be explicitly
broken in nucleus-nucleus collisions by the radial flow at low pr (cf. section 3.3.3) and the
suppression of hadron yields at high pr (cf. section 3.3.5). The dominant fraction of decay
photons comes from the neutral pion decay followed by the 1 meson. Since the neutral pion
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Figure 10.2: Relative abundance of mesons in the cocktail. (right) Relative contribution of the
individual meson decays to the decay-photon spectrum.
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Figure 10.3: n/7° ratio in different A-A systems compared with the expectation from m scaling
and the PYTHIA event generator [109].

invariant yield is known from measurements (section 8.3.4), the deviation of the /7 ratio from
mr scaling will quantify the dominant systematic uncertainty of the estimated decay-photon
spectrum. Figure 10.3 shows the 1/7% ratio measured in different A-A systems compared with
the expectation from mr scaling and the ratio obtained with PYTHIA for pp collisions. It can
be seen that mr scaling still gives a good description of the data in A-A collisions except for
small transverse momenta below 1 GeV/c. Measurements in pp collisions at /s=7TeV even
indicate a deviation from my scaling in pp collisions [331,357]. However, deviations due to the
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hydrodynamical flow are expected at small transverse momenta and indications for systematic
deviations can only be observed at momenta below 1 GeV/c. The spectra could also be estimated
from the AMPT model [358] or the HIJING event generator [335] and it will be interesting to see
comparisons. However, those generators are associated with additional systematic uncertainties
and it needs to be shown that they reproduce the measured neutral pion spectrum. The main
fraction of decay photons comes from neutral pion decays, which in our approach is directly
calculated from the measured neutral pion spectra.

The particles ratios Ay /-0 shown in table 10.2 are taken from measurements at RHIC and
PYTHIA. The measured ratios also indicate a centrality dependence [101]. The high-pt data
points in fig. 10.3 indicate that the n/7° ratio might be lower than the extracted value of about
0.5. In order to take possible deviations from mr scaling into account, a variation of £20% of
the n/m" ratio is considered as systematic uncertainty (cf. section 10.1.6).

10.1.3 Parametrization of the hadron azimuthal anisotropy

In section 9.3.4 it can be seen that the neutral pion elliptic and triangular flow has much larger
uncertainties than the charged pion anisotropic flow. The excess of direct photons in 0-40% is
about 10-20% [201]. According to eq. (4.6), uncertainties in the decay-photon anisotropy vy
are scaled by 1/(RY#" —1), which is roughly a factor of 5- 10. If the uncertainties of the neutral
pion v,, measurement were propagated to the cocktail, already a systematic uncertainty of about

10-20% on the neutral pion v,, would result in a non-significant direct-photon anisotropic flow.

The measurement of charged pion anisotropic

025 flow has much smaller uncertainties than the

: F.’h;”g;;'\m | neutral pion measurement, and from the strong

020l = 020% b isospin symmetry it is expected that the neu-

I ;iigjg"j ] tral and charged pion production is equal. We

I —_— ] have seen in section 9.3.4 that the measured

oo _OE ) neutral pion anisotropy is consistent within un-

o ] certainties with the charged pions. This obser-

0-10} = * vation is consistent with the measurements at

o ] RHIC shown in fig. 10.4, which indicate no sys-

005l % tematic deviation between charged and neutral

I pions. Small deviations could arise from the

ool ‘ ‘ ‘ ‘ ‘ 5 fact that the strong isospin symmetry is bro-
0 1 2 3 4

5pT (Gew@c) ken electroweak and also some strong decays
and in addition due to Coulomb repulsion be-
Figure 10.4: Charged and neutral pion vy in  tween charged pions [360]. The impact of feed
Au-Au collisions at /sxy=200GeV. Data  qown from decays is discussed in detail in sec-
points from [204, 359]. tion 10.1.5 and shall be neglected for the mo-

ment. The breakdown of NCQ scaling between
charged particles and their anti-particles was discussed in section 3.4.5. It can be seen in
fig. 3.15 (left) that the splitting of positive and negative pions becomes negligible for colli-
sions energies above /sy =60GeV, so that NCQ scaling seems to be fulfilled for charged
pions at LHC energies.

The azimuthal anisotropy of other hadrons in the cocktail can be estimated from the scaling
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Figure 10.5: Charged pion and KFEp-scaled charged kaon elliptic (left) and triangular (right)
flow with parameterizations. Data points taken from [152].

in transverse kinetic energy KEr, which was discussed in section 3.4.4. Since only mesons are
considered, the quark number (nq=2) is neglected and v (pr) for a meson of species h is given
by

b (pl%) — <\/(KE}T1 tmge)? - mii> . (10.9)

This equality can be derived by using that

P2 = (KET 4+ m)? —m? (10.10)
and
h ot ot h
v, (KE7) =v; (KET1) = KET = KE7p
+ 2
= pn ™= (KE}Tl +mﬂi) —m2y (10.11)
+

where pg () i5 the transverse momentum of a pion with the same transverse kinetic energy as

the meson of species h. Figure 10.5 shows for illustration the parameterizations for vj * and vgo
in 0- 5% central collisions in comparison to the charged pion v, and vs, respectively. The charged
pion v, was parametrized with a third order polynomial at low pt and a Landau distribution
with constant offset at high pp. Systematic uncertainties of the charged pion measurement are
considered by two additional parameterizations, which are fitted to the points shifted by the
lower and upper systematic uncertainty, respectively. Since the n meson and the kaon have
similar masses,

my = 547.85 MeV/c* ~ my+ = 493.67MeV/c* [9] ,

an additional parameterization is fitted to the charged kaon measurement. In fig. 10.5, the
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charged kaon data points are already KEr-scaled to the charged pion transverse momentum.
This parameterization is only used for the n and heavier mesons as an alternative to the KE-
scaled charged pion parameterization and deviations are used as an estimate for the systematic

uncertainty arising from KFE--scaling.

10.1.4 Decay-photon anisotropic flow

Figure 10.6 (left) shows the pr-differential elliptic flow of the six mesons contributing to the
decay-photon spectrum. As the mass of the mesons increases, the data points are shifted towards
higher transverse momenta, which reproduces the mass ordering

0
oF >l >0l o >l A o? (10.12)

at low pr (cf. section 3.4.4). Since the p and w meson as well as the 7’ and ¢ meson have similar
masses, their azimuthal anisotropy is very similar and the curves overlap in fig. 10.6 (left).
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Figure 10.6: (left) Azimuthal anisotropy of cocktail mesons as a function of pr. (right) Average
cosine of the photon decay angle with respect to its mother hadron <cos (n ((;5“Y — ¢m0ther))> as
a function of pr.

The azimuthal anisotropy of the decay photons is determined by the anisotropy of the mother
hadrons and smeared out by the decay kinematics. The azimuthal anisotropy of decay photons

is given by
<COS (n (gzﬁ7 - ‘IIEP)» = <cos (n (gmether — \IJEP) +n (gi)W — ¢m°ther>>> (10.13)
= <cos <n <q§m°ther — \I!EP>>> <cos (n (qb” - ¢m°ther>>> , (10.14)

where 79T s the pr-integrated azimuthal anisotropy of all mother hadrons decaying into
photons at a given momentum. It directly follows that the azimuthal anisotropy of decay photons
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is constrained by the maximum anisotropy of their mother hadrons. Figure 10.6 (right) shows
the average second-order cosine of the photon decay decay angle ¢” with respect to its mother
hadron ¢™°ther (cos (2 (¢7 — ¢™°ther))) "as a function of the transverse momentum. At high pr,
the decay angles are typically small, which implies that the decay-photon azimuthal anisotropy
is similar to the anisotropy of their mother hadrons,

<’ &7 — gmother

> -0 = <cos (n ((b7 — ¢m°ther))> —1. (10.15)

At small momenta, the decay angles increase implying that the azimuthal anisotropy of the

mother hadrons #2°"°" is smeared out by the decay kinematics and for decay angles larger
than 5, the direction of the azimuthal anisotropy is even inverted
<)¢7 — gmother > — g = <COS (n (qﬁ7 - ¢m°ther)>> ——1. (10.16)
;bg

Figure 10.7 shows the elliptic flow v3* and and triangular flow vg’bg for photons from indi-
vidual meson decay channels. At low pr, the photons stemming from neutral pion decays carry
the largest azimuthal anisotropy. As a consequence of large decay angles, the decay-photon
anisotropy o8 for photons stemming from decays of mesons heavier than neutral pions de-
creases rapidly towards small momenta and becomes even negative. For momenta above 3 GeV/c,
the anisotropic flow of photons from decays of the n mesons exceeds the anisotropy of photons

from neutral pion decays.

g: 7‘“‘\““\““\““\““““7_3" 7‘“‘\““\““\““\““‘ ]
='0.25 [ 0-40%, MC Pb-Pb, s, = 2.76 TeV 4 3 0.25} 0-40%, MC Pb-Pb, {5 = 2.76 TeV .

[ this work 1 [ this work
[ —T° - vy (€'ey) —w - 1y (ny) ] [ —™ - vy (e'eY) —w - 1y (ny) 1
0.20F —n - yy (Wmy.e‘ey.myy) —n" - py(wy.yy) B 0.20 —n - yy ('my.e‘eynyy) —n" - py(wy.yy) B
L —p - wyyny) —¢ - 'y (yny) 1 L —p - wry(y.ny) —g - 'y ny)
015 .
0.10- E

0.05]

0.00}

Figure 10.7: Individual components of the decay-photon elliptic (left) and triangular (right)
flow from individual meson decay channels.

10.1.5 Impact of feed down

For this analysis, the neutral pion azimuthal anisotropy is parametrized with the charged pion
anisotropy, since the uncertainties of the charged pion measurement are much smaller than those
of the neutral pion measurement. This procedure is justified by the assumption that neutral
and charged pions are expected to have the same azimuthal anisotropy due to their isospin
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symmetry. However, a substantial portion of neutral and charged pions — particularly at small
momenta — originates from feed down decays and is not directly produced during the hadronic
freeze out. Thus, the symmetry between neutral and charged pions is broken due to isospin
violation in strong decays and in weak decays:

000

Isospin violating scalar meson decays: Reactions such as n— 7 n°n” or n—7 0

T
do not conserve the G-parity. According to the Sutherland theorem [361], electromagnetic
processes can be neglected. It is shown in [362] that the conventional electromagnetic interac-
tion underestimates the decay width by about three orders of magnitude. Instead, the decay
mechanism is described by strong isospin violating processes based on the fact that the cur-
rent masses of the u and d quark are not equal [362-364]. Charged and neutral pions have a

different quark compositions,
7°) = 1/V2 (jua) + |dd)) , |7*) = |ud) , |77) = |da)
implying that the symmetry between neutral and charged pions is broken.

Weak decays: Weak decays such as KO — 7 break the symmetry between charged and
neutral pions:
(K2 — 7%70) (30.69 4 0.05)%

1
= < —
[(KO — ) [ (69.20 £0.05)% 2

(10.17)

If the isospin symmetry were conserved, the charged and neutral pion production would be
equal and the branching ratio would be twice as large for charged pions, which is experimen-
tally excluded. The short lived neutral kaon K has a crg+ of about 2.6844 cm and thus its
decay vertex can be experimentally resolved. The long living KIO and the charged kaons K=
decay far away from the primary vertex (CTKIO =15.34m,c7+ =3.712m) and are not relevant
for feed down.

In the measured neutral and charged pion spectra, contributions from secondary weak decays
are explicitly corrected [331,365]. In the charged pion analysis, the contribution of weak sec-
ondary decays is excluded by strict cuts on the distance of closest approach (dca) of the tracks
with respect to the primary vertex. Similarly, in the neutral pion analysis it is required that
the reconstructed photons point towards the primary vertex, which removes a substantial part
of feed down and further corrections are applied using Monte Carlo simulations.

However, these corrections could not be applied to the anisotropic flow measurement, since
Monte Carlo simulations do not include anisotropic flow yet.

The measured neutral and charged pion azimuthal anisotropy are not corrected for weak feed
down. Nevertheless, it is assumed that neutral and charged pions — either directly produced
during the hadronic freeze out or by strong decays of scalar mesons — have the same azimuthal
anisotropy, while deviations are expected from isospin violating strong decays. In order to esti-
mate the effect of feed down, besides primary hadron production also the most relevant weak
and strong feed down decays are included in the cocktail simulation. The most relevant pro-

cesses are summarized in table 10.3.

In the standard cocktail simulation, the primary hadron production Ny prim is parametrized
with the measured invariant yields IV}, meas and only primary hadrons contribute to the hadron
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Meson Feed down Decay r;/T (%)

w—atr a0 (89.2+0.7)
n— 07070 (32.57 £ 0.23)
0 K9 — 7070 (30.68 £ 0.05)
T
n—atr— (22.74 4 0.28)
n' — m7% (21.6 £0.8)
¢p—pr+ 7t n®  (15.32+£0.32)
w—mly (8.28 £ 0.28)
n—rtrn (29.4+£0.9)
n n' — w70 (21.6 £ 0.8)
b=y (1.309 + 0.024)
p n' = py (29.3+0.6)
w n —wy (2.75 £ 0.22)

Table 10.3: Feed-down decay modes and the corresponding relative branching ratio. Values
taken from [9].

spectra
Nh,tot = Nh,prim = Nh,meas (1018)

In order to obtain the decay-photon spectra, only photons from electromagnetic decays need to
be considered. Now, also feed down decays are considered, implying that the hadron invariant
yield Nlll,tot is composed of a component of primary produced hadrons Ny, prim and a component
from feed down decays IV}, rp,

Nl/l,tot = Nh,prim + Nh,FD > Nh,meas ) (1019)

which implies that the simulated hadron spectra N{Ltot exceed the measured spectra Ny meas-
In order to reproduce the experimentally observed spectrum, the parameterizations for primary
hadron spectra would need to be corrected for secondary hadron production. Since we are only
interested in rough estimates for the impact on the azimuthal anisotropy, it is reasonable to
assume that those corrections almost cancel out in the primary-to-feed-down ratio, which can
be estimated by

Myp | Nupp Nu,rp (10.20)
Nh,tot N}/l,prim Nh,FD + Nh,prim
and in the corresponding ratio for the decay photons
NyFp Nopp (10.21)

N’y,tot N’y,FD + N’y,prim

Figure 10.8 (left) shows the fraction Ny p /Ny ot for photons from neutral pion and 7 meson
decays. Contributions from other mesons are smaller than O(10~2) and can thus be neglected.
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It can be seen that feed down becomes relevant at small transverse momenta below 1 GeVye,
where more than 10% of photons come from decays of secondary hadrons, with a maximum
contribution of about 80% at around 0.1 GeV/c. The azimuthal anisotropy for photons from
primary and secondary hadrons is shown in fig. 10.8 (right). It can be seen that the elliptic flow
for photons from secondary hadrons is shifted towards lower transverse momenta compared to
photons from primary hadrons. Deviations are most pronounced in pr regions, where the feed-
down contribution is rather small. As a consequence, the combined decay-photon anisotropy,

~v,FD 7,prim
N'y,FDUn + N'y,primvn

7 ’
N'y,tot

,U;ly,prim-i-FD _ (1022)

is only slightly different from photons from primary meson decays. Deviations between vn’bg and
o PR ke smaller than 0.1% above 0.8 GeV/e, such that the lines overlap in fig. 10.8 (left).
The deviations increase as the transverse momentum goes to zero, such that the decay-photon
anisotropy at very small momenta could be systematically biased by isospin violating feed-
down. The root mean square of the standard combined decay-photon anisotropy is added as
systematic uncertainty to the cocktail systematic uncertainty (section 10.1.6). Since the direct-
photon excess is only extracted at momenta above 0.8 GeV/e, the effect of isospin violation in
feed-down decays can be neglected for the direct-photon anisotropy, but it will be important,
when the measured inclusive-photon anisotropy is compared with the decay-photon anisotropy
estimated from the cocktail simulation.

= —_——— 2 —_———
> N r 1
\E L O-.40%' MC Pb-Pb, s\, = 2.76 TeV | >0.25 C 0-40%, MC Pb-Pb, \s\, = 2.76 TeV ]
> [ this work [ this work
'% I —1° - yy (e'ey) il i — primary ]
- =N~ yy (WTty.e’eyyy) ] 0.20 —feeddown .
—all | [ —feeddown + primary ]
0.15| _
0.10 B
10t

i 0.05| .
0.00 - B
PR IS N IS S NS T SN SN SN T SO S S NN S S 7\ PRI IR S IS SO S T T SN S SR T S ST S NSS! \7

0 1 2 3 0 1 2 3

5 6 5 6
P, (GeVl/c) P, (GeVic)

Figure 10.8: (left) Fraction of photons from secondary hadrons. (right) v;’bg of photons from
primary and secondary hadron decays and sum.

10.1.6 Systematic uncertainty of the decay-photon anisotropic flow

The individual contributions to the systematic uncertainty are shown in fig. 10.9 and account
for the following effects:

(blue up-pointing full triangles) Three different parameterizations for the neutral pion
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invariant yield are used (cf. fig. 10.1 (right)) and the root mean square is considered as sys-
tematic uncertainty. Herewith, also systematic discrepancies between the charged and neutral
pion spectrum are taken into account.

(green down-pointing full triangles) Possible deviations from mr scaling are taken into
account by varying the 7°/n ratio by +20%. The breakdown of NCQ-scaling was discussed
in section 3.4.5. Kaons and pions agree at intermediate pp, but show significant deviations
at low pr. Therefore, the azimuthal anisotropy of the 7 meson is estimated from the KET
scaled charged kaon measurement. Both particles have similar mass and quark content and
such a possible violation of KET scaling between pions and other hadrons is estimated. The
discontinuity between 2.5-3.0 GeV/c appears, since the azimuthal anisotropy of photons from
neutral pion and 7 meson decays overlap in this momentum range (cf. fig. 10.7) and thus any
variation of the contribution of 17 mesons does not change the decay-photon anisotropy.

(red full boxes) In order to account for the systematic uncertainty of vgo, deviations between
the three parameterizations shown in fig. 10.5 (measured charged pion v,, and shifted by the
systematic error v, £ o4ys) are considered as systematic uncertainty.

(magenta open circles) Possible deviations between charged and neutral pions may arise
from strong isospin violating and weak feed-down decays. This effect is estimated by the
magnitude of the feed-down correction discussed in section 10.1.5. The root mean square

bg

of the feed-down corrected and standard wv,,’"° is considered as systematic uncertainty. The

discontinuity in the systematic uncertainty at about 1.7 GeV/c corresponds to the intersection
point of v and v7P8 shown in fig. 10.8 (right).
The total systematic uncertainty is calculated as the square root of the quadratic sum of all
contributions, which yields an total relative uncertainty of about 2% for transverse momenta

b, . .
® comes from the parameterization

above 0.5 GeV/c. The dominant source of uncertainty for vy’
of the spectra. Triangular flow is much smaller in mid central collisions and uncertainties are

larger, such that the parameterization of vgo becomes the dominant source of uncertainty for
7,bg
vy o,

10.2 Direct-photon anisotropic flow

10.2.1 Measurement of the direct-photon excess

For practical purposes, the ratio of inclusive N i, and decay photons IV, 1, is often evaluated
as a double ratio

dN'y,inc/dy
R'Y,di?” — dN7r0 /dy ~ N'Yainc (10 23)
dN'y.bg/dy N b ’ '
% a3 v,bg
dN_o/dy MC

If the photon and neutral pion yields are measured with the same detector, they have common
systematic uncertainties that partially cancel out in the double ratio. The systematic uncertainty
on the material budget is 4.5%, which implies an uncertainty of 4.5% on the inclusive-photon
spectrum (cf. section 8.2.5) and 9% on the neutral pion spectrum reconstructed via m— vy (cf.
section 8.3.4). Since nominator and denominator are affected by the same source of uncertainty,
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Figure 10.9: Individual components of the systematic uncertainty of v "¢ (left) and vg’bg (right).

the systematic uncertainty of the double ratio due to the material budget reduces to 4.5%.

Within this work, the direct-photon anisotropic flow is extracted using the ALICE preliminary
direct-photon excess measured in 0-40% central collisions [201]. Since the ALICE preliminary
direct-photon excess is measured in 0-40% central collisions, the pp-differential direct-photon
anisotropic flow is extracted in the same centrality range, for comparisons to PHENIX results
also in 0-20% and 20 - 40% centrality. In order to access the centrality dependence of the direct-
photon anisotropic flow with reduced statistical uncertainties, we calculate the pp-integrated
anisotropic flow for direct photons with transverse momenta above 1 GeV/c in small centrality
bins. Thereby, it is implicitly assumed that the direct-photon excess is does not depend on the
collision centrality in 0-40% central collisions. Measurements of the direct-photon excess in
Pb-Pb collisions in smaller centrality bins are not yet published.

10.2.2 Extraction of the pr-differential direct-photon flow
The direct-photon anisotropic flow is calculated as

i i b
R’y,dzrvg,lnc _ ’U% g

7d1 —
= - (10.24)

¢ s the inclusive and vy'®® the decay-photon
g

where R"¥" is the direct-photon excess, vy’

. . . . ; i b
anisotropic flow. The three input variables R%d”, o™ and v

are affected by statistical
and systematic uncertainties. When propagating those uncertainties to the uncertainty of the

extracted direct-photon anisotropy, we are confronted with two difficulties:

1. Gaussian propagation of uncertainty is based on a first order Taylor expansion, which can
generally only be applied, if the relation between the observable and the input observables

is linear or if uncertainties are sufficiently small. The formula for the anisotropy eq. (10.24)

has a pole at RY#" =1, while the direct-photon excess R?"#" is close to unity with large
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uncertainties, implying that Gaussian error propagation cannot be applied.

2. The gradients of v with respect to R74" depend on v

with respect to R,

and v, By differentiating

8?}%’dir (Rw,dir o 1) v%,inc B (R%dirvz,inc N U%,b%) U%’bg B U%’inc
ORY-dir (Rv-dir — 1)2 (Rvdir — 1)2 ’ (10.25)
it can be seen that the gradients vanish, if v)"®® = v, In case that inclusive and decay-

photon anisotropy are very similar, the gradient could appear to be zero due to statistical
fluctuations. Similarly, the derivative also depends on RY%" itself, such that fluctuations in
RY¥" result in alternating gradients and thus uncertainties of v’ could be significantly

underestimated or overestimated.

In order to deal with those difficulties, uncertainties are sampled within a Monte Carlo simula-
tion and in addition a smoothing is applied.

10.2.2.1 Monte Carlo sampling

Within this work, systematic and statistical uncertainties of the direct-photon anisotropic flow
are determined in a Monte Carlo simulation. The three input variables RY:dir 51¢ and 9

are independently drawn from Gaussian probability distributions

ﬁ%’lnc € N ('Ug’lnc, Uv;yb,inc> /l‘}g’bg € N (Ug’bg, Uvz,bg) R’%d”‘ S N (R’y’d”., UR’Y@““) 9
(10.26)

where the width of the distribution is either given by the statistical or systematic uncertainties.
The probability distributions for the input variables are samples within four standard deviations
of the systematic and statistical uncertainty, except for the direct-photon excess, where we use
our prior knowledge that R¥%" >1. In principle, we could also use the excess expected from
next-to-leading-order pQCD photons (RY%" > RgggD) as lower bound, but this would introduce
a model dependence. Since R"%" — 1 implies that o4 400, unphysical values |vn’dir| >1 are
not taken into account.

The direct-photon azimuthal anisotropy o9 s evaluated according to eq. (10.24) for each
set of variables (R%d",@z’mc,f}%’bg ) and such the probability distribution for vn’dir is sampled.
Figure 10.10 (left) shows for illustration the probability distribution of vl as determined
by sampling the input variables within their statistical uncertainties. The black line shows the
distribution for vn’dir, if all input variables are varied at the same time. The contribution of
individual input variables is estimated by setting all other parameters to their measured values
and by varying only the parameter of interest. It can be seen that the variation of the direct-
photon excess results into an asymmetric distribution for v,, due to the pole behavior. In order
to account for the skewness of the distribution, lower and upper statistical and systematic
uncertainties are determined by the 68.27% confidence interval. The median corresponds to the

di . . .
value v, determined from the measured input variables.

For convenience, systematic and statistical uncertainties are often considered as normally dis-
tributed, even if they have non-Gaussian tails. In particular, the assumption of Gaussian prob-
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Figure 10.10: (left) Probability distribution for v as determined from RY4" v and v]"8
sampled within their statistical uncertainties. (right) Probability P (v%’dlr > 0) calculated from
sampled probability distributions.

ability distributions allows us to apply chi-squared tests for various hypotheses to the mea-
sured direct-photon anisotropic flow. In principle it is possible to calculate p-values for different
hypotheses directly from the sampled probability distributions for o dir
chi-squared distributions. Figure 10.10 (right) shows the probability for v
by integrating once the sampled probability distribution (full symbols, solid lines) and once
a Gaussian probability distribution with the same 68.27% confidence interval (open symbols,
dashed lines). It can be seen that the assumption of Gaussian uncertainties underestimates the
tails of the distribution and thus overestimates the significance of the direct-photon elliptic flow

instead of assuming

g’dir > () as calculated

at low pr.

10.2.2.2 Smoothing

In order to reduce the impact of statistical fluctuations on the error propagation, the input
variables are estimated from a parametrization instead of using the measured values. It shall
be noted that the points itself are not changed, the parameterizations are only used for the
calculation of the confidence intervals. Speaking in the framework of Gaussian error propagation,
we evaluate the derivatives at the parametrized value and such suppress the impact of statistical
point-by-point fluctuations on the error propagation procedure. The input variables are now

drawn from

@%,Z’/’LC S N ('(A)Z’ch, O-’U;yl,inc> @T’;ﬁbg S N (Ug’bg, O‘vg,bg) R"/,dZT’ S N (R’Y,d’LT’ O‘R'y,di'r) 5
(10.27)

where RV and ﬁx’mc are the parametrized values for the direct-photon excess RY#" and the

inclusive-photon anisotropic flow, respectively. Since the decay-photon anisotropic flow was cal-

bg

culated from a cocktail simulation, statistical fluctuations in v,""° are sufficiently suppressed
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and it is not necessary to find a parametrization.
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Figure 10.11: (right) Inclusive-photon and direct-photon spectra fitted with the parameteriza-
tion (right) Direct-photon excess in 0-40% centrality plotted with the parameterization calcu-
lated from the inclusive and direct-photon spectrum (blue). The green line shows a parametriza-
tion for the excess of next-to-leading-order pQCD photons. Data points taken from [201].

The inclusive-photon spectrum can be described by eq. (10.6), while the direct-photon spectrum
is fitted with the sum of an exponential function for the thermal-photon spectrum

yvthermn )y — Aexp <—£T> (10.28)
eff

and a Hagedorn function for the prompt-photon spectrum

yPacD () — (1 I %)‘C , (10.29)
Figure 10.11 (left) shows the inclusive and direct photon spectrum fitted with the parameter-
izations mentioned above. The combined fit of the direct-photon spectrum yields an inverse
slope parameter of T 4 =(302.8 & 24.6) MeV/kg, which is consistent within uncertainties with
the parameter quoted by the ALICE collaboration [201].

The direct-photon excess can now be parametrized by

R’Y,dir ( ) _ Y%inc(pT)
param\PT) = Y’Y’inc(pT) _ (Yy,therm(pT) + Y%pQCD(pT)) .

(10.30)

Figure 10.11 (right) shows the ALICE preliminary direct-photon excess in 0-40% central Pb-Pb
collisions. The parametrization is shown as blue curve. The green curve shows the direct-photon
excess for next-to-leading-order pQCD photons, which can be calculated by subtracting the con-
tribution of thermal photons. The red points correspond to the parametrization with systematic
and statistical uncertainties scaled by Rgﬁgm /R.
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10: Extraction of the direct-photon anisotropic flow

Figure 10.12 shows the inclusive-photon ellip-
tic flow fitted with the same function that was
used to parametrize the neutral pion anisotropic
flow in section 10.1.3. For comparison, also the
decay-photon elliptic flow is shown. It can be
seen that the inclusive and decay-photon ellip-
tic flow are very similar at low-pr. The mea-
sured inclusive-photon elliptic flow fluctuates
around the parametrization resulting into fluc-
tuating gradients in the error propagation. Fig-
ure 10.13 shows for illustration the relative
statistical uncertainties of the pp-differential
direct-photon elliptic flow measurement before
and after the smoothing procedure. It can be
seen that the statistical uncertainties at low pp
evaluated at the measured input variables fluc-
tuate by almost one order of magnitude. Eval-
dir

uating the probability distributions for v, at

the parametrized values for the direct-photon

~,inc

oy, these fluctuations are significantly
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Figure 10.13: Statistical uncertainties of the pr-differential direct-photon elliptic flow before

(left) and after smoothing (right).

10.2.2.3 Statistical and systematic uncertainties

Within this work, the statistical and systematical uncertainties of the direct-photon anisotropic

flow are given by the 68.27% confidence interval of the sampled probability distribution for

v%,dir

. Due to the asymmetry of the probability distribution, lower and upper uncertainties are
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treated separately. The upper (solid lines) and lower (dashed lines) statistical and systematic
uncertainties are shown in fig. 10.14. While the contributions of the inclusive-photon and decay-
photon anisotropy result in symmetric uncertainties, the uncertainties on the direct-photon
excess RY4" result into asymmetric uncertainties (red). Both, statistical and systematic uncer-
tainties are mainly dominated by the uncertainties on the direct-photon excess RY%" followed
by the inclusive-photon anisotropic flow. Correlated systematic uncertainties arise mainly from
the uncertainty on the material budget, but also from the uncertainty on the event-plane reso-
lution correction. A substantial contribution to the upper uncorrelated systematic uncertainty
also arises from the cocktail simulation, mainly from the discrepancy between the parameter-
izations obtained from charged and neutral pions. The statistical uncertainties and partially
also the uncorrelated systematic uncertainties will be significantly decreased, when additional
data from the 2011 Pb-Pb run is analyzed. Furthermore, it will be important to reevaluate the
material budget in order to reduce the correlated systematic uncertainties.

10.2.3 Extraction of the pr-integrated direct-photon anisotropic flow

Since the pr-differential measurement is affected by large statistical uncertainties, when mea-
sured in small bins of centrality, In order to access the centrality dependence with reduced
statistical uncertainties, we calculate the pp-integrated direct-photon anisotropic flow o for
transverse momenta p%. > 1 GeVJe,

Niihs i\, vdirg
Zi:io N”/,dir(pT>vn (pT)
NPT
bins

Zi:'[g Ny dir (pZT)

o dr = : (10.31)

di
where v, (

py) and N, qir(py) are the pr-differential direct-photon anisotropic flow and yield,
respectively. The direct-photon yield is given by N, gy = (1 — 1/R7%") N, jc. Since oM and
N, gir have partially correlated uncertainties resulting from the measurement of the direct-

photon excess, we evaluate the pr-integrated direct-photon anisotropic flow directly from

Niine 1 i\ [ B0 er ™ (o) —va E ()
. Ezzblo <1 - R—y,dir(p:ir)> ny,il’lC(p'Z]_j) < TR'y,dir(p:iI:I;_l =
g — T (10.32)
bins 1 3
Zi:}io (1 - R—y,dir(p’ir)) N’y,inc(p’lr)

instead of using the extracted direct-photon spectrum.

10.2.3.1 Statistical and systematic uncertainties

For the same reasons as for the prp-differential measurement, the statistical and systematic
uncertainties of the pr-integrated direct-photon anisotropic flow are estimated from a Monte
Carlo simulation and smoothed by the use of parameterizations for the error propagation. The
inclusive and decay-photon anisotropy, v%’ine and vn’bg, the inclusive-photon yield N, jnc and the

direct-photon excess R"%" are independently drawn in each momentum bin p?r from Gaussian
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probability distributions within four sigma of their standard deviation:

10.33)
10.34)
10.35

(
(
(10.35)
(10.36)
The parameterizations of the inclusive-photon yield and anisotropic flow as well as for the
direct-photon excess were described in section 10.2.2.2. The uncertainty on the material budget
is treated as overall systematic uncertainty, which gives a correction on R"%" and N, inc that
dir

does not depend on the momentum. The pr-integrated direct-photon flow v, is evaluated

according to eq. (10.32) for each set of input variables and such the probability distribution for
o ¥ is sampled.

Figure 10.15 shows the relative statistical and systematic uncertainties for the elliptic and
triangular pr-integrated direct-photon flow. The asymmetry between lower and upper the sys-
tematic and statistical uncertainties is smaller compared to the prp-differential measurement.
The statistical and systematic uncertainties are dominated by the direct-photon anisotropic
flow measurement and direct-photon excess. The correlated systematic uncertainty is given by

the uncertainty on the material budget and the event-plane resolution correction.
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Figure 10.15: Relative statistical (left), uncorrelated systematic (mid) and correlated systematic (right) uncertainties of the pr-integrated
(pT >1GeV/c) elliptic (top) and triangular (bottom) direct-photon flow as a function of the collision centrality.
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11. Final Results

In this work, photons were detected by their conversion in the ALICE detector material. The
photon reconstruction is based on a Kalman filter secondary vertex reconstruction algorithm,
combining oppositely-charged electron tracks reconstructed and identified in the Time Projec-
tion Chamber and the Inner Tracking System. Neutral pions were identified via their decay
into two externally converted photons. The elliptic and triangular flow of inclusive photons
and neutral pions was measured using the event planes from the two VO detectors, providing
a pseudorapidity gap larger than 0.9 and 2. Comparisons of inclusive photon anisotropic flow
measurements using different event planes and pseudorapidity gaps indicated that non-flow ef-
fects are negligible for the VO event-plane method.

The neutral pion anisotropic flow was found to be consistent with the anisotropy of charged
pions, as expected from isospin symmetry. However, the neutral pion measurement suffers from
a low significance due to the small pion reconstruction efficiency (O(1073)), and thus the statis-
tical and systematic uncertainties are large compared to those of the charged pion measurement.
The inclusive-photon azimuthal anisotropy was measured with much smaller statistical and sys-
tematic uncertainties compared to the neutral pion measurement. The spectrum and azimuthal
anisotropy of decay photons was estimated in a cocktail simulation. The neutral pion spectrum
was parametrized by the measured spectrum and other contributions were obtained from trans-
verse mass scaling. The neutral pion anisotropy was parametrized by the measured charged pion
anisotropy due to its significantly smaller uncertainties, while the anisotropy of other contri-
butions was estimated from number-of-constituent-quarks scaling in transverse kinetic energy.
Thereafter, the pr differential elliptic and triangular direct-photon flow was extracted in 0-40%
central Pb-Pb collisions. In order to suppress statistical fluctuations, the centrality dependence
of the direct-photon anisotropy was measured by the pp-integrated direct-photon flow. While
the direct-photon elliptic flow was already measured in Au-Au collisions at /sny =200 GeV
by the PHENIX experiment [204] and in Pb-Pb collisions at \/syy=2.76 TeV by the ALICE
experiment [366], this work presents the first measurement of the direct-photon triangular flow
and the centrality dependence of elliptic and triangular flow.

The final results shall be discussed in the following. In order to study the significance of the
direct-photon excess, the question of whether the inclusive-photon spectrum and anisotropy
can be explained by decay photons alone is studied. The momentum and centrality depen-
dence of the direct-photon elliptic and triangular flow are discussed in detail and compared to
hydrodynamic calculations. Quantitative comparisons between data and different hypotheses
are obtained from a Pearson’s x? test. This takes statistical and systematic uncertainties into
account appropriately, distinguishing between uncorrelated (type A), correlated (type B) and
overall systematic (type C) errors. The x? calculation is described in detail in appendix C.
The direct-photon elliptic flow measurement is compared with measurements by the PHENIX
collaboration. After a critical assessment of the analysis, the implications of this measurement
on the production time of direct photons and for our understanding of the time evolution of
heavy-ion collisions are discussed.
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11.1 Significance of the direct-photon excess
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Figure 11.1: Direct-photon excess in 0-40% central Pb-Pb collisions at /sNy=2.76 TeV in
comparison to a binary scaled NLO prediction [201].

Figure 11.1 shows the ALICE preliminary direct-photon excess in 0-40% central Pb-Pb col-
lisions [201]. The direct-photon excess R%d":N%inC /N%bg was determined using the double
ratio approach discussed in section 10.2.1. At first glance, the measurement indicates a sig-
nificant excess of direct photons above unity. We test the hypothesis HO: RY#" =1, i.e. that
the spectrum of inclusive photons can be explained by the spectrum of decay photons alone.
The uncertainty on the material budget is considered as a type C overall systematic uncer-
tainty with the remaining uncertainty being considered as uncorrelated type A uncertainty.
Since different production processes are expected to contribute at low and high pr, the 2
test is evaluated once for the full pr range and once separately for photons above and below
3GeV/c. The results are summarized in table 11.1. The HO: R"%" =1 hypothesis cannot be
rejected at the 5% significance level, neither in the low-pt nor in the high-pr range. Due to the
large overall systematic uncertainty on the material budget, all points of the measured direct-
photon excess can be shifted towards smaller values. Consequently, the apparent excess could
be explained by a systematic bias in the material budget and the derived conversion probability.

p-value (x?/dof)
HO centrality full pr pr<3GeV/e  pr>3GeV/e

RV =1 0-40%  0.085 (25.5/17) 0.071 (17.2/10) 0.230 (9.3/7)

Table 11.1: x? test for HO: R¥" =1 in 0-40% central Pb-Pb collisions

The measured direct-photon excess is compared to the excess expected from exclusive next-to-
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leading-order pQCD photon production,

N.
RpQCD =1+ NCOHM , (11.1)

N. 7,bg

where N, ,qcp,pp 1S @ next-to-leading-order pQCD prediction by W. Vogelsang [201]. R,qcp
is shown as a blue line in fig. 11.1. The calculation stops below 2 GeV/c, since perturbative
QCD cannot be applied at small momenta. Theoretical next-to-leading-order pQCD calculations
are affected by systematic uncertainties. The truncation of the perturbative series at next-to-
leading order leads to an artificial dependence on the unphysical renormalization scale p and
the initial- and final-state factorization scales [367]. The systematic uncertainty of the next-to-
leading-order pQCD calculation o, is estimated from the difference between calculations for
w=0.5p1, p=pr and p=2p7. The data are reasonably well described by the pQCD prediction
at momenta above 3 GeV/c, where prompt photon production dominates over thermal photon
production. At small transverse momenta, the data points are numerically above the pQCD
prediction, which is usually attributed to the production of thermal photons. Since the HO
hypothesis HO: R7%" =1 could not be rejected, it is obvious that any pQCD prediction Ryqcp
with 1 <Rpqep < RY¥" cannot be rejected from the data either, which has two implications:
First, the uncertainties of the data are too large to test any details of the next-to-leading-order
pQCD photon production. Second, the hypothesis that pQCD photons alone could describe
the low-pr photon excess cannot be rejected from the data alone. This calls into question,
whether the apparent thermal-photon excess might be explained by a systematic bias in the
estimated material budget and photon conversion probability. The implications for the direct-
photon anisotropy will be discussed in section 11.6.
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Figure 11.2: Comparison of inclusive and decay photon elliptic (left) and triangular (right) flow
in 0-40% central Pb-Pb collisions at /sy = 2.76 TeV. The lower panel shows the difference in
units of the statistical error oa, .
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p-value (x?/dof)

v,  centrality full pp pr <3GeV/e pr >3 GeV/e
0-5%  0.002 (43.1/20)  0.002 (36.6/16)  0.166 (6.5/4)
5-10%  <0.001 (110.7/20) <0.001 (105.3/16)  0.211 (5.8/4)
10-20%  <0.001 (113.5/20) <0.001 (105.6/16)  0.077 (8.4/4)

L 20-30%  <0.001 (69.4/20)  <0.001 (55.9/16)  0.010 (13.3/4)

2 30-40%  <0.001 (189.2/20) <0.001 (165.0/16) < 0.001 (22.7/4)
0-40%  <0.001 (139.9/20) <0.001 (112.9/16) < 0.001 (27.9/4)
0-20%  <0.001 (102.7/20) <0.001 (94.8/16)  0.070 (8.7/4)
20-40%  <0.001 (170.2/20) <0.001 (136.3/16) <0.001 (34.8/4)
0-5%  0.446 (20.2/20)  0.609 (13.9/16)  0.189 (6.1/4)
5-10%  0.437 (20.3/20)  0.477 (15.7/16)  0.323 (4.7/4)
10-20%  0.068 (30.1/20)  0.042 (27.0/16)  0.557 (3.0/4)
20-30%  0.040 (32.3/20)  0.035 (27.6/16)  0.344 (4.5/4)

Y 30.40% 0207 (22.8/20)  0.495 (15.4/16)  0.182 (6.2/4)
0-40%  <0.001 (50.8/20)  0.002 (36.5/16)  0.008 (13.7/4)
0-20%  0.351 (21.8/20)  0.513 (15.2/16)  0.158 (6.6/4)
20-40%  0.005 (40.3/20)  0.017 (30.2/16)  0.048 (9.6/4)

Table 11.2: x? test for HO: o¢ =P8 i different centrality bins.

Figure 11.2 shows a comparison of the measured inclusive-photon elliptic and triangular flow and
the corresponding calculated decay-photon anisotropic flow in 0-40% central Pb-Pb collisions
at \/snN =2.76 TeV. The lower panel shows the relative difference normalized to the statistical
error of the difference,

v,bg

inc
v%’ — Up

with (11.2)

— /42 2
O-Afu;yl — (o} ~,inc + o ~v,bg *
Un Un,

At larger momenta, o™ tends to be smaller than vn’bg, which can be explained by a contribu-
dir

O-AU%

tion of direct photons with a smaller v,;’"" than the decay photons. Such a behavior is expected
from the dominance of next-to-leading-order pQCD photons, which are mostly emitted before
the equilibration of the quark-gluon plasma and thus have zero azimuthal anisotropy. At low
pr, the similarity of the anisotropy of inclusive and decay photons indicates that direct-photon
anisotropic flow might be similar in magnitude compared to the inclusive-photon flow.

i b,
inc _ U%’ I3

The results of a x? test for the hypothesis HO: v’ are summarized in table 11.2. The
systematic uncertainties of the decay-photon anisotropy were considered as a type A uncorre-
lated uncertainties. The uncertainty of the inclusive photon measurement resulting from the
event-plane resolution correction is considered as a type B correlated uncertainty and the re-
maining uncertainty as a type A uncorrelated uncertainty.

For elliptic flow, the HO hypothesis must be rejected at the 5% significance level for the full
pr range and at low pr. At high p, the HO hypothesis cannot be rejected for 0-20% central
collisions and in smaller bins of centrality below 20% centrality. For triangular flow, the HO

can only be rejected in 0-40% and 20-40% centrality at the 5% significance level. It should
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be noted that the systematic and statistical uncertainties are much larger for the triangular
flow than for the elliptic flow due to the reduced event-plane resolution. The smallest statis-
tical uncertainties are obtained in the 0-40% centrality bin, where the HO hypothesis must
be rejected for elliptic and triangular flow. Systematic differences between the measurements
in small and large centrality bins arise from the different centrality dependence of the cross
section for inclusive and decay photons. The fact that the centrality dependence of inclusive
and decay photon production is not exactly known is taken into account in the systematic un-
certainties of the measurement and cocktail simulation. Consequently, it can be concluded that
the inclusive-photon anisotropy cannot be explained by the presence of decay photons alone.
This is an important cross check, since from the measurement of the direct-photon excess alone
this hypothesis could not be rejected.

11.3 Centrality dependence of the pr-integrated direct-photon
anisotropic flow

Figure 11.3 shows the centrality dependence of

the pp-integrated (pt >1GeV/e) direct-photon £ 025 P
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mid-central collisions. At first glance, the direct- Figure 11.3: Centrality dependence of the pp-
integrated (pp >1GeV/c) direct-photon ellip-
tic and triangular flow in comparison with
charged pions and with hydrodynamic calcu-
lations for thermal photons.

photon elliptic flow seems to be slightly smaller
than the charged pion flow, while the triangu-
lar direct-photon flow seems to be consistent
with the charged pion triangular flow. A x? test
(table 11.3) for the hypothesis HO: o %" =7

yields a p-value of about 20% for triangular flow, such that the hypothesis of consistency cannot
be rejected. For elliptic flow, the hypothesis can be rejected at the 5% significance level with
a p-value smaller than 0.1%. For both harmonics, the hypothesis HO: 7% =0 can be rejected
with p-values smaller than 0.1%.

Figure 11.3 also shows hydrodynamic calculations by Shen et al [368] for the prp-integrated
thermal-photon elliptic and triangular flow. In chapter 7, it was shown that the event-plane
method used in this work rather measures the root mean square of the direct-photon anisotropy
than the event mean and thus the data are compared to the root mean square of the

thermal-photon anisotropy. The initial conditions were determined from a Monte Carlo Glauber
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(MCGI) and a MCKLN calculation with a viscosity-over-entropy-density ratio of 7/s=0.08
and 7/s=0.2, respectively. The viscosity over entropy ratios were adjusted such that the re-
sulting hadron elliptic flow describes the experimentally observed final state hadron elliptic
flow [369,370]. The contribution of next-to-leading-order pQCD photons can be neglected for
the pr-integrated flow, since the low p part of the spectrum is dominated by thermal photons.
The inclusion of pQCD photons could only decrease the azimuthal anisotropy. The calculation
for elliptic flow yields a similar centrality dependence and describes the elliptic flow in the most
central collisions, but clearly underestimates the data by about a factor of 3 as the centrality
increases. The magnitude of triangular flow is clearly underestimated by the calculation. These
observations are confirmed by a 2 test for the hypothesis HO: o =™  which gives
p-values smaller than 0.1%.

From these observations it is very likely that the majority of direct photons are emitted from
a similar stage of the medium evolution as charged particles. It has been argued by Basar et
al. [205] that the large direct-photon elliptic flow could be generated through a non-perturbative
pre-equilibrium mechanism involving the huge initial magnetic fields generated by the spectator
nucleons. Since the direction of triangular flow is uncorrelated with the direction of elliptic flow,
this mechanism would not produce any direct-photon triangular flow, which must be rejected
based on the measurement. The hadron-like direct-photon triangular flow suggests that trian-
gular and elliptic flow are generated by the same mechanism and that pre-equilibrium processes
play a rather minor role in low-pr direct-photon production.

p-value (x?/dof)

HO T)’Qy,dir l_)g,dz'r
oy = o <0.001 (28.8/5) 0.186 (7.5/5)
o™ =0 <0.001 (1354.6/5) <0.001 (169.6/5)

oy = gptherm (MCKLN) — <0.001 (571.6/5)  <0.001 (93.4/5)
o = therm (MCGI)  <0.001 (580.7/5) < 0.001 (120.4/5)

Table 11.3: x? tests for the pr-integrated direct-photon anisotropic flow.

11.4 Transverse momentum dependence of direct-photon anisotropic
flow

Figure 11.4 shows the pp-differential direct-photon elliptic and triangular flow in 0-40% central
Pb-Pb collisions. We test the hypothesis HO: oM =0 for the measurements in 0-40% as well as
in 0-20% and 20-40%. The resulting p-values are summarized in table 11.4. At low pr, the HO
hypothesis can always be rejected at the 5% significance level. At high pr, the HO hypothesis
cannot be rejected.

Hydrodynamic calculations for the thermal-photon anisotropic flow are also shown in fig. 11.4.
It was discussed in section 3.2.4 that the azimuthal anisotropy vanishes as the momentum
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Figure 11.4: Direct-photon pr-differential elliptic (left) and triangular (right) flow in 0-40%
central Pb-Pb collisions.

p-value (x?/dof)

, centrality full pr pr <3 GeV/e pr >3 GeV/e
0-40%  <0.001 (101.0/14) <0.001 (99.8/10) 0.964 (0.6/4)

v, 0-20%  <0.001 (73.0/14) <0.001 (71.5/10) 0.852 (1.4/4)
20-40%  <0.001 (97.3/14) <0.001 (96.0/10) 0.984 (0.4/4)

)

)

)

v

vy 0-20%  0.075 (19.6/12) 0.044 (15.9/8)  0.673 (2.3/4

(
(
(
0-40%  0.027 (23.0/12) 0.030 (17.0/8)  0.388 (4.1/4
(
20-40%  0.026 (23.2/12) 0.048 (15.7/8)  0.149 (6.8/4

Table 11.4: ¥ test for HO: v)'Y" =0 in different centrality bins.

goes to zero. It can be seen in fig. 11.4 that the thermal photon elliptic and triangular flow
approaches non-zero values at small momenta, which is a feature that distinguishes massless
from massive particles. For massive particles, the pole in the Bose distribution at zero mo-
mentum is regulated by their rest mass implying that for massive particles v,, vanishes like p,
for pr— 0 [94,95]. The situation is different for massless particles, which can have a non-zero
azimuthal anisotropy at zero transverse momentum [371]. The calculation for the direct-photon
elliptic flow by Chatterjee et al. [372] is based on Monte Carlo Glauber initial conditions and
the photon flow is measured with respect to the participant plane, where the anisotropy is larger
than in the reaction plane direction. While the calculation by Shen et al. starts at 79 =0.6 fm/c,
the calculation by Chatterjee at al. already starts at 79 =0.14 fm/c yielding about 25% more
photons from the hot quark-gluon plasma phase. Those photons carry almost zero anisotropic
flow, which results in a much smaller direct-photon anisotropy. Furthermore, the calculation
by Chatterjee et al. shows the mean value of the thermal photon flow and not the root mean
square like the calculation by Shen et al., which has only minor implications with regard to the
large numerical difference.
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Since thermal photon production is dominant at small momenta, when testing the hypothesis
HO: v = gtherm g, pr <3 GeV/e one finds that none of the calculations can describe the
data (table 11.5). Similar calculations can be found in literature [373-375], but all of them
underestimate the experimentally observed direct-photon azimuthal anisotropy.

v, HO p-value (x?/dof)
MCGI, Shen et al. 0.006 (24.6/10)
v ¥ MCKLN, Shen et al. 0.004 (25.9/10)

MCGI, Chatterjee et al. < 0.001 (48.2/9)

MCGI, Shen et al. <0.001 (83.9/10)
v MCKLN, Shen et al.  <0.001 (101.7/10)

Table 11.5: X2 test for HO: v = o ™™ for pr < 3 GeV/e for different hydrodynamic calcula-
tions.

We can interpret the result as follows. At high pr, the direct-photon anisotropic flow is consistent
with zero, which is expected from the dominance of next-to-leading-order pQCD photons. At
low pr, the elliptic and triangular flow are significantly larger than zero and larger than expected
from hydrodynamic calculations. It was shown in phenomenological models [376,377] that the
large direct-photon elliptic flow and spectra can be described by increasing the fraction of
photons from the hadron gas. It could be concluded that direct photons are produced in a
later phase of the system evolution than assumed. It is argued by Biro et al. [193] that the
fireball initially consists mainly of gluons, which do not radiate electromagnetic radiation. The
implications of the measurement for the direct-photon production time will be discussed further
in section 11.7.

11.5 Comparison with PHENIX results

Figure 11.5 shows the direct-photon elliptic flow vQ’dir in 0-20% and 20-40% central Pb-Pb
collisions in comparison to PHENIX results in Au-Au collisions at ,/syny=200GeV in the
same centrality classes. It can be seen that the data points in Pb-Pb collisions are numerically
lower compared to Au-Au collisions, but the data points are still consistent within their large
uncertainties.

Figure 11.6 (left) shows the inclusive-photon elliptic flow measured in Pb-Pb collisions in com-
parison to the corresponding PHENIX measurement. Comparing the PHENIX results with the
measurement in Pb-Pb collisions, both data sets numerically agree at all momenta in 0-20%
central collisions and at transverse momenta above 3 GeV/c in 20-40% mid-central collisions,
while the low-pr inclusive-photon flow at the LHC tends to be larger than the inclusive-photon
flow at RHIC. At the LHC, the lifetime of the fireball is about 15% longer (cf. section 3.1.4),
which allows to develop larger flow anisotropies at LHC compared to RHIC energies.

In PHENIX, inclusive photons are measured at mid rapidity (|n| <0.35) by the PHENIX elec-
tromagnetic calorimeter. Photons were identified by a shower shape cut and a veto on charged
particles. The event plane was determined either by the Beam-Beam-Counters (BBC) or the
reaction plane detector (RXN), providing a maximum resolution in mid-central collisions of 0.4



11.5 Comparison with PHENIX results 165

5 —— T ] 3 T —_r T
=N 0-20% Pb-Pb, |'s,, = 2.76 TeV, this work, VO event plane | = L 20-40% Pb-Pb, |s, 2.7 TeV, this work, VO event plane |
> NN > NN
0.3-  0-20% Au-Au, s, = 0.2 TeV, PHENIX, RNX event plane 0.3 20-40% Au-Au, |/s,,, F 0.2 eV, PHENIX, RNX event plane |
0.2~ B 0.2} .
| HA—1—
0.1 @ - 0.1 1 ] B
- I
s - 1 I N *
SRS NN
AN it N1 AT
SNSNE I NS N |
L 4 DATRE Ny
NI SN
0.0 N 0.0 N
L NMNARNNN i L Nk
| [Juncorrel. syst. uncert. I | | [Juncorrel. syst. uncert, §§§ §§§3 NN
L correl. syst. uncert. SN L correl. syst. uncert. §§§§§ §§§§i
35 | A I R 1 [ 1. ol b bl b
0 1 2 3 4 5 6 0 1 2 3
p. (GeVlic)

5 6
N P, (GeV/c)

Figure 11.5: Direct-photon elliptic flow v2’dir in 0-20% and 20-40% central Pb-Pb collisions in
comparison to PHENIX results in Au-Au collisions.
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Figure 11.6: (left) Inclusive-photon elliptic flow in Pb-Pb collisions comparison the measure-
ment in Au-Au collisions by the PHENIX collaboration (RXN). (right) Direct-photon excess
in minimum bias Au-Au collisions at /sy =200 GeV measured from real (calorimetry) and
virtual (dilepton spectrum) photons [204].

and 0.7, respectively. Consequently, the RXN measurement provides a similar resolution com-
pared to the ALICE VO detectors (cf. section 9.1.2). In figs. 11.5 and 11.6 (left), only the result
obtained with the RXN detector is shown. The inclusive-photon elliptic flow has an absolute
systematic uncertainty of about 2% resulting from remaining contamination in the inclusive
photon sample [204]. The uncertainties on the inclusive photon measurement using the ALICE
detector are on the order of 2% (relative) at low pr corresponding to an absolute error of about
0.4% for v =0.2, which is about 5 times smaller at low pt than the systematic uncertainty
of the PHENIX measurement. This is an interesting difference between the two measurements,
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because the uncertainties of the direct-photon elliptic flow at low pp are rather comparable.
In this work, the main source of systematic uncertainty is the direct-photon excess, while in
the PHENIX measurement, the main source of uncertainty comes from the inclusive-photon
elliptic flow measurement. Figure 11.6 (right) shows the direct-photon excess measured with
the PHENIX electromagnetic calorimeter in comparison to the excess extracted from the dilep-
ton spectra. Since the calorimeter measurement has large uncertainties at low pt, the PHENIX
collaboration used the dilepton direct-photon excess instead of the calorimeter measurement for
transverse momenta below 4 GeV/c. This approach is based on the assumption that the direct-
photon excess is the same for real and virtual photons at small masses and results in much
smaller uncertainties. Comparing the data for virtual and real photons, the low-pr data points
for real photons are numerically smaller than for virtual photons. Recently, Linnyk et al. [378]
claimed that the direct-photon excess is indeed smaller for real than for virtual photons and
that the apparently large direct-photon elliptic flow is just an artifact caused the methodical in-
consistency of the PHENIX measurement. However, more precise PHENIX preliminary results
obtained from external conversions indicate no significant deviations between real and virtual
photons [379,380]. In the analysis presented in this work, the same (real photon) method was
used for the extraction of the direct-photon excess and the anisotropic flow, such that the large
elliptic and triangular flow cannot be explained by a hypothetical deviation between virtual
and real photons. Furthermore, since both results were obtained with complementary different
photon detection techniques (conversions vs. calorimetry), the qualitative consistency suggests

that detector effects alone cannot explain the unexpectedly large direct-photon vz’dir.

11.6 Critical assessment

Within this work, it is implicitly assumed that the direct-photon excess does not significantly
depend on the centrality in 0-40% central collisions. However, a significant centrality depen-
dence would only affect the measurement in smaller centrality bins. For the measurement in
0-40% centrality, the anisotropic flow was first measured or calculated in small bins of cen-
trality and then averaged taking the centrality dependence of the inclusive or decay photon
production into account, respectively. Future measurements of the centrality dependence of the
direct-photon excess will clarify how this assumption affects the measurement of the centrality
dependence of the direct-photon anisotropic flow.

As demonstrated in section 11.1, the ALICE preliminary direct-photon excess in 0-40% Pb-Pb
collisions is affected by a large overall systematic uncertainty on the material budget and thus
the low-pr direct-photon excess could be described by a binary scaled next-to-leading-order
pQCD calculation by W. Vogelsang without any contribution from thermal photons. In addi-
tion, it was shown in section 11.2 that the inclusive and decay-photon anisotropies are very
similar. Consequently, it could be argued that low-pt direct photons are exclusively produced
in next-to-leading-order pQCD processes and thermal photon production is rather negligible.
In order to cross check the robustness of the thermal photon interpretation, we assume that
the true direct-photon excess is given by the excess of pQCD photons alone. We use the fit of
the direct-photon spectrum at high pr, extrapolate it towards smaller momenta and subtract
the thermal-photon part from the direct-photon spectrum. The parametrization of the direct-
photon excess without thermal photons shown in fig. 10.11 (right) is then used to extract the
direct-photon elliptic and triangular flow. The result is shown in fig. 11.7. Since prompt photons
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are produced isotropically, the extracted direct-photon anisotropy is tested for HO: @%’dir =0.
While the HO hypothesis cannot be rejected for triangular flow, it can be rejected at the 5%
significance level for elliptic flow, which suggests that the observed inclusive-photon anisotropy
cannot be explained consistently by decay photons and pQCD photons alone. Nevertheless, this
cross-check demonstrates again that the direct-photon anisotropic flow measurement and the

thermal photon interpretation are very sensitive to systematic bias in the direct-photon excess.

p-value (x?2/dof)
HO ,L_)'Qy,dir ig,dir

o =0 (RY4r = RYSE))  <0.001 (22.7/5)  0.409 (5.1/5)

Table 11.6: x? test for the prp-integrated direct-photon anisotropic flow extracted with the
direct-photon excess expected from next-to-leading-order pQCD photon production alone.

Similarly, it could be argued that the low-

pr direct-photon excess and the large direct- . —

photon anisotropic flow could be explained by
the fact that a substantial contribution of de-

[uncorrel. syst. uncert.

| Pb-Pb, {5, = 2.76 TeV

VO event plane
0.2 p,>1GeVic

Ncorrel. syst. uncert.

[ this work

cay photons is missing in the cocktail simulation
for the decay-photon spectrum and azimuthal

anisotropy. If the true anisotropy of decay pho-

tons were larger than assumed, the extracted

direct-photon anisotropy would essentially be

smaller. However, it was demonstrated in sec-

tion 10.1.4 that photons stemming from the de-

o directy v,

cay of neutral pions have the largest anisotropy

m direct AA

at low pr. Consequently, even unexpectedly

oo by L b by b 1y
30 35 40
centrality (%)

large deviations from mr scaling of the n me-
son and other mesons included in the cocktail
Figure 11.7: Centrality dependence of the pr-
integrated (pp >1GeV/e) direct-photon ellip-
tic and triangular flow assuming exclusive
next-to-leading-order pQCD photon produc-

tion (RY4" = R;”SZD).

simulation could not increase the decay-photon
anisotropy. Thus, it could only be speculated
that additional photons are produced by the
decay of experimentally yet undiscovered parti-
cles. Due to mass ordering at low pr, only pho-
tons from a meson lighter than the neutral pion
could have a larger anisotropy at low momentum compared to decay photons stemming from
neutral pions. A meson lighter than the neutral pion is not part of the Standard Model. It should
be mentioned that the possible discovery of a 38 MeV/c? boson decaying into two photons by
the Dubna accelerator in August 2012 is under discussion [381-384]. However, as long as the
discovery is not confirmed by an independent measurement and its properties, such as its inter-
action with other elementary particles and in particular its anisotropic flow are not measured,
the impact of such a hypothetical particle is only subject to pure speculation. The contribution
of decay photons was subtracted according to the best of our current knowledge and systematic
uncertainties related to the measurements and the assumptions made were propagated to the
final result. Thus, it will be important to reevaluate the material budget in order to reduce the
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correlated systematic uncertainties on the direct-photon measurement.

Furthermore, it should be mentioned that there are several issues related to the x? tests ap-
plied in this chapter. The multiple comparison problem arises from the non-zero probability of
rejecting a true hypothesis, and states that for a large number of comparisons the probability
of rejecting at least one true hypothesis approaches one. Furthermore, the approximation to the
x? distribution breaks down if expected frequencies are too low or of there is only one degree of
freedom. In particular, it is assumed that the statistical and systematic uncertainties follow nor-
mal distributions. It was shown in section 10.2.2.1 that the assumption of a Gaussian probability
distribution for the uncertainties of the direct-photon anisotropic flow slightly underestimates
the probability for large deviations. However, it was demonstrated that a substantial fraction of
the systematic uncertainties is correlated, and thus a y? test provides a quantitative comparison
between data and theory.

Finally, it was discussed in chapter 7, whether the measurement of the direct-photon anisotropic
flow could be biased due to flow fluctuations. First, it was demonstrated that the event-plane
method rather measures the root mean square of the direct-photon anisotropy than the event
mean value. Second, by studying different scenarios for the direct-photon production within a
simple model for the experimental extraction procedure, it was shown that fluctuations could
only bias the measured direct-photon anisotropy towards values smaller than the root mean
square of the true direct-photon anisotropic flow. From these observations, it is very unlikely that
the present large direct-photon anisotropy arises from artifacts of the direct-photon anisotropic
flow extraction procedure.

11.7 Conclusions

The idea of accessing the temperature of the quark-gluon plasma by measuring lepton pair and
real photon production cross sections was first pointed out in 1981 by [385].

The low-pt direct-photon spectrum is an accumulation of contributions from several produc-
tion mechanisms acting over the whole evolution of the fireball. When extracting the inverse
slope parameter T g, it was assumed that next-to-leading-order pQCD photons can be neglected
at low pr, and T 4 was directly extracted from the direct-photon spectrum in the transverse
momentum range 0.8-2.2GeV/c [201]. It was shown by Klasen et al. [367], based on next-
to-leading-order pQCD calculations using JETPHOX [386] that the contribution of prompt
photons in the pr region 0.8-2.2 GeV/c is less than 10-20% and that the inverse slope param-
eter is robust against subtraction of prompt photons and a variation of the fit window.

Recent hydrodynamic calculations include a substantial portion of photons emitted in the hot
quark-gluon plasma phase, where flow has not yet developed. For a dominant production in the
early phase of the collision, the blue shift due to radial flow can be neglected and the inverse
slope parameter T4 can be interpreted as an effective temperature of the source integrated over
the whole system evolution. As discussed in section 3.1.2, it is expected — using that 7% oc € and
considering that the initial energy density at the LHC is about three times larger than at RHIC
— that the initial temperature at the LHC is about 30% larger than at RHIC. When the inverse
slope parameters are compared directly, the result that T g is about 37% larger at the LHC
than at RHIC might indicate that the inverse slope parameter is closely related to the initial
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temperature. Thus T4 could be interpreted as an effective temperature of the medium. The
fact that T 5 >7T, would imply a dominant thermal-photon production from the quark-gluon
plasma phase and thus the low-pr direct-photon spectrum would give access to the tempera-
ture in early phases of the collision. Estimates for the initial temperature can be obtained by
comparing calculations to the low-pp direct-photon spectrum with current estimates ranging
from 300- 600 MeV/kpg [200] at RHIC and 500 - 600 MeV/kg at the LHC [34, 35].

Measurements of the anisotropic flow at RHIC and the LHC exhibit an unexpectedly large ellip-
tic flow, which cannot be explained within the picture of early direct photon production. Novel
approaches describing the large elliptic flow through a non-perturbative pre-equilibrium mech-
anism involving the spectator magnetic fields [205] or through intensive radiation of magnetic
bremsstrahlung resulting from the interaction of escaping quarks with the collective confining
colour field [387] cannot explain the significant direct-photon triangular flow measured within
this work. Since triangular flow is purely driven by fluctuations in the initial energy density
profile, its direction ¥, is randomly oriented with respect to the reaction plane and magnetic
field [147,388], which was experimentally demonstrated in [140] by showing that the triangular
flow vanishes if measured with respect to the second-order event plane (cf. section 3.4.1). The
similarity of the elliptic and triangular direct-photon flow with the corresponding charged pion
anisotropy suggests that direct photons might be produced in a much later stage of the system
evolution. It is argued by Biro et al. [193] that the fireball initially consists mainly of gluons,
which do not radiate electromagnetically, and thus quark-antiquark creation is delayed by sev-
eral fm/c. While standard hydrodynamic calculations [176,203,368,372,389,390] underestimate
the azimuthal anisotropy, phenomenological models with a larger contribution of photons from
the hadron gas are able to describe spectra and anisotropic flow consistently [376,377]. Con-
sequently, the production of thermal photons from the hot initial phase could be substantially
lower than assumed. This picture is also supported by earlier measurements of the photon HBT
radii at SPS (cf. section 4.5), which are consistent with the radii for hadrons.
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Figure 11.8: Inverse slope parameter T g as a function of the emission time from hydrodynamic
calculations in Au-Au collisions at /syny =200 GeV (left) and in Pb-Pb collisions at /SNy =
2.76 TeV (right) [315]. The average true cell temperature is shown as a blue line in each case.

The experimentally measured effective temperature 7,4 and its uncertainties are shown as green
band.
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It was already realized in 1986 by Kajantie et al. [391] that the strong collective flow generated
during the expansion of the fireball will affect the photon and dilepton transverse momen-
tum spectra. If the photons are emitted from fluid cells at relativistic velocities, the apparent
temperature T g is significantly enlarged compared to the true temperature 1" by the blue shift,

Tg=TV(1+p5)/1-8), (11.3)

where § is the radial flow velocity (cf. section 3.2.3). Figure 11.8 shows the effective temper-
atures T, as a function of time, for photons emitted with equilibrium rates (open) and with
viscously corrected rates (closed) from cells at a given temperature 7" within the hydrodynamic
evolving viscous medium. It can be seen that viscous corrections are most pronounced at early
times and become negligible at later times. The green bands indicate the effective temperature
measured by ALICE [201] and PHENIX [200]. As the system cools the effective temperature
begins to deviate upwards from the true temperature due to the onset of radial flow. Due to the
strengthening of the radial flow, the effective temperature even begins to increase for 7 >3 fm/c,
while the true temperature decreases. At the chemical freeze-out temperature, the radial flow
saturates and the effective temperature drops due to the cooling of the system. The results sug-
gest that T, g > T alone does not necessarily prove that direct photons are dominantly produced
in the early hot phase.

The solid red (equilibrium rates) and black (viscously corrected) arrows denote the inverse
slopes of the final space-time integrated hydrodynamic photon spectra, which are above the
limits for the measured effective temperature for PHENIX, but in agreement with TeI;fHC. In
order to account for a possible later onset of the direct photon production due to a purely glu-
onic early phase [193], only photons from cells with temperatures above 220 MeV/kp at times
7>21fm are considered in the phase space integration removing about 30% of the total pho-
ton yield. The resulting effective temperatures (dashed arrows) are in better agreement with
the Au-Au data compared to the full integration, and agree reasonably well with the Pb-Pb data.

It can be concluded that the large effective temperatures observed at RHIC and the LHC
reflect mostly the blue shift due to the strong radial flow and do not prove the emission of
electromagnetic radiation from the quark-gluon plasma. It will be interesting to see calculations
for the direct-photon anisotropic flow with enlarged hadron-gas thermal-photon production
ratios, for example by a suppression of early-phase thermal photon production due to gluon
dominance.
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Appendix

A Event-plane resolution correction

The event-plane method measures the correlation between particles of interest and the event-
plane estimate WEF:

{cos (n (¢ —UL))) = (cos (n ((¢ — T,) — (TEF —0,)))) (A1)
We use the following trigonometric identity
cos (a = b) = cos (a) cos (b) F sin (a) sin (b) (A.2)

with a=¢— ¥, and b=UEP — ¥ and assume that deviations between the event-plane estimate
UEP and the true reference angle W,, are just given by uncorrelated random fluctuations 4:

UEP ¢ +5  (5)=0 (A.3)

Under this assumption, the expressions inside the brackets factorize, since (XY)=(X) (Y) for
uncorrelated random variables X and Y. The sin terms vanish due to the reflection symmetry

sin (z) = —sin(—z) = (sin(z))=0, (A4)
if x is symmetrically distributed around zero. We obtain:

{cos (n (¢ —UF))) = (cos (n (¢ — 1)) {cos (n (T)F —T,))) (A.5)

V.

n R

The first factor is just the n-th order harmonic v,, defined in eq. (3.29), such that the event-plane
method estimate of the n-th order anisotropic flow is given by

(cos (n (¢ - ¥")))

v, {EP} = R

(A.6)

with the resolution correction factor R=(cos (n (¥EV — 0, ))).

The resolution correction can be estimated from the correlation between the event-plane angle
and the event-plane angle determined from a detector with identical dispersion. We assume that
the only correlation between the event planes A and B is only due to flow. More formally:

A =w, +6y UB=vw +4p

(6ap) =0  Corr (6a,08) =0 (A.7)
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Here, 65 and 04 are uncorrelated random variables (white noise) and the variance is just given
by the dispersion x of the event-plane method. Using the trigonometric identity eq. (A.2) with
a=n (\Iff; - \Iln) and b=n (\IJE — \Iln) and averaging over all events one obtains:

{cos (n (\Pﬁ — ) = (cos (n (\I/ﬁ —0,)) cos (n (TE - ¥,)))
+ <sin (n (\Ilﬁ — \Ifn)) sin (n (\112 _ ‘I’n))> (A.8)

Under the assumptions made above, the expressions inside the brackets factorize and the sin
terms vanish due to the reflection symmetry:

<cos (n (\Ifﬁ — \I’E))> = <cos (n (\112 — \I’n))> <COS (n (\I’E — \I’n))> (A.9)

We will first consider the case that method A and B have similar dispersion. For this case the
correction factor from two event planes with similar dispersion is just given by:

(cos (n (W2 — w,))) =/ {cos (n (W} — WB))) (A.10)

If detector A and B have different dispersion, the resolution correction for event plane A can be
estimated from the correlation with a third event plane C. We obtain the following relations:

A (cos (n (W — ¥7))))
(cos (n (¥, —¥,))) = (cos (n (U5 =0 ))) (A.11)
cos (n (VB — 0¥
o920 = GG =
cos (n (V5 — U2
foos (o (35— w,))) = (2 (Lo = t)) (A13)

Inserting eq. (A.13) into eq. (A.12) and then eq. (A.12) into eq. (A.11) yields:

_ {eos (n (U5 = 1)) (cos (n (V7 — ¥7)))

(eos (1 (¥ = V) = =g 0 (B —W0)) fcos (n (T4 —0,) (A-14)

Finally, we obtain the formula for the resolution correction factor from 3 event planes:

(cos (n (82— 0, ))) = \/ (cos (n (W2 — UB))) (cos (n (¥ — ¥E)) (A15)

B The dN/dA¢ method

B.1 Extraction of the Fourier harmonics

The azimuthal distribution dN/d¢ of particles produced in an individual heavy-ion collision
can be expressed as a Fourier series,

dN N
diqb:?j? 1+2;vncos(n(¢—\1’n)) ) (B.1)
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where Nj is the average particle yield, v,, is the magnitude and ¥, is the corresponding angle of
the maximum n-th order anisotropy. Experimentally, certain particles can only be statistically
identified inhibiting a direct event-by-event evaluation of the Fourier coefficient v,,. Instead, the
particle yields N (A¢)=dN/dA¢, are measured as a function of A¢, =¢ — ¥, and averaged
over many events. ¥, is estimated by the event-plane angle WP, The finite resolution of the
event plane involves corrections that were discussed in appendix A and shall be neglected in
the following. Equation (B.1) becomes:

N,
N (Agy) = 70 142 v cos (mAgy +m (¥, — Up,)) (B.2)
i m>1
We use the trigonometric identity eq. (A.2), which gives

cos (mAgy, +m (¥, — ¥,,)) = cos(mAepy)cos (n (¥, — ¥,))

(B.3)
— sin (mAgy) sin (n (¥,, — V,,))
When averaging eq. (B.2)over many events, we which defines the coefficients
vl = (cos (mA,)) (cos (n (¥, — ¥,,))) (B.4)
sh. = (sin (mAgy)) (sin (n (¥,, — ¥,,))) . (B.5)

The measure ¥, — ¥, is somewhat ambiguous, since V¥, is defined in [0,27/n] and ¥, in
[0, 27 /m]. The brackets denote an average over particles which are defined in the full azimuthal
range. Thus, the orientation of ¥, and ¥,, depend on the particle angle ¢:

L2 ) ¢
\Ijn - \Iln +]n? In = L%HJ (BG)

Assuming that ¢ is uniform distributed, we sum over all possible combinations of j, and j,:

1 = 27 27
Y S o (m - vt (502 452 ))

Jm=0 jn=0
1 m n m
= Z Z cos (m (¥, — ¥.,) ””52”) (B.7)
Jm=0 jn=0
_ ) cos (m (¥, — V) if m=nk,keN (B.8)
0 else

The sum vanishes for m #nk, since we obtain something like a 27 integral over cos and sin,
which is zero. The sin terms vanish also for m =nk, because of the mirror symmetry. Finally,

we we obtain:

Uy, ifn=m
Uy =4, (cos (m (¥, — ¥,,))) if m=nk,keN (B.9)
0 else

Here, (cos (m (¥, — ¥,,))) is the measure for the correlation of the n-th and m-th order event
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plane. We can see that it is possible to measure higher order harmonics m >n using the nth

order event plane W, , if the higher order event plane V,, is sufficiently correlated with ¥, .

n
For example it is possible to measure v,{Us} from the dN/dA¢ distribution with respect to
the UEY event plane. On the other hand, N (A¢,) is insensitive to harmonics with m# kn, in

particular v3{W3}=0. Finally, we can write eq. (B.2) as:
No ,
N (A¢) = 5 14 2v,,cos(n(p—0,))+2 g Uy, cos (m (¢ —¥,,)) (B.10)
s
m>2

Now we can measure the yield N (A¢) as a function of A¢ integrated over many events and
obtain v,, from

Abpmax
_ L AJZ (A¢)cos (nAg)dAS oy A = — . (B.11)
[i2max N (Ag) dAG n

max

B.2 Finite bin size correction

For practical purposes, azimuthal distributions can only be measured in bins of finite width.
For ny, finite bins, the integral becomes as sum:

Sy N (AgP) cos <nA_¢?>

with
Aqﬁ?—u
N (A¢P) = N (Ag)dA B.13
(adt)= [, N (@oaas (B.13)

where Agﬁ?:iAﬁi‘:ax and A}b?z@f) (Aqﬁzb + A¢}’+1). The nominator in eq. (B.12) is just the
number of particles of interest Npo; and thus equal to the nominator in the unbinned case. We
use that NV (A¢) =Ny (1 + 2vy, cos (nA¢@)) with No= Npoi/A¢ . and obtain:

1 &
Umeas —
e g

n n b
- 12 (nse?) +A¢1mz (nse?) /:2 (nAg)dA¢  (B.14)

AgP

/A¢?+1 (1 + 2vy, cos (RAP)) dAgb) cos (nA_d)?)

=0 c

The first term vanishes due to the symmetry of the cosine. The finite bin size correction v, =
s /¢ can be evaluated analytically:

S, cos <n5¢?) 2 (sin (RA@P, ;) — sin (nAg))
c= Ao (B.15)

For ny, =6, the correction factor is about 99%. A similar correction might be necessary for a

detector with finite azimuthal granularity [392].
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C Hypothesis testing including systematic uncertainties

C.1 Three types of systematic uncertainties

A detailed description for fits including systematic errors can be found in [393]. We assume that
the measurement y is biased due to experimental effects. It can be distinguished between three
types of systematic uncertainties:

(A) Uncorrelated random systematic errors, which vary independently from point-to-point:
Ayi = €a,i <€Z> = 0, <ea,iea,j> = 5@‘0271 (Cl)

(B) Correlated systematic uncertainties, where all points move by the same fraction e}, of their
type B uncertainty:

Ayi = ebab,i (CQ)

(C) Overall systematic errors (typically normalization), by which all points move by the same
fraction:

Ayi/yi = €coc (C.3)

The uncorrelated random systematic uncertainties o, ; can be separated out and are quadrati-
cally added to the statistical uncertainty,
o= Jok o2, (C.4)

stat,i a,i

C.2 Hypothesis testing

Pearson’s X2 test [394] is a statistical test in order to determine, whether the measured data
is consistent with a particular theoretical expectation. Assuming that all errors have a Gaussian
probability density distribution, the y? value with respect to the hypothesized values yZHO (i.e.
yH10=0) can be defined as

n HO0\ 2
(yi + ev0bi + Yi€ecoe) — Y,
Xzzz( ! ! U;CC ! ) —|—e%+eg. (C.5)
i=1 i

The parameters €}, and €. can be estimated by minimizing x?, e.g. using MINUIT. The contri-
butions 6%) and €2 are penalty terms taking into account that the systematic uncertainties are
normal distributed, which implies that the most probable value is zero. Since the shift param-
eters e, and ¢, are extracted from the data, the number of degrees of freedom is given by the
number of data points, since n + m, — me=n.

If the data set is compared to another data set or a theory calculation with systematic uncer-
tainties, we can modify eq. (C.5) to

& = Zn: ((Y0,i + €0bT0.b + Y0,i€0.c00.c) — (Y1.i + €101 + Y1i€1,01c))°

i=1 o? (C.6)

2 2 2 2
+ €0,b + 61,b + €0,c + €lc
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with

J— 2 2 2 2
i = JO,stat,i + UO,a,i + O-l,stat,i + Ul,a,i . (07)

For a given x? value with dof degrees of freedom, the p-value for a right sided test of the HO
hypothesis is given by

p(x* dof) =1 — CDF (x?,dof) , (C.8)
where
1 dof x*
CDF (x? dof) = ——~ 7<, ) (C.9)
() \2

is the cumulated y? distribution function. A p-value of 5% means that only 5% of repeated
independent measurements with the same uncertainties will result into larger x? values, if the
HO hypothesis is true. If the p-value is smaller than 5%, the HO hypothesis is usually rejected at
the 5% significance level. Thus, the p-value corresponds to the probability of falsely rejecting
a true HO hypothesis.

C.3 Rescaling of uncertainties

If the systematic uncertainties are dominantly multiplicative, for example if y; is a yield deter-
mined from a raw yield yo; using corrections of the form y; =yo; x C1 x ---Cy, where C; are
corrections for efficiencies, purities, acceptance or normalizations, the systematic errors propa-
gate like

2/,2 2 2 2 2 2
o7 /Yi = 00,i/Y0i+ 0, /CT + 06, /Ch (C.10)
which implies that the total systematic uncertainty o; scales with y;. Since the relative error is
preserved under shifts, such errors have to be rescaled as

G, = Uiyi + €p0b + Yi€cOc ’ (C.11)

Yi

where &; is the uncorrelated random error o; scaled by the multiplicative shift in ;.

C.4 x? tests within this work
C.4.1 Significance of the direct-photon excess

The uncertainty on the material budget op.; =4.5% is considered as correlated type C over-
all systematic uncertainty and separated from the total systematic uncertainty ogystot. The
remaining uncertainty,

2 X
Gsys,a,i = \/Ugys,tot,i - R2 (pZT) Grzllat ) (C12)
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is considered as type A uncorrelated systematic uncertainty. The x? value for the hypothesis
HO: R=1 is then defined by

bms 2
—|— €cR(pHh) omat — 1
E : ¢ (2T) mat ) + 62 7 (013)
lor:
=1 T
with
6-7,' = statz+o-sysaz(1+ec) . (014)

The uncorrelated uncertainty is rescaled for the shift in the direct-photon excess R, since such a
shift due to a lower or higher conversion probability also implies that statistical and systematic
uncertainties are overestimated or underestimated by the same fraction.

C.4.2 Consistency of inclusive and decay photon anisotropy

The systematic uncertainty on the inclusive photon anisotropy related to the event-plane res-
olution correction UE’PZ;"C is treated as type B uncertainty, the remaining uncertainty ogii™ as
type A uncorrelated uncertainty. Due to the decay kinematics, the corresponding correlated
part of the uncertainty of the decay photon anisotropy is complicated to trace and thus the
total systematic uncertainty is considered as type A uncorrelated uncertainty. The y? value for

the hypothesis HO: v = v7""® is then given by

e () + B — o 0h))
X=> . , (C.15)

i=0 5
with
o™ (p Z)+€b<7Ep ’ 2 2 bg 2 bg 2
ot - (TR (o) el (ot
un™ (pr)

The uncorrelated uncertainty is rescaled for the shift in the inclusive-photon anisotropic flow
related to the uncertainty on the event-plane resolution correction.

C.4.3 pr-integrated direct-photon anisotropic flow

It is distinguished between correlated and uncorrelated systematic uncertainty. Correlated un-
certainty arises from the uncertainty of the event-plane resolution correction and the uncertainty
on the material budget, which is propagated from the direct-photon excess and inclusive photon
spectrum to the pr-integrated direct-photon anisotropy @n’dir. We define the x? value for the
hypothesis HO: 94" =0 by

2
nt
Nglens ,der +6b0—8 Sb
2 ’ X C.1
X = Z 'y,d1r2+ 7,dir 2 + € (C.17)

=0 stat,t sys a,i

where Uzy’gié is the correlated and Usyblé is the uncorrelated systematic uncertainty of the pr-

integrated direct-photon anisotropic flow in centrality bin i.
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It should be noted that the random part of the uncertainties is not rescaled for the shift in
v, dir

ni > since the systematic uncertainties coming from different components are not multiplica-

v
tive as for the direct-photon excess. In particular, the fact that )’ d" could be shifted to zero,
if the correlated uncertainties are large enough, does not imply that the random part of the

uncertainty vanishes.

In order to compared the direct-photon anisotropy with that of charged pions, we define the x?
value for the hypothesis HO: o :@;f by

2
Ngent = dir +
bins ( + Ebasys b — erl

2 _
X = Z %dlr 2 dir 2 at 92

2
7, PR +€b . (018)
i=0 Ostat ) to sys a,t + Ostat ) + Usys 7

The pr-integrated charged pion flow is calculated as

NSE]SN i Tri i
ot = Lz N () vi (Pr) (C.19)

n .
S N (ph)

where N, + is estimated from Nyion (p1) =1/ Uii. The systematic uncertainty of the pr-integrated

pion flow o ™ is considered as uncorrelated type A uncertainty.

yS

Similarly, we compare the direct-photon anisotropy with hydrodynamic calculations for thermal

_v,therm ,dir _ ﬁz,ther‘m by

photons v, and define the x? value for the hypothesis HO: oy,

2
cent d th
NS ( y,der +6basysb Ug erm)

2 _ 2
X = Z o dir 2 +o v,dir 2 & - (C.20)

=0 Ostat K sys a,i

C.4.4 pr-differential direct-photon anisotropic flow
We define the y?2 value for the hypothesis HO: v (pp) =0 as

i i 2

NI v,dir (4 dir /4

, bins (vn (P%) + o (P) enosysp )

X v,dir 2 ~,dir 2 + €& (021)
=0 stat,s +o SyS a,i

where g1, is the correlated and ogys, is the uncorrelated uncertainty of the direct-photon
anisotropic flow measurement.

7v,therm

W (pp) = vy ™ (pr) is given by

Similarly, the x? value for the hypothesis HO: v}’
p . , . ) 2
ke (1 (o) + 2 () s — P 00))”

X = v,dir 2 v,dir 2 + b s
1=0 stat,t to sysaz
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