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Abstract

In this thesis the differential invariant cross-sections of the 7° and 7 mesons as
well as the direct photon excess ratios in pp collisions at /s = 900 GeV, /s = 7 TeV
and /s = 8 TeV are presented. The neutral mesons are measured via their two
photon decay channel by reconstructing the photons from the electron-positron pairs
they produce in interactions with the detector material. For this reconstruction,
information from the Time Projection Chamber and the Inner Tracking System is
used. This allows the signal extraction of the 7¥ () mesons down to 0.3 (0.4) GeV/c
from the minimum bias triggered datasets at /s = 7 and 8 TeV. The resulting fully
corrected spectra from the photon conversion method (PCM) are compared to the
spectra measured using the ElectroMagnetic Calorimeter (EMCal) and the PHOton
Spectrometer (PHOS). The spectra from the different reconstruction methods are
combined using their weighted average, considering systematic error correlations.
Comparisons to theory predictions show that the transverse momentum spectra of
the 7° and 7 meson at /s = 7 and 8 TeV are significantly overestimated by NLO
calculations. The direct photon measurement is based on the measured inclusive
sample of converted photons and utilizes decay simulations as well as the measured
neutral pion spectra. This allows for the calculation of the direct photon excess
ratio. This double ratio is consistent with unity and NLO predictions within the
uncertainties and therefore no significant direct photon excess is observed in the
analyzed data of pp collisions.

Zusammenfassung

In dieser Arbeit werden die invarianten Wirkungsquerschnitte von 7% und 1 Meso-
nen, sowie die Uberschussverhéltnisse direkter Photonen in Proton-Proton Kollisio-
nen bei Schwerpunktsenergien von /s = 900 GeV, /s = 7 TeV und /s = 8 TeV
prasentiert. Die neutralen Mesonen werden iiber den zwei-Photon Zerfallskanal
gemessen, wobei die Photonen aus Elektron-Positron Paaren rekonstruiert werden,
welche durch Wechselwirkungen mit dem Detektormaterial erzeugt wurden. Die
Rekonstruktion basiert auf Informationen, die von der Time Projection Cham-
ber und dem Inner Tracking System geliefert werden. Dies ermoglicht die Sig-
nalauslese des 7 () Mesons bereits ab 0.3 (0.4) GeV/c in den /s = 7 und 8
TeV Minimum-Bias Daten. Die vollstandig korrigierten Spektren der Photon Con-
version Method (PCM) werden zudem mit den Spektren aus Kalorimeter-basierten
Messungen mit dem ElectroMagnetic Calorimeter (EMCal) und dem PHOton Spec-
trometer (PHOS) verglichen. Uber das gewichtete Mittel werden die Spektren der
unterschiedlichen Rekonstruktionsmethoden daraufhin kombiniert, wobei Korrela-
tionen der systematischen Fehler beriicksichtigt werden. Der Vergleich der kom-
binierten Transversalimpulsspektren von 7% und 1 aus den /s = 7 und 8 TeV
Messungen mit theoretischen Berechnungen zeigt eine deutliche Uberschétzung der
Daten durch die NLO Berechnungen. Die Messung der direkten Photonen basiert
auf dem gemessenen Spektrum konvertierter inklusiver Photonen und verwendet
zudem Zerfallssimulationen, sowie die gemessenen Spektren der neutralen Pionen.
Hierdurch kann dann das direkte Photonen Uberschussverhiltnis berechnet werden.
Das Uberschussverhiltnis stimmt innerhalb statistischer und systematischer Fehler
mit einem Wert von eins, sowie den NLO Berechnungen iiberein und zeigt somit
keinen signifikaten Uberschuss an direkten Photonen in den analysierten Proton-
Proton basierenden Datensétzen.
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Introduction

1 Introduction

“Nature uses only the longest threads to weave her patterns, so each small
piece of her fabric reveals the organization of the entire tapestry.”
Richard Feynman (1918-1988)

There is a certain fascination in studying the smallest structures of the universe and in
return gaining deeper insights about the evolution of the universe itself. This interesting
link can be studied at the Large Hadron Collider (LHC), which is the largest and most
powerful particle accelerator to date. It allows to accelerate and collide protons with
center-of-mass energies up to /s = 14 TeV as well as heavy ions with a maximum of
V/Sxn = 5.02 TeV per nucleon pair. Such high energies have not been archived before and
enable testing of theoretical models like the Standard Model. The latest member of this
Model, the Higgs boson, was predicted already in the 1960s, but first measured by using
high energy proton-proton collisions at the LHC. Furthermore, many important particle
properties like rare decays or CP violation can be measured with a much greater precision
using high energy collisions. Besides protons, also heavy-ions are used in the LHC whose
collisions produce the quark-gluon plasma, a strongly coupled form of matter, which is
believed to have existed shortly after the Big Bang.

The dedicated heavy-ion collisions detector system at the LHC is ALICE (A Large Ion
Collider Experiment), which is also the detector system used for this thesis. Being capable
of handling very high charged-particle densities, it can investigate the properties of the
quark-gluon plasma by measuring and identifying particles originating from this medium
with great precision.

The content of this thesis is the measurement of the neutral mesons, 7° and 7, as well
as direct photons in proton-proton collisions at y/s = 0.9, 7 and 8 TeV. The two photon
decay channel is used for the detection of neutral mesons and photons are reconstructed
using the photon conversion method.

The thesis starts with a theoretical overview in the next chapter explaining the necessary
knowledge for the contents of this thesis followed by an explanation of the experimental
setup in Chapter 3. This includes the accelerator system, the ALICE detector system as
well as the software framework that is used for the analysis. Chapter 4 introduces the
different data sets from the three center-of-mass energies and discusses the event selection
as well as the quality of the data sets. Afterwards, the photon conversion method is
explained as well as the cuts used in the analysis to obtain clean photon samples. Chapter
6 explains the necessary steps to get the corrected neutral meson spectra and provides the
results including systematic uncertainties. The following chapter is then focused around
the direct photon measurement and the thesis ends with a summary as well as an outlook.
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2 Theoretical Overview

This section will focus on the basic concepts of particle physics. An introduction to the
fundamental particles and the basic theoretical structure of the Standard Model (SM)
will be given as well as more detailed descriptions of the particles measured in this thesis.

2.1 The Standard Model and Quantum Chromodynamics

The fundamental particles and their interactions through the electromagnetic, strong and
weak force are described by the Standard Model, which is a Quantum Field Theory (QFT)
that is self-consistent and able to describe a large fraction of the experimental data with
outstanding precision [1]. The latest addition to this model is the Higgs boson which
serves as an exchange particle of the higgs mechanism , .

Within the Standard Model, the fundamental particles are split into two categories, half-
integer spin fermions and bosons with integer spin. The fermions are subdivided into 6
quarks (up, down, charm, strange, bottom, top) and 6 leptons (electrons, muons, tauons
and their corresponding neutrinos). These particles carry different charges with respect to
the three SM forces (weak, strong and electromagnetic) and can therefore be distinguished
by this property. In addition, for each particle an anti-particle with opposite charge
considering their interaction, but same mass exists.

bosons

m=2.3 MeV m=1.28 GeV m =174 GeV

1/2 1/2 t 1/2
u +2/3 C +2/3 +2/3

up-quark charm-quark top-quark Higgs boson

m=4.8 MeV

d b
-1/3 s -1/3

down-quark bottom-quark

W boson

=91.2 GeV

/

Zboson

Figure 2.1: Fundamental particles of the Standard Model.

Quarks experience the strong interaction due to the color charge they carry. Consistent
with the theoretical expectation of confinement , no free colored particles have yet
been observed. Instead, quarks are combined into colorless particles which are called
hadrons. These are either quark-antiquark pairs or states of three quarks, called mesons
and baryons, respectively. Furthermore, they can also form tetra- and pentaquarks, which
are made of four or five quarks @ Quarks themselves can either be up-type quarks with
an electric charge of QQ = +§ and weak isospin T3 = +% or down-type quarks with ) = —%
and T3 = —%
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Most of the matter around us is made of first generation quarks, meaning up- (u) and
down-quarks (d). As seen in the overview of the Standard Model particles in [Figure 2.1]
these are the lightest quarks with masses of only a few MeV. The quark masses increase
with each generation and peak at the top-quark mass with 174 GeV.

The leptons, which make the other half of the fermions, do not carry a color charge and
can also be subdivided into two groups depending on the electric charge: The electron
(e), the muon (i) and the tauon (7) with an electric charge of @Q = —1 and the neutrinos.
The latter do not carry an electric charge and can therefore only interact via the weak
interaction.

The interactions between fermions are mediated via the exchange of gauge bosons carrying
spin 1. Electromagnetic, weak and strong interaction each employ different bosons. The
massless photons (7) mediate the electromagnetic force whereas the weak force employs
the heavy W* and Z bosons. The gauge bosons mediating the strong interaction carry a
color charge and are called gluons. Therefore they interact not only with the quarks but
also with each other.

In the quark interactions, gluons take a comparable role to photons in quantum elec-
trodynamics (QED), which mediate the electromagnetic interaction between two charged
currents. To describe the strong force, a non-abelian quantum field theory called Quantum
Chromodynamics that is based on the gauge group SU(3). In Quantum Chromodynam-
ics (QCD), the color quantum number takes the same role as the charge in electromagnetic
interactions. Due to the degrees of freedom in SU(3), the color charge can take one of
three values (red, blue, green). However, every bound state of quarks has to be colorless.
The Lagrangian density of QCD |7, 8] can be expressed as:

— , Aa — 1 5
L= Z (Fole (Zau - gsA/;?) Vg — Z Mqqtg — 1 Z F3 Fuva (1)
q q a
where v, corresponds to the quark field, g; to the effective strong coupling constant, A
to a gluon field, A, to the Gell-Mann matrices [9] and the gluon field strength tensor given
by:

FI = 0" AL — 0" Al + g, fune AL AS (2)
For massless particles, the QCD Lagrangian is invariant under the exchange of right- and
left-handed components of the quark spinor. This invariance, called chiral symmetry, is
explicitly broken for quark where is generates the quarks’ rest mass. The strong force be-
tween quarks and anti-quarks would even lead for massless quarks to a rise of a so-called
chiral condensate |10, which, in addition, is not invariant under the exchange of right-
and left-handed fermions. The fact that the chiral symmetry of the QCD Lagrangian can
spontaneously break, leads to the Goldstone bosons, which are massless and carry spin 0.
However, as chiral symmetry is not exact in nature, the Goldstone bosons are identified
as the lightest mesons, for example the neutral pion, the charged pions, kaons as well as
the 1 meson [11].

Quarks couple in QCD with the strength g,, which can also be written as a, = ¢2/4n [8].
However, the coupling strength a, has to be determined from experiments as QCD is not
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able to predict its value. In addition, a; = g2/4m depends on the momentum transfer (Q)
and can therefore be larger than the Quantum Electrodynamics (QED) coupling constant
oy N % for the right values of (). The dependence of a, on the momentum transfer in
the leading order can be written in the following form which, however, can only be used

if Q% > A%
127
(33— 2N;)Ing

ay(Q?) ~ (3)
Here, Ny stands for the number of available quark flavors and A represents the QCD
scaling parameter which has been experimentally determined to be ~ 200 MeV.

Quark pairs (¢g) form a potential between each other which, in an approximated form,
can be described with:

== 4k, 4
Vs 3r+kzr (4)

The distance between the quarks is hereby expressed by r. The different » dependence in
both terms leads to very important consequences for the ¢g-interaction. The first term
dominates at small distances and acts similar to a Coulomb-like interaction. The second
term with its linear dependence on r leads to a growth in the potential with increasing
distances. This has the consequence that it would take an infinite amount of energy to
separate two quarks completely by removing one quark from its bound state. Further-
more, this behavior leads to the creation of a new quark-anti-quark pair from the huge
potential stored in the vacuum. The creation of this new quark pair is called hadroniza-
tion.

The last member of the fundamental SM particles is the Higgs boson which carries spin 0
and charge 0. The particle itself is an excitation of a component of the Higgs field, which is
believed to explain the masses of the fundamental particles found in the Standard Model.
It was first observed by the ATLAS and CMS collaborations in 2012 [12, |13] and lead
to the Nobel Prize in Physics of 2013 being awarded to Peter W. Higgs [2] and Francois
Englert [3] for their theoretical prediction of the mechanism and particle.

2.2 The Quark Gluon Plasma

At high energies, hadronic matter dissolves into its constituent quarks and gluons as a con-
sequence of asymptotic freedom and the implied weakening of the confinement condition.
This state of deconfied matter, i.e. quasi-free quarks and gluons, is called Quark-Gluon
Plasma (QGP). The QGP is believed to have existed shortly after the Big Bang. The
critical temperature T, at which normal matter transitions into a QGP has been estimated
to be about 100-250 MeV [14]. In addition, Hagedorn proposed a limiting temperature
for hadronic systems of 140 MeV already in the 1960s [15]. The phase diagram shown in
depicts the transition of confined to deconfined matter depending on the tem-
perature and the baryon chemical potential. The figure also visualizes the experiments
that can reach the critical temperature in their particle collisions as well as the expected
evolution of the early universe in the T-ug plane.
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Figure 2.2: The phase diagram of QCD in the T - up plane. Chemical freeze-out con-
ditions for AGS, SPS and RHIC are shown as well as the low temperature and chemical
potential region where matter experiences confinement into hadrons. The solid line indi-
cates the phase transition at higher temperatures into a quark-gluon plasma. A critical
point at up ~ 0.7 is given, where higher densities will lead to more exotic phases. In
addition, the blue arrow illustrates the evolution of matter shortly after the Big Bang and
before the chemical freeze-out in LHC collisions. [16]

More recently, calculations of T, employ Lattice QCD (LQCD), which uses non-pertubative
calculations of QCD on a space-time lattice. This allows for calculations of interactions in
the low momentum transfer region, which leads to more precise values of T, ~ 150 — 160
MeV at vanishing baryon chemical potential ug =~ 0 [17, |1§]. In addition, the critical
temperature varies depending on the flavors used in LQCD |19} 20]. In the transition of
hadronic matter to the deconfined phase, the hadrons split up into their quarks and glu-
ons which therefore increases the number of degrees of freedom of the system.
shows this behavior as a strong rise of the energy density around the critical tempera-
ture. The flattening behavior after the raise comes from no additional degrees of freedom
being introduced to the medium and instead it only experiences increased heating. In
addition, the Stephan Boltzmann limit is indicated with the horizontal dotted line where
the medium can be, due to its asymptotic freedom, be described as an ideal gas.

For the production of the QGP it is necessary that the system can reach a state of thermal
equilibrium for the thermodynamic quantities to be defined [21, 22]. The large amount
of particles produced in high multiplicity heavy-ion collisions is the driving factor for the
medium to reach an equilibrated state, as from the vast amount of particles, many will
likely interact with the medium. In addition, the medium must have a minimum lifetime
in order to reach thermal equilibrium.

The fireball that is produced in heavy-ion collisions experiences two stages during its
lifetime. The first stage is before the equilibrium and is dominated by hard processes
including jets or prompt photons, whereas the second stage, after reaching the thermal
equilibrium and a temperature above T,, is dominated by soft processes. These processes
will be explained in more detail in [Section 2.4, When the temperature drops below T,

10
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Figure 2.3: Normalized pressure, energy, and entropy density as a function of the tem-
perature in MeV. The ideal gas limit for the energy density is given by the horizontal line
and the vertical band shows the critical temperature region of T, = (154 & 9) MeV. 23]

21

due to the expansion of the system, the quarks will recombine into hadrons and form a
so-called hadron gas. With further expansion of the system, the freeze-out happens where
the hadrons do no longer interact with each other.

To probe the QGP many different methods are available. However, the most relevant
probe for which results of this thesis can be used as ingredients is the nuclear modifi-
cation factor Raa [25-27]. The nuclear modification factor represents the modification
of the particle spectra due to medium interactions in heavy-ion collisions compared to
the particle spectra in proton-proton collisions where no medium is expected. The factor
itself is based on the idea that the spectra from heavy-ion collisions should just be a
superposition of several proton-proton collisions. It is calculated using:

d2NAA/dedy (5)
(Tan) - dQUpp/dedy’

where the nuclear overlap function, which stands for the expected number of superimposed
proton-proton collisions that would represent a single heavy-ion collision, is given by:

<Ncoll>

inel °
Upp

Raa (pT) =

(Tan) = (6)
Deviations of the nuclear modification factor from unity would mean a modification of
the heavy-ion spectra due to nuclear or medium effects. As the calculation of the nuclear
modification factor relies on the proton-proton spectrum as input, it is one goal of this
thesis to provide a well understood and corrected spectrum. In addition, for heavy-ion
collisions at different center-of-mass energies than the presented pp energies, the spectra
can also be used for calculating well constrained interpolation spectra.

11
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2.3 The Neutral Mesons

The neutral mesons discussed in this thesis are the neutral pion 7% and the n meson. Both
are composed of superpositions of quark and anti-quark pairs which can be written as:
2%) = — (Jo) — |dd)
V2
1

V6

With a rest mass of approximately 135 MeV/c? the 7° is the lightest meson and can
therefore not decay into other mesons. Instead it decays electromagnetically with a mean
lifetime of the order of 107!¢ seconds. The 1 meson is much heavier, with a rest mass
of 547 MeV/c? [28]. While for the neutral pion the dominant decay is 7° — v with
a branching ratio of more than 98%, the n meson only decays in about one third of its
decays into two photons [29]. The full list of branching ratios which include photons is
given in . The typical 7° and 1 meson Feynman diagram for the decay into two

photons is shown in [Figure 2.4]

1n°) (|uﬂ> + |dd) — 2|s§)) )

q Y
Figure 2.4: Feynman diagram for the decay of the neutral mesons into two photons.

The neutral mesons are an important measurement for all collision types as they are
produced in vast amounts and therefore are responsible for the majority of decay photons
found in the detector. Due to their large abundance they can usually be observed with a
good signal to background ratio and therefore be measured with good precision.

2.4 Photons in High Energy Collisions

The use of photons as probes in high energy or heavy-ion collisions is beneficial since
they only interact electromagnetically and can therefore deliver information about the
collision and the fireball evolution outwards of the medium. In addition, their mean free
path length is much larger than the medium itself [30]. This makes photons an important
probe for the early stages of the collision compared to hadrons which would be affected
in different ways by the quark-gluon plasma. Photons with high transverse momentum
can additionally be used to test pQCD calculations. The processes at these momenta are
called hard processes as they involve a large momentum transfer. On the other hand,
the low momentum transfer processes are called soft processes which can be calculated
by using lattice QCD. Measuring the photons from both, soft and hard, processes is a
difficult task as the vast majority of photons measured from the collisions originate in
electromagnetic decays with the neutral pion being responsible for more than 80% of
those decay photons. The photons that do not originate from particle decays are called

12
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direct photons which can then be subdivided into categories based on their production
mechanisms.

The first category is composed of photons from hard processes, i.e. prompt or fragmen-
tation photons, with the latter being byproducts of hadronization processes. The prompt
photons are produced for example from Compton scattering or quark-antiquark annihi-
lation which are 2 — 2 processes. These photons are the dominant contribution to the
direct photon at large transverse momentum.

A further source of direct photons are photons from soft processes which indicate the
formation of the strongly interacting medium, the quark-gluon plasma, in heavy ion col-
lisions. These photons are produced in the same processes as the photons from hard
processes, however with the difference that they do not originate from the collision itself
but instead from interactions of thermalized particles. The thermal photons are emitted
from a thermally equilibrated phase during the QGP and hadron gas stages. Photon
production rate and p; distribution depend on the emission temperature of the photons.
These photons therefore allow to extract information on the thermodynamical state of
the medium from the moment they were produced in the medium.

The direct photon signal is extracted by isolating the photons coming from soft and hard
processes from the full photon sample including the decay photons. However, this is an
experimentally challenging task as the vast amount of decay photons strongly suppresses
the direct photon signal. The approach for the extraction therefore employs a double ratio
that compares the ratio of the measured photon spectrum to the measured neutral pion
spectrum with the same ratio obtained from a decay simulation where measured spectra
are used as input. The direct photon excess ratio is calculated using the following double
ratio:

R o (’7inc<pT)/7TO(pT))meas ~ Vinc(pT) 7

v T 0 ~ ( )
(fydec(pT)/ﬂ- (pT))sim deeC(pT)

The use of ratios has the advantage of a partial cancellation of systematic uncertainties and

a general normalization in the nominator and denominator. The direct photon spectrum

itself is then obtained by subtracting the decay photons from the inclusive photons:

f)/dir(pT) = ’yinc(pT> — "ydec<pT) = Vinc(pT) : (1 - R»;l(pT)) (8)

The calculation of this spectrum for the three center-of-mass energies /s = 0.9, 7 and
8 TeV is the goal of this thesis. This will require a well understood measurement of the
dominant decay photon contributors, the neutral mesons, as well as the extraction of a
fully corrected inclusive photon spectrum.

13
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3 The Experimental Setup

In this chapter, the accelerator and detector setup are explained. For this, the impor-
tant detector subsystems and their properties as well as their purpose are introduced.
Furthermore, an introduction to the analysis software framework is given.

LHC

North Area

SPS

=

TT10
ATLAS AWAKE
HiRadMat ia)
EXN , TT60
I
AD

W 1999 (182 m)

PS

LINAC 2

LEIR

LG S

lons

Figure 3.1: Overview of the CERN accelerator complex including the four main LHC
experiments: ALICE, CMS, LHCb and ATLAS. Image derived from .

3.1 The LHC Experiment

The 27 km circumference Large Hadron Collider (LHC) at the European Organization for
Nuclear Research (CERN) in Geneva on the Franco-Swiss border is currently the most
powerful and largest particle accelerator in the world. After starting its operation in the
year 2008 with the first proton beams at low energy, it stepwise increased its beam energies
until the latest maximum of /s = 13 TeV in proton-proton collisions. Being designed

for a maximum center of mass energy of /s = 14 TeV as well as a peak luminosity
of £ = 10* cm™?s™! for proton-proton collisions or \/syx = 5.02 TeV and £ = 10*
cm~ 257! per nucleon-nucleon pair for Pb-Pb collisions it is stronger than any other collider
by a factor of seven.

The LHC with its two beam pipes and eight interaction points was placed inside the
tunnel of the Large Electron Positron Collider (LEP) which is on average 100 m under
ground. The beam pipes are kept at an ultra-high vacuum of ~ 1077 bar . Eight
sections containing a total amount of 1232 dipole magnets keep the LHC beams in their
orbits. The dipole magnets can generate a field of 8.36 T while being cooled down to
superconductivity at 1.9 K during operation. In addition, several quadrupole magnets
are used to focus the beams and acceleration cavities further increase the beam energies.
The beam itself is created by stripping electrons from hydrogen atoms and injecting the
protons into the LHC pre-accelerator chain. This chain is shown in [Figure 3.1 and includes

14
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Figure 3.2: The ALICE experiment with all detector systems . The inner barrel,
contained in the red solenoid magnet, contains all detector systems used in this thesis.
The forward muon spectrometers can be found further along the beam axis.

the Linear Accelerators (LINACS), the Proton Synchrotron Booster (PSB), the Proton
Synchrotron (PS) and the Super Proton Synchrotron (SPS) in order to inject the beams
with 450 MeV into the LHC where they are further accelerated to a current maximum of
6.5 TeV 32, 33].

Four of the eight interaction points of the LHC are equipped with huge detector systems
as shown in Each experiment is designed to investigate different characteristics
of the collisions and therefore different kinds of physics. The only dedicated heavy-ion
experiment is ALICE and will be described in the following sections. A Toroidal LHC
Apparatus (ATLAS) and the Compact Muon Solenoid experiment (CMS) are general
purpose detector systems designed for measurements of each particle originating from
a primary collision. Both experiments were involved in the Higgs boson discovery in
2012 . In addition, they focus their measurements on confirming or possibly
providing theories for extending the standard model. Being equipped with different kinds
of detectors, both experiments also investigate charge parity violation, super symmetries,
additional dimensions as well as possible dark matter particles , . The LHC beauty
experiment (LHCD) is used to investigate hadron decays containing charm or bottom
quarks as well as the study of CP violation. In addition, the experiment tries to improve
the understanding of the asymmetry of matter and antimatter in the universe as the
Standard Model fails to fully describe this phenomenon [36].

3.2 A Large Ion Collider Experiment

A Large Ion Collider Experiment (ALICE) is the dedicated general-purpose LHC ex-
periment for heavy ion collision measurements . The detector is therefore designed
to handle high multiplicities while still delivering good particle identification (PID). Its
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Detector 7 acceptance ¢ acceptance position main purpose
ITS
SPD 1(2) 42 (£1.4) full r=3.9 (7.6) cm tracking, vertex
SDD +0.9 full r=15.0 (23.9) cm tracking, PID
SSD +1 full r =238 (43) cm  tracking, PID
VO
TO
TPC +0.9 full 85 < r/cm < 247  tracking, PID
TRD +0.8 full 290 < r/em < 368 tracking, e* id
TOF +0.9 full 370 <r/ecm < 399 PID
PHOS +0.12 220° < ¢ < 320° 460 < r/cm < 478 photons
EMCal +0.7 80° < ¢ < 187° 430 < r/cm < 455 photons and jets
HMPID +0.6 1.2° < ¢ < 58.8° r =490 cm PID

Table 1: Different detector systems of the ALICE experiment including their coverage
and purpose [39].

main task is the study of the quark-gluon plasma for which it also requires a high mo-
mentum resolution, especially at low transverse momentum. The ALICE detector and
its subsystems can be seen in [Figure 3.2l Embedded in the red solenoid magnet from
the L3 experiment at LEP are the detector systems from the central barrel. The mag-
net provides a magnetic field of up to 0.5 T that is aligned with the beam pipe. The
central barrel detector systems are responsible for tracking, vertex finding and particle
identification. Closest to the beam pipe is the Inner Tracking System (ITS), followed by
the Time Projection Chamber (TPC), the Transition Radiation Detector (TRD), the
Time-Of-Flight detector (TOF) and the High Momentum Particle Identification Detec-
tor (HMPID) as well as two calorimeters: the Photon Spectrometer (PHOS) and the
Electromagnetic Calorimeter (EMCal). shows the coverage, position and main
purpose of the central barrel detector systems.

Outside of the central barrel along the beam pipe are the forward muon spectrometers
which are placed behind thick layers of absorbing material. The following sections will
introduce the different central barrel detector systems shown in As the muon
spectrometers and the ALICE cosmic ray detector (ACORDE) are not part of this thesis
they will not be further discussed.

3.2.1 VO Detector (VO0)

The VO detector [40] is one of the three forward detectors and is composed of two scintil-
lator arrays, VOA and VOC, which are located at z = 340 cm and z = 30 c¢m respectively
on both sides from the interaction point along the beam axis. They cover pseudorapidity
ranges of 2.8 < n < 5.1 for the VOA and —3.7 < n < —1.7 for the VOC. The VO detector
system is used as a Minimum Bias (MB) trigger and also provides multiplicity information
for centrality estimations in heavy ion collisions [41] 42].
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3.2.2 Inner Tracking System (ITS)

The detector system closest to the beam pipe is the ITS [39]. It extends from 3.9 to
43 cm in radial direction and covers with its six cylindrical layers of silicon detectors a
pseudorapidity range of || < 0.9 which is equal to £45° relative to the interaction plane.
This allows the I'TS to locate vertices within z = 60 mm of the nominal interaction point
with a precision of more than 100 pgm. Furthermore, the I'TS was designed to handle the
large charged multiplicities in heavy ion collisions of up to d/V,, /dy = 8000. The layers of
the detector are made of different silicon detectors: two Silicon Pixel Detectors (SPD), two
Silicon Strip Detectors (SSD) and two Silicon Drift Detectors (SDD) [43]. Besides vertex
finding, the ITS is also capable of particle identification for p; < 200 MeV /c particles,
which would not reach the outer detectors. Due to its good vertex resolution, the I'TS
is also able to remove so called in-bunch pileup events. Those events occur when there
are multiple collisions during a single bunch-crossing and the tracks in the detector from
the different vertices overlap. The in-bunch pileup correction removes the tracks that do
not belong to the selected primary vertex. In addition, the I'TS is used to improve the
momentum and angular resolution of the TPC as it can reconstruct particles that ended
up in dead areas of the TPC.

3.2.3 Time Projection Chamber (TPC)

The TPC [44] as shown in is the main central barrel detector for tracking
of charged particles and particle identification. It is positioned between the ITS and
the TRD as seen in [Figure 3.2l The detector is designed to be able to handle high
multiplicity heavy-ion events with a maximum number of charged particles per rapidity
unit of dN,,/dy ~ 8000. The coverage of the TPC is |n| < 0.9 in pseudorapidity and
the full 27 range in azimuth. For this the cylindrical drift chamber extends 2.5 m in
beam direction on each side of the interaction point. The TPC field cage is filled with a
drift gas that is a mixture of Ne-CO9-Ny (85.7-9.5-4.8%) |44, |45]. This mixture was kept
until the end of 2010 when the nitrogen was removed and the remaining drift gas was
set to be a mixture of 90% Ne and 10% CO,. The drift chamber itself is divided by the
central electrode at n = 0 and z = 0 and the readout pads are located at the end plates
of the barrel on both, the A and C side. By applying a high voltage of 100 kV to the
central electrode, the electric field towards the endplates results in drift times of 92 us for
electrons from the ionization of the TPC gas mixture.

Located at the end plates are the readout pads which are composed of multi-wire pro-
portional chambers and segmented into 18 sectors in azimuth with each consisting of two
chambers in radial direction. Each chamber is made of several pads whose size is optimized
to deal with the expected track density at their radial position. In order to reconstruct
the charged particle tracks in the TPC, the hit position information of the pads and the
drift time given by the TO detector are combined to get three dimensional track points.
The transverse momentum can then be calculated from the track curvature. The TPC
can reconstruct primary tracks with 100 MeV/c < pr < 100 GeV/c. The minimum is
given by the track curvature in the magnetic field as well as the probability to reach the
TPC in the first place with such low momentum. In addition, a primary track can only
be reconstructed if the particle traverses through at least one third of the TPC in radial
direction. Secondary tracks, however, can be reconstructed down to 50 MeV /¢ which is
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Figure 3.3: Overview of the TPC field cage including both endplates and the central
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the accuracy limit of the tracking algorithm.

Besides tracking, the TPC is also used for particle identification (PID) by employing the
energy loss measurements in the drift gas. The energy loss per path length for elastic
scattering is described by the Bethe-Bloch-formula and is used for the calibration of the
energy loss signal in the TPC. The TPC is able to resolve the dE/dx signal from tracks
with 160 clusters with a resolution of about 5% [44]. The PID will be important in
where we will cut on the energy loss signal of electrons and pions.

3.3 The Software Framework

The ALICE experiment and all of its detector systems generate massive amounts of data
during operation. In order to deal with the data a powerful software framework is required.
For ALICE this is done by using the two ROOT based packages: AliRoot and
AliPhysics . The whole framework is under constant development to improve data
reconstruction, simulations and general performance. The coding in this framework is
based on the C++ interpreter Clang , but also allows for python based software.

Raw data is processed using the AliRoot package, which can handle the detector data
reconstruction as well as the production of Monte Carlo (MC) simulations using generators
like PYTHIA [50H52] or PHOJET [53]. They can be used to create primary particles
including their full kinematic information as well as their origins or decays. The particles
are then introduced to a full detector simulation using GEANT , . The analysis
of detector data and Monte Carlo simulations is then done using the AliPhysics package
which in the end allows to correct detector effects by combining data with Monte Carlo
information.
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4 Data Sets and Quality Assurance

This chapter introduces the data samples and their corresponding Monte Carlo simulations
that are used for the analysis. The different data sets consist of proton-proton (pp)
collision data from the center-of-mass energies v/s = 0.9, 7 and 8 TeV [56]. At first, the
data samples are presented which is then followed by the description of the simulations
used for the corrections of the data samples. This is followed by the description of the
event selection for this analysis. In the last part of this chapter, the quality of data and
its agreement with the simulations is shown in the quality assurance for each data set.

4.1 Analysis Data Samples

After the first data takings from proton-proton collisions in ALICE in November of 2009
there have been recordings of collisions from six different center-of-mass energies (/s =
0.9, 2.76, 5, 7, 8 and 13 TeV). In addition, ALICE also took data of Pb-Pb collisions at
V5w = 2.76 and 5.02 TeV as well as pPb collisions at /sxx = 5.02 TeV [56].

This analysis will focus on minimum bias triggered pp collision data from three different
center-of-mass energies. One part consists of /s = 0.9 and 7 TeV pp collisions that were
recorded in 2010 with the ALICE detector. This set is split into the periods LHC10[b-
f] where each period is approximately one month of data taking and is subdivided into
multiple runs. As part of the LHC10c period several runs at 900 GeV were recorded,
whereas the remaining periods are purely recorded at /s = 7 TeV. For this data set, the
fourth reconstruction pass (pass4) is used, which provides one additional period compared
to pass2 and a better overall calibration of the data. The second part of the data set is
from pp collisions at /s = 8 TeV recorded in 2012. The /s = 8 TeV periods are called
LHC12[a-i] with the exception of LHC12g which was excluded due to very low overall
statistics and multiple offline TPC readout pads during data-taking. From this data set,
the second reconstruction pass (pass2) is used. In this pass, the period LHC12e was not
reconstructed and is therefore also excluded.

4.2 Monte Carlo Simulations

The spectra from the data will require several correction. The correction factors which
will be applied to the data are obtained from the Monte Carlo event generators which are
used as input for a full detector simulation. Specifically tuned simulations are made for
each data set. For the /s = 0.9 and 7 TeV periods, a Pythia 6.4 [50] generator is used,
whereas for the y/s = 8 TeV periods the two generators Pythia 8 [51, 52] and Phojet [53,
57| are taken.

Pythia
In this analysis and in ALICE in general two different Pythia versions are used.
Pythia 6.4 is written in Fortran 77 and is less user friendly than Pythia 8 which
is written in C++. The Pythia event generator uses Leading Order (LO) QCD
matrix elements with the initial and final state parton showers to generate hard
parton-parton interactions. In addition diffractive processes based on the Regge
Field Theory are used to better reproduce the data [58]|. Pythia can be used to
generate high-energy events from collisions between elementary particles such as
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et, e7, p and P in every possible combination as well as string fragmentation and
decay. As the QCD calculation doesn’t hold for low p; of the partons from hard
interactions, a lower cut-off with p. > 2 GeV is used to make a connection between
low and high momentum processes. The LUND String Model is the basis for the
hadronization simulations and for the decays, the decay properties from [28] are
used and the hadrons are decayed according to the decay table.

Phojet

The Phojet Monte Carlo event generator is based on the two-component Dual Parton
Model (DPM) [59] and includes soft hadronic processes, which are described by
the supercritical Pomeron, and hard processes, which are described by pertubative
constituent scattering. This allows the model to describe hadron-hadron, photon-
hadron and photon-photon interactions at high energies [57]. A p; cutoff at > 3
GeV is made for the calculation of the hard processes while the soft interaction uses
a model of multiple strings that are stretched between the proton and the resolved
hadronic state of the photon. The characteristic features of this model are multiple
soft and hard interactions [60]. The multiplicities of those interactions are calculated
using a unitarization scheme [61] which was tuned to make the sum of the hard and
soft cross sections nearly independent of the p; cutoff.

In order to expose the generated particles to the detector responses, they are put into a
full detector simulation using GEANT3 [54]. This detector simulation is anchored to the
state of the detector during data taking and is optimized on a runwise basis. Interactions
with the detector material as well as the response of each detector system are simulated
and allow for a data-like analysis of the simulated events while still holding the Monte
Carlo information. Therefore the simulations can be used to correct the data. However,
it is important to check the agreement between the simulated events and the real events,
which is done in during the data set quality assurance.

The Monte Carlo productions that are anchored to the /s = 7 TeV data are LHC14j4[b-
f] which are using the Pythia 6 event generator. For the /s = 8 TeV periods, the
corresponding Monte Carlo productions are LHC15h1[al-i] and LHC15h2[a-i] which are
Pythia 8 or Phojet based respectively.

4.3 Event Selection

In this analysis two different minimum bias triggers are used depending on the center-of-
mass energy of the data set. For the /s = 900 GeV and 7 TeV analyses the minimum bias
trigger is the VOOR (KINT1) trigger which allows for invariant cross-sections of 47.7877 32
mb and 62.22 4 2.18 mb respectively [62]. The /s = 8 TeV data set employs the VOAND
(kINT7) minimum bias trigger with which an invariant cross-section of 55.7541.25 mb can
be observed [63]. The minimum bias triggers are based on information provided by the VO
detector system which was introduced in the last chapter. For the lower interaction rate
periods LHC10[b-f] the required minimum bias trigger condition was set to a hit in either
of the VO detectors on A or C side. It is therefore called the VOOR trigger. However, for
the high interaction rate periods of the /s = 8 TeV data takings, this condition was set
to coincidence of both VO sides VOA and VOC. This trigger is therefore called VOAND
and aims to remove unwanted background and provides a more stable trigger condition

20



Data Sets and Quality Assurance

0.9 TeV: #Data 7 TeV: e Data 8 TeV: x Data Pythia 8
Pythia 6 O Pythia 6 Phojet
5 L ] ] ] L AL LA S AL LA AL A A AL LAY R LAAAE RS AR LA AL AR ML AR M
L L 1
£ 0.15- -+ .
p ! T
= B ES T
> ¥
ST $ ¢ E T
I 1 ¥ >
0.10— -T- A o —
| + 9 g 1 ‘11 ¥ T* * X
¥ * e gx * ’% *
L 41 : * :’ * g‘
L + ?** : % **I*.' * g '*& *
- g 1 ¥y fé***‘ L &?* R
(o) * *
0.05— ® T ¥ .
L ® 1
- 8 . —+
0.00— ‘d h 1 |
1 pbititin bttt ptitintli ....I....I....I....I....I....I....I....I....I....I....I....I....I....I....I....I....I....I....I....
115000 120000 125000 130000 135000 180000 185000 190000

run number

Figure 4.1: Fraction of events rejected due to a vertex position outside Z,i, = +10 cm
with respect to the total number of collected minimum bias events in the respective run.

in a high luminosity environment.

In addition to passing the minimum bias trigger requirements the events also have to
fulfill the event selection criteria. Events are rejected which are not of physics type (e.g.
calibration events). Additionally, events are only used if their reconstructed primary
vertex is within |z, < 10 cm to the center of the ALICE central barrel. This vertex
can be reconstructed using either global tracks or only Silicon Pixel Detector (SPD)
tracklets as long as they have at least one contributing track or tracklet to the vertex
[64]. In the statistics of the different data sets and their corresponding Monte
Carlo simulations is shown as well as the fraction of events lost due to the different vertex
requirements. shows the run dependence of this fraction for all data sets and
their corresponding Monte Carlo simulations. The normalization of the spectra in this
thesis is done with the following number of events that takes into account the events lost
due to the vertex requirements and where N, stands for the number of minimum bias
triggered events using either VOAND or VOOR. The values for each data set are also listed

in [Table 2]

NMB,Vtx,|ZVtX ‘ <10cm

Nnorm,evt = NMB,Vtx,‘ZVtX|<10cm + N NMB,no Vix (9)

MB,Vtx,|2vtx| <10 cm + NMB,Vtx,lZVtx|>10cm

The event selection also contains an in-bunch pileup rejection based on SPD tracklets.
This correction has become more and more important due to the steadily increasing
instantaneous luminosity delivered by the LHC. Despite ALICE reducing the interaction
rate by displacing both beams or using main-satellite beam collisions, this rejection is of
growing importance. In addition, the filling schemes of the LHC contain an increasing
number of bunches with less spacing between bunches. The fraction of events rejected
due to in-bunch pileup can be seen in for all data sets. As in Monte Carlo only
single collisions are simulated they do not contain in-bunch pileup and their fraction in
Figure 4.2| as well as in [Table 2| is zero.
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MB+Vitx+|2zytx| <10 MB4Vixt|zvix|>10

Data Set Min. Bias. Events for — = MBEmo Vix  MELIeuwp
Events (MB) normalization
NI\/IB Nnorm
900 GeV

Data pass4

LHC10¢-900GeV 6.65e¢06 5.82e06 0.806 0.112 0.079 0.003
MC Pythia 6

LHC14j4¢_-900GeV 6.74e06 5.91e06 0.800 0.111 0.088 0.000

7 TeV

Data pass4

LHC10[b-f] 4.16e08 4.64e08 0.819 0.082 0.087 0.013
LHC10b 2.71e07 2.74e07 0.900 0.004 0.092 0.003
LHC10c 7.39e07 7.59e07 0.888 0.009 0.087 0.016
LHC10d 1.53e08 1.75e08 0.795 0.103 0.089 0.013
LHC10e 1.27¢08 1.47¢08 0.795 0.113 0.081 0.011
LHC10f 3.53e07 3.89e07 0.822 0.068 0.091 0.019
MC Pythia 6

LHC14j4[b-f] 4.20e08 4.64e08 0.820 0.085 0.094 0.000
LHC14j4b 2.78e07 2.79e07 0.905 0.004 0.091 0.000
LHC14j4c 7.22e07 7.29e07 0.898 0.008 0.093 0.000
LHC14j4d 1.55e08 1.76e08 0.797 0.107 0.096 0.000
LHC14j4e 1.29e08 1.48e08 0.790 0.115 0.094 0.000
LHC14j4f 3.66e07 3.98e07 0.832 0.073 0.094 0.000

8 TeV

Data pass2

LHC12[a-i] 1.31e08 1.21e08 0.908 0.067 0.014 0.011
LHCI12a 1.52e07 1.40e07 0.901 0.067 0.019 0.012
LHC12b 8.81e06 8.11e06 0.908 0.070 0.013 0.009
LHC12¢ 1.96e07 1.79e07 0.895 0.079 0.018 0.008
LHC12d 3.51e07 3.24e07 0.910 0.066 0.014 0.011
LHC12f 9.60e06 8.81e06 0.902 0.075 0.018 0.006
LHC12h 3.99e07 3.70e07 0.917 0.060 0.009 0.013
LHC12i 2.89e06 2.66e06 0.916 0.057 0.004 0.023
MC Pythia8

LHC15h1[al-] 2.47e08 2.30e08 0.919 0.069 0.012 0.000
LHC15h1al 3.45e07 3.19e07 0.916 0.072 0.012 0.000
LHC15h1b 3.22e07 2.98e07 0.914 0.073 0.012 0.000
LHC15hlc 3.31e07 3.04e07 0.909 0.078 0.012 0.000
LHC15h1d 5.58e07 5.21e07 0.922 0.065 0.012 0.000
LHC15h1f 2.07e07 1.90e07 0.906 0.081 0.012 0.000
LHC15h1h 6.66e07 6.25e07 0.928 0.059 0.012 0.000
LHC15h1i 4.64e06 4.38e06 0.931 0.056 0.012 0.000
MC Phojet

LHC15h2[a-i] 2.60e08 2.42e08 0.921 0.069 0.010 0.000
LHC15h2a 3.61e07 3.35e07 0.917 0.072 0.010 0.000
LHC15h2b 3.41e07 3.16e07 0.916 0.074 0.010 0.000
LHC15h2c 3.48e07 3.21e07 0.911 0.079 0.010 0.000
LHC15h2d 5.85e07 5.46e07 0.924 0.066 0.010 0.000
LHC15h2f 2.13e07 1.95e07 0.907 0.082 0.010 0.000
LHC15h2h 6.97¢07 6.55e07 0.930 0.060 0.010 0.000
LHC15h2i 4.83e06 4.56e06 0.933 0.056 0.010 0.000

Table 2: Number of events used for normalization in the analysis for each period. In
addition the number of events of the respective Minimum Bias trigger and the fractions for

MB4Vitx+|2ptz|<10  MB+Vix+|Zytz|>10  MB+ no Vix

MB ) MB ’ MB

and === for each period used in the analyis.
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Figure 4.2: Fraction of events rejected due to in-bunch SPD pileup with respect to the
total number of collected minimum bias events in the respective run.

4.4 Quality Assurance of the Data Sets

The Quality Assurance (QA) of the data sets that is discussed in this section compares
important quantities between data and their corresponding Monte Carlo simulations on
a runwise and complete data set basis. The runwise comparison is necessary as it is
important to check that the MC describes the data detector performance in each run and
follows possible changes in performance. Only if data and Monte Carlo agree we are able
to use the MC to reliably correct the measured spectra.

As a result of the QA several runs are excluded from the analysis as they show a disagree-
ment between data and MC or as they do not meet general quality requirements for the
analysis. An important quantity for the PCM analysis is the fraction of photon candi-
dates per event as seen in which should not show strong outliers. This quantity
is also correlated to the amount of SPD rejected in-bunch pileup as seen in [Figure 4.2
There, the increasing amount of rejected pileup events in the /s = 8 TeV periods can be
observed. The last two periods LHC12h and LHC12i of that data set consist of very high
interaction rate runs which resulted in large amounts of in-bunch pileup.

For the QA also the mass peak positions of the neutral pion integrated over p; is compared
between data and MC and should be consistent. This quantity is an indicator for the
quality of the calibration of the Monte Carlo simulations. The peak positions on a runwise
basis can be seen in In addition, the number of charged particle tracks in
the TPC is compared between data and simulation to check the TPC calibration. The
quantity Ngood tracks 18 shown in .

The rejection of runs from the data sample due to the different quality requirements
results in approximately 5% of the /s = 7 TeV and 17% of the /s = 8 TeV dataset
being removed from the sample. The larger percentage in the /s = 8 TeV dataset is
a result of the worse TPC and ITS performance during data taking compared to the
/s = 7 TeV data acquisition periods. The list of runs used for the analysis are shown in

Table 14 and [Table 15 and the statistics of each dataset after the QA is listed in [Table 2]

23



Data Sets an

d Quality Assurance

0.9 TeV: #Data 7 TeV: e Data 8 TeV: * Data Pythia 8
Pythia 6 O Pythia 6 Phoje
0:014 T | T | T | Lhbl bk b ) | T | T T T T T I T T T T I T T T T I T T T T
IS + J
0.138— — ‘ —
[ Iny | ]
0.136F 4 L ‘ ‘l -
L 1 * i
i i 1 & l i | ]
I 1 ' T x ]
‘ I ‘ * | ]
0.134 + 4+ |} [l
[ * T | P
\
0.132 € ]
0,130 ksbebstonttitisbistintistintidstontititisdtsstostintidstiad ottt L el R
: 115000 120000 125000 130000 135000 180000 185000 190000
fun number

Figure 4.3: Neutral pion peak positions

integrated over transverse momentum.
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Figure 4.4: Mean number of good charged particle tracks in the TPC.
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Figure 4.5: Fraction of photon candidates normalized to the number of events, which
fulfill the event selection criteria.
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5 Data Analysis with the Photon Conversion Method

The Photon Conversion Method (PCM) will be explained in this chapter. For this, the
photon reconstruction using this method is illustrated as well as the cuts that are applied
on several quantities which are important for this reconstruction method. The general
idea of PCM is the measurement of neutral mesons via their two photon decay channel.
This is realized by reconstructing the photons from their conversion products, meaning
the eTe -pairs. For this reconstruction, information provided by the Time Projection
Chamber and the Inner Tracking System is used.

5.1 Photon Reconstruction and Selection

In order to reconstruct the converted photons from their conversion products a secondary
vertex finder is used. This vertex finder uses secondary tracks, which are tracks that do not
originate from the primary vertex, to reconstruct the V. A sketch of this reconstruction

method is shown on the left side in

- track

AN
ptimary

vertex
/

Figure 5.1: Left: Reconstruction sketch of a secondary vertex from two charged tracks.
Derived from . Right: Reconstructed 7° candidate from /s = 900 GeV data takings
in 2009. The 7° candidate in this sketch is reconstructed from two photon conversions.

For the reconstruction, first two oppositely charged tracks are selected and their impact
parameters (b, b+) with respect to the primary vertex are calculated. Tracks with too
small impact parameters are discarded as they might rather originate from the primary
vertex then from a secondary vertex. If two tracks are found with more than the minimum
impact parameters their distance of closest approach (DCA) is calculated. Depending on
the distance to the primary vertex R and its resolution the DCA value is required to be
small and at most 1 cm or otherwise the track pair will be rejected. From the accepted
track pairs the Vs are formed where the secondary vertex is set to be the point of closest
approach of the two charged tracks. The dotted lines in indicate the fiducial
zone in which the secondary vertex is required to be reconstructed. This zone stretches
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from 5 cm to 180 c¢m in radial direction from the primary vertex. Furthermore, the V°
momentum vector is calculated by extrapolation of the momenta of both tracks to the
DCA and calculating their sum in this point. If this momentum vector does not point
towards the primary vertex the VO candidate is discarded. This is done by checking the
cosine of the angle between the VY momentum vector P and the vector between secondary
and primary vertex R and requiring a value of less than 0.85 for it. The vectors are also
indicated in [Figure 5.1l The following sections will introduce the selection criteria for
photons used in the neutral meson and direct photon analyses beginning with the track
and VO selection, then the electron identification cuts and finally the photon selection
cuts.

5.2 Track and V° Selection

This section introduces the track and V° selection cuts used in the analyses. An overview
of the cuts is shown in For this analysis, the standard V° finder is chosen to
be the on-the-fly V° finder as the strict cuts implied by the offline V° finder are not
required. For each VY candidate that is then selected several requirements are imposed
on the secondary tracks. The tracks have to show no kink-topology, fulfill the TPC refit
condition and must have opposite charges. In addition, a minimum momentum cut on the
secondary particles is applied with p; < 50 MeV /c. To guarantee a certain track quality
it is necessary to pass a cut of more than 60% of all theoretically possible TPC clusters
which also accounts for inclination and origin of the tracks.

Track and VY cuts

VO finder On-the fly
minimum track pr cut  prgac > 0.05 GeV/c
Cut on NNclusterTPC > 60%

findableclusters
Cut on R.,. 5cm < R, < 180 cm
Cut on Z,,,. | Zeone| < 240 cm
n cut In| < 0.9

Table 3: Standard cuts for the track and V° selection used in the neutral meson and
direct photon analyses.

Furthermore, a cut on the V? pseudorapidity 7 is used. The pseudorapidity is interpreted
as the angle between the beam-axis and the orientation of the 3-momentum vector of
the particle in the ZR-plane. Not taking into account the starting point of the track,
several photon candidates would pass this cut although being outside of the geometrical
acceptance of the detector. To account for this, a line-cut is used which represents a cut
on the geometrical n distribution of the conversion points with the nominal center of the
detector as origin. By using the following conditions with Zy; = 7 ¢cm and R,,., and Z,.
being determined with respect to the center of the detector:

Syr = tan(2 x arctan(exp(—7eut))) (10)
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Figure 5.2: The TPC dE/dx plot for the V° daughters before (left) and after (right)
all electron selection cuts.

Rconv > |Zconv| X SZR - ZO (11)

By cutting on R..,, and Z,. it is ensured that the secondary track reconstruction is
limited to the TPC barrel. They are therefore limited to values of Z_,,, < 240 cm and
R..., < 180 cm. In addition, a cut on the conversion radius of R, > 5 cm is applied to
reject contaminations coming from neutral meson Dalitz decays.

5.3 Electron Identification Cuts

The application of electron identification cuts is necessary to obtain only photons from
conversions in the remaining VY sample. For this, electron selection and pion rejection
cuts are applied. The cuts are applied on the energy loss signal dF /dz distributions mea-
sured in the TPC. Besides using the TPC, ALICE can also identify electrons via dF/dx
measurements in the TS, with time-of-flight measurements using TOF, with transition
radiation or dE/dz in the TRD or using energy deposits in the calorimeters.

The dE/dz signal in the TPC was chosen as the other techniques would show a significant
loss in efficiency. The cuts that are used for the electron PID have been optimized to
provide as little contamination as possible while still providing a large efficiency. In
[Table 4] the cuts for the electron identification are shown.

Particle identification cuts

no, TPC dE/dz -3 <no. <5
no, TPCdE/dx 0.3 GeV/ec <p < 3.5 GeV/c: no, > 1
p > 3.5 GeV/c: no, > —10

Table 4: Standard cuts for the electron identification in the different analyses. The
ranges given in the table show the part of the distribution that is kept.
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The cuts are applied around the theoretical energy loss line for electrons and pions in
terms of standard deviations (no) from those values. For the analysis rather tight cuts
are applied to minimize the contamination from pions and generating a clean electron
sample. The most important cut is the electron no. cut which removes everything in
terms of standard deviations from the theoretical energy loss expectation outside of 5 o,
above and 3 o, below the electron hypothesis line.

An additional cut on the pion no; is used to further remove pions from the sample. This
cut is set to different values in two momentum regions. For the low momentum region
from the minimum momentum of the measurement up to 3.5 GeV/c everything above 1
0. above the pion line is kept whereas above 3.5 GeV/c in transverse momentum nearly
everything is kept due to the -10 o, cut. The influence of these cuts on the dF/dx
distributions can be seen in for the /s = 7 TeV data. Additional no dE/dx
distributions for the other data sets as well as Monte Carlo simulations are shown in the

appendix in [Figure C.1}

5.4 Photon Selection

The photon selection step provides an additional level of purity to the photon sample. The
sample itself is mainly made up of electron-positron conversion pairs since the two previous
particle selection steps. Further improvements are now made by restricting the photon
conversion topology and the cosine of the pointing angle as described in [Section 5.1] The
photon selection cuts used in the analyses are listed in [Table 5]

Photon cuts

X% /ndf 2D triangular cut with X% /ndf < 30 and ¥p,;, < 0.1
Gr 2D elliptic cut with ¢ < 0.05 GeV/c and o, = 0.95
cos(P.A.) > 0.85

Table 5: Photon selection cut that are applied in the analyses.

In order to exclude K%, A and A from the V° sample an elliptic cut in the Armenteros-
Podolanski [65] plot in gr = p X sin Opother—daugther and o is applied. This plot, shown
in for the /s = 7 TeV dataset, provides the projection of the momentum of
the daughter particle with respect to the mother particle in the transverse direction ¢
versus the longitudinal momentum asymmetry o = (p{ — py)/(pf + pr ). The g, value of
real photons is close to zero as the daughter particles fly, in the laboratory frame, in the
same direction as the photon and therefore under a small opening angle. The symmetry
in « in [Figure 5.3|is given due to the identical mass of the decay products. The heavier
particles K¢, A and A have a larger opening angle and therefore also have a larger ¢r.
The elliptical cut in gr < 0.05 GeV/c and ., = 0.95 removes the unwanted K%, A and A
contamination from the VY sample as seen in the figure.

In addition to the ¢, and « cuts, a two dimensional cut in x? /ndf and Wy, is used. The
x?/ndf cut can be applied because the AliRoot KFParticle package [66] is used for the
photon reconstruction and allows to set constraints on the construction and quality of the
photons. The cut itself is applied on a fit of a generic particle decay model based on the
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Figure 5.3: The Armenteros Podolanski plot for the V%’s before (left) and after (right)
all photon selection cuts for the /s = 7 TeV dataset.

Kalman filter method to reconstruct a V°. In this method, it is assumed that the particle
has no mass and comes from the primary vertex. The W;,, cut is based on the opening
angle of the electron-positron pair from a photon conversion and in addition employs the
fact that the magnetic field only has a small effect on the track bending. Visualized in
is the construction of the Wy, angle. In order to calculate Wy, , the tracks
are first propagated to a radial distance of 50 ¢m from the conversion point. It is then
calculated by the following formula:

U, .. = arcsin (&) , (12)

pair

where Af = .- — 0.+ stands for the angle in the polar direction and &, is given by:

Pe— " Pet
& pair = AICCOS <|p;'| : |p§+|> . (13)
From this one can see that W, stands for the arcsine of the ratio between the angle dif-
ference of the two daughter tracks to the z-axis and the angle between the two propagated
daughter tracks. While Af remains constant, the opening angle in the transverse plane
increases due to the magnetic field. This allow the Uy, cut to suppress the remaining
track combinations by forcing a limit to the ratio of the relative ete™ pair opening angle
after creation to the opening angle at a radial distance of 50 cm from the conversion point
. In the analyses, Uy, is limited to a maximum value of 0.1 and x?/ndf to 30. The
distribution of both values after the application of the cuts can be seen in
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Figure 5.4: Left: Visualization of the W, angle as the angle between the plane of the
electron and positron pair (orange) and the bending plane of the magnetic field (gray).
Derived from . Right: x?/ndf and U, plot after the two dimensional cut has been
applied.
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6 Neutral Meson Analysis

The neutral meson analysis in proton-proton collision at /s = 0.9, 7 and 8 TeV will be
discussed in this chapter. The first section provides a general overview of the analysis
method and the signal extraction. Afterwards, the spectrum corrections obtained from
the Monte Carlo simulations are explained and the systematic uncertainties will be deter-
mined. The chapter is closed with the comparison of the fully corrected 7° and 1 meson
cross sections to other reconstruction methods as well as theory calculations.

6.1 Neutral Meson Reconstruction
The neutral mesons are reconstructed using the V° sample from [Section 5.4/ and combining

the photons into pairs. The pairs, however, are not allowed to share tracks or to have
an opening angle of less then 5 mrad and are otherwise discarded. The invariant mass of
each pair can then be calculated with the following formula:

M, = /2B, E,,(1 — cosfz). (14)

Here, the photon energies are given by E., , and the opening angle between the photons in
the laboratory system is given by #;5. By calculating the invariant mass of every possible
photon pair the mass of the neutral mesons cannot be determined exactly. Instead the
mesons appear as an excess in the invariant mass distributions around their respective
nominal mass; my = 134,976 MeV/c? for the 7° meson and m, = 547.862 MeV/c?
for the 7 meson [28]. This excess can be seen in the invariant mass distributions of the
photon pairs close to the 7° meson mass and close to the 7 meson mass in [Figure 6.1]
For the 7° a clear peak is visible with very little underlying background whereas for
the n meson an strong background below the peak can be seen. A large portion of the
background in the invariant mass distributions comes from combinatorial background
due to the combination of every possible photon pair. This background, however, can be
subtracted very well using the Event Mixing method [69, 70] which can also be seen in the
invariant mass plots indicated by the gray points. In order to reproduce the combinatorial
background below the peaks, the Event Mixing method combines photons from different
events. This removes any possible correlation between the photons. For each bin the
same amount of photon sample statistics is used for this method to not induce additional
uncertainties. The resulting distribution is then scaled to the right side of the peak and
subtracted.

Data set 0 n

900 GeV 04 <pr <35 GeV/c 0.9 < pr<3.0GeV/c
7 TeV 0.3 <pr <16. GeV/c 0.4 < pp < 10. GeV/e
8 TeV 0.3 <ppr <12. GeV/e 0.4 < pp <8.0GeV/c

Table 6: Neutral meson invariant mass extraction range in transverse momentum.
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Figure 6.1: Neutral meson invariant mass distributions for example bins in the p; range
of 0.6 GeV/c to 0.8 GeV/c for the neutral pion and 1.8 GeV/c to 2.2 GeV/c for the n
meson. The data including background is plotted in black and with background subtracted
in red. The background parts coming from the event mixing and the linear part of the
peak fit are combined and shown in gray points. In both plots, the fit to the background
subtracted distribution is drawn in cyan.

6.1.1 Signal Extraction

The neutral meson signal extraction relies on the invariant mass distributions that have
been calculated in the previous section. In addition, the distributions are calculated in
several transverse momentum bins. The p; range that has been achieved in each dataset
for the 7° and 7 mesons is shown in [Table 6| In addition, the plots for each transverse
momentum bin for 7 and 7 mesons for each data set can be seen in the appendix in
for 900 GeV, for 7 TeV and for 8 TeV. For each invariant
mass bin the calculation is done once for photons from the same event and afterwards
for photons coming from two different events for the Event Mixing method as described
in the last section. The scaling of the event mixing background can be done to the left
or right side of the peak and should be done very close to the peak without going into
the peak itself. The normalized background, done to the right side of the peak in this
analysis, is then subtracted from the signal. Example bins for the 7° and 1 mesons from
the /s = 7 TeV dataset are shown in including the signal and the residual
background.

The remaining signal is then fitted with a Gaussian function that is combined with an ex-
ponential low-energy tail on the left side of the peak to account for electron bremsstrahlung.
An additional linear part is also added to the fit function to account for remaining back-
ground under the peak that could not be described by the combinatorial background.
The fit function for the invariant mass peaks is given by:
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M, — M,
y= 4+ |G +exp (M) (1 GOL (M, ~ My)| + B+ C0E, (1)

M, — M 2
with G = exp [—0.5 <W“°”) ] (16)

O My~

In this function, G represents a Gaussian function with the width o, the amplitude A and
the mean position Mo ,. This mean position can be identified with the reconstructed
mass position of the neutral mesons. The exponential part for the bremsstrahlung tail
is given by the parameter A\ which is the inverse slope of the exponential function. The
exponential is set to zero above Mo, with the Heaviside function (Mo, — M.,,). The
linear part for the remaining background is described by B and C. In the
mixed event combinatorial background is shown with the gray points which already in-
cludes the contribution from the linear part of the fit. The peak fit function consisting of
the Gaussian and the exponential is shown with the cyan line.

The fit is then used to extract the invariant mass peak position and the full width at
half maximum (FWHM) for both mesons in their transverse momentum bins. Both val-
ues for all data and Monte Carlo sets can be seen in This figure also shows
the transverse momentum reach and performance of the PCM method with the statistics
given in each dataset as well as the good agreement between data and Monte Carlo. As
in this analysis no smearing of the Monte Carlo is used, a small difference in the FWHM
between data and MC is visible for the /s = 8 TeV measurement. This originates from a
different gas mixture in the TPC during the 2012 data takings where the Ny was removed
from the mix which resulted in a different multiple scattering behavior. In addition, dur-
ing this data taking period there were more non-nominal operating I'TS channels present
compared to the 2010 data takings. Both effects contribute to a difference between data
and Monte Carlo. However, this difference is negligible compared to the integration range
of the peak for the yield extraction which is explained in the following.

The next step of the signal extraction is the meson yield extraction. This is done by
integrating the background subtracted invariant mass distributions in each transverse
momentum bin in a fixed mass range around the fitted meson mass Mo ,. From this
bin-by-bin integration the linear part of the fit is subtracted to remove the remaining
background. The integration range is the same for the three different center-of-mass
energy measurements and is set for the neutral pion to (Mo —0.035 GeV/c 2, M0+ 0.012
GeV/c %) which corresponds to (—11(no,), 4(no,)) around the determined 7 meson mass
M o. This asymmetric integration range incorporates the bremsstrahlung tail on the left
side of the invariant mass distribution. The calculation of the 7% meson raw yield is
therefore given by:

N™ —

raw

(N —NeombBEYqpr (B+C-M,,)dM,, (17)

/Mﬂo +0.012GeV /c? M,_0+0.012GeV /c?
M_o—0.035GeV /c? M,_0—0.035GeV /c?

The integration range for the n meson covers a larger invariant mass range due to the
broader peak. The range is set to (M, — 0.048 GeV/c 2, M, + 0.022 GeV/c ?) which
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Figure 6.2: Mass and FWHM of the neutral mesons obtained from the respective invari-
ant mass peak fits as a function of p.. The upper plot shows the points for the neutral
pions and the lower plot for the n mesons. Data is shown with full points whereas Monte
Carlo is given by the open points. The gray line indicates the respective nominal meson
mass.
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Figure 6.3: Left: Raw yield of the neutral pion for the three center-of-mass energy
measurements. Right: Raw yield of the  meson per Event versus transverse momentum.
All spectra are normalized by the number of events N,.... /s = 8 TeV points have
additionally been scaled by a factor 100 and /s = 7 TeV points by a factor of 10.

corresponds to (—8(no,), 3(no,)) around M,. Similar to the 7° the  meson raw yield is
therefore given by:

N1

raw

(N'VW_Ncomb.BG)dev_ (B‘f'cMWW)dM'Y’Y (18)

/M,,+0.022Gev /c? My,+0.022GeV /c?
M, —0.048GeV /c? M, —0.048GeV /c?

The resulting raw yields for 7° and 1 mesons for every center-of-mass energy can be seen in
[Figure 6.3l The raw yield is normalized to the number of events N,,,.. as given in
and by the bin with in transverse momentum. The p; reach of each measurement is mainly
limited by statistics at large transverse momenta and increasing background as well as
constraints introduced by the analysis cuts at low pr. The most important constraint
at low transverse momentum is the minimum track momentum cut of 50 MeV /¢ which
restricts the minimum momentum for the meson measurement to be greater than 0.2
GeV/c. This is the reason for the further signal extraction range of the /s = 7 TeV
measurement up to 16 GeV/c while the other measurements are limited at 12 and 3.5
GeV/c respectively for the neutral pion.

The n meson extraction is additionally limited by the smaller signal due to its branching
ratio of only 38% for the two photon decay. This in addition with a smaller acceptance for
the conversion photons from the n mesons leads to the more restricted extraction range
which reaches up to 10 GeV/c in the /s = 7 TeV measurement.
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6.2 Neutral Meson Spectrum Corrections

The neutral meson raw yields from the last section require several corrections for which
the additional Monte Carlo information as well as the cocktail simulation are used. In
the following sections the raw yield will be corrected for out-of-bunch pileup, secondary

particles, detector acceptance and efficiency, conversion probabilities as well as the finite
bin width.

6.2.1 Correction for Neutral Mesons from Out of Bunch Pileup Vertices

The out-of-bunch pileup correction has become of increasing importance since the begin-
nings of the ALICE data taking. This correction is linked to the luminosity during data
taking as well as the filling schemes and bunch spacings in the LHC. In the
luminosity for all periods is shown and it shows that even during the data takings of the
Vs = 7 TeV periods a four orders of magnitude increase in luminosity was present whereas
during the /s = 8 TeV periods it fluctuates strongly between three orders of magnitude
with the last periods showing the highest peak luminosity. This behavior was already
observed for the in-bunch pileup in [Figure 4.2l While the in-bunch pileup originates from
collisions of protons from the same bunch-pair and can be efficiently removed using the
fast I'TS detector systems, the out of bunch pileup comes from interactions between dif-
ferent bunches and is observed in the TPC. This is due to the drift velocity of charges in
the TPC gas of about 2.7 cm/us which results in drift times of about 92 ps. This is the
same time that a bunch in the LHC requires for a full revolution around the 27 km ring.
Therefore multiple events can overlap in the TPC chamber for which the TPC reconstruc-
tion algorithms are not equipped as they were designed to reconstruct one primary vertex
at a time. The overlap of events and the presence of multiple primary vertices in a high
luminosity environment therefore requires the out-of-bunch pileup correction.
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Figure 6.4: Peak luminosity of the LHC as a function of the fill number for the ALICE
experiment [71]. Points are shown for the three center-of-mass energies /s = 0.9, 7 and

8 TeV.
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Figure 6.5: Left: Fraction of the neutral pions in the respective categories for pp
at /s = 7 TeV with respect to the total amount of neutral pions measured in the data
sample. Right: Fraction of the neutral pions originating from pileup vertices with respect
to the inclusive measured neutral mesons in the respective category.

The correction itself is based on the distance of closest approach (DCA) in beam direction
(z) of the photons to the primary vertex. This is calculated by using a straight line from
the momentum vector of the photon and determining the closest distance to the primary
vertex from this line. The DCA itself was already explained in The DCAz
distributions are extracted in transverse momentum bins and are shown in the appendix
in for the three center-of-mass energy measurements.

The photons that are reconstructed with the PCM method can be separated into three
types depending on the detectors that are available for the leg reconstruction.

1. both legs are TPC only tracks (valid for all photons with R,,,, > 50 c¢m)
2. one of the electrons has at least two hits in the Inner Tracking System
3. both legs have at least two I'TS hits

The contributions of these types to the total photon yield is shown in for the
three center-of-mass energy measurements. The first type contributes the largest amount
to the photon yield whereas type 2 does the least. The small contribution from type 2 is
expected as it is very unlikely to have one leg with more than two ITS clusters while the
other leg does not have ITS hits. However, two effects give rise to this type; dead areas
in the ITS and the appearance of a single cluster for both electrons when passing the I'TS
through the same sensor. This single cluster will be assigned to only one of the electrons
later detected in the TPC.

With the three photon types it is now possible to look at the mesons in six different
categories as they are composed of two photons.

1. both photons from category 1
2. one photon from category 1 and one photon from category 2
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Figure 6.6: Integrated dca, distribution of pp /s = 7 TeV photons in the invariant
mass windows of 0.12 GeV/c < M., < 0.145 GeV/c plotted together with the Monte
Carlo distributions.

one photon from category 1 and one photon from category 3
both photons from category 2
one photon from category 2 and one photon from category 3

IR AR

both photons from category 3

These categories are strongly momentum dependent as seen in the left plot of [Figure 6.5
The largest contribution, especially at low p;, comes from category 1 whereas category
2 and 3 are already fairly suppressed due to the I'TS condition which forces the mesons
to originate from the primary vertex. The strongest constrain is implied on category 6
where both photons contain ITS information and therefore are ensured to not originate
from pileup events. However it is only a very small fraction of about 2% of the total
meson yield.

Photon Types [% of total] Meson Types [% of total]
Vs 12 3 12 3 4 5 6
900 GeV  81.6 5.2 13.1 39.3 142 322 144 594 6.79
7 TeV 74.8 8.9 16.2 36.5 139 32.7 146 6.92 8.40
8 TeV 87.2 5.0 7.7 46.6 14.2 26.8 1.45 544 542

Table 7: Left half: Fractions of the photons to the total photon yield for the three
different leg reconstruction types. Right half: Fraction of mesons coming from the six
categories to the total meson yield.

In order to estimate the background coming from pileup the DCAz distributions are used.
An example bin with data and additional MC points is shown in |[Figure 6.6, The pileup
is estimated by fitting the background distribution which is visible as a broadening of the
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Figure 6.7: Left: Contamination from pileup to the inclusive neutral pion yield. Right:
Final correction factor due to neutral pions originating from pileup vertices. Points shown
for the three center-of-mass energy measurements investigated in this analysis.

data distribution compared to the MC distribution. For this background description a
function called "'ShowBackground’ is used which is implemented in the ROOT class TH1.
This function has proven to be a better estimation than a Gaussian fit. For the different
center-of-mass energy measurements different parameters for this function were used; 11
iterations for y/s = 900 GeV, 9 iterations y/s = 7 TeV and 11 iterations for /s = 8 TeV
as well as a background smoothing of 3 for all three energies. The fits for all transverse
momentum bins can be seen in indicated by the blue line. The fitting is
done for all categories and each momentum bin. The resulting fraction the background
categories to the total yield is shown in the right plot of [Figure 6.5] The fractions are
then multiplied by the fraction of mesons in the respective category to obtain the final
pileup fractions.

Those fractions are shown in as well as the smoothed final correction factors for
the three measurements. As expected there is a large pileup contribution at low p; where
it is dominated by TPC-only reconstructed photons. In addition, the pileup correction
for the high interaction rate /s = 8 TeV measurement is by a factor of two larger than
for the /s = 7 TeV measurement. The finally applied corrections on the meson yields
are around 1-3% for 900 GeV, 2-8% for 7 TeV and 5-20% for 8 TeV.

6.2.2 Correction for Secondary Neutral Pions

Secondary neutral pions from weak decays or hadronic interactions need to be removed
from the raw yield in order to get only primary 7 mesons. The largest source of these
secondary pions is the decay K% — 7%7° which is directly followed by material interactions
in front of the TPC and by the decays of K? and A. Due to the large decay lengths
and decay kinematics of the K? and A they contribute only very little as they usually
decay at very large radii and are therefore not detected in the TPC. Due to this, they
contribute at least one order of magnitude less to the pion yield then the K3. The yields
for kaons have been measured in /s = 900 GeV [72] and in /s = 7 TeV [73]. For
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Figure 6.8: Acceptance (left) and reconstruction efficiency (right) for secondary neutral
pions from different sources compared to the respective quantities for the primary pions.

the /s = 8 TeV measurement currently no direct measurement exists and therefore an
extrapolated spectrum from the 7 TeV and 2.76 TeV [74] results is used. The spectra
are used to generate a decay simulation, the so-called cocktail, for the secondary particle
correction. However, the secondary particles coming from the material interactions are
derived from the Monte Carlo simulations. The following paragraphs will explain both
methods and their influence on the neutral pion raw yield.

6.2.2.1 Secondary Neutral Pion Cocktail

This method uses the measured spectra for kaons (K2 or K*) and A as parametrized input
for a Pythia 6 event generator. The decays are generated flat in transverse momentum, for
a rapidity of |y| < 1 and the full azimuthal angle of 0 < ¢ < 27. shows the decay
channels and branching ratios that are considered for the cocktail simulation. An extended
version of this table is shown in for the generation of the decay photon cocktail
which will be explained in the corresponding chapter. Detailed information about the
cocktail generation will be given in[Section 7.2.1] The neutral pion yield is then calculated
for the rapidity windows of this analysis |y| < 0.8 and the acceptance and efficiency for
the secondary 7° mesons obtained from the full detector simulations is applied. This
is necessary to obtain the secondary raw yield from the generated spectra and to then
subtract this yield from the 7¥ raw yield. The generation of particles for the cocktail is

particle decay channel branching ratio decay length (c7)

K? 7070 30.69% 2.6844 cm

K? o070 19.46% 15.34 m
ntr— 0 12.50%

A nr! 35.80% 7.89 cm

Table 8: Particles considered in the cocktail and their respective decay channels, branch-
ing ratios and decay lengths.
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Figure 6.9: Left: Ratio of reconstructed secondary 7% mesons from different sources
to reconstructed neutral pions. Right: Secondary raw yield per event versus transverse
momentum for all sources.

done flat in py, n and ¢ and the particles are then weighted with the parametrization of the
measured transverse momentum distributions. The comparison of secondary acceptance
and efficiency to the primary neutral pions is shown in [Figure 6.8, The efficiencies shown
are evaluated using fits to the ratio of the primary to the secondary efficiencies which are
then multiplied by the primary efficiency. The ratio of the efficiencies was fitted with an
exponential for the K and a constant for the K? and A. This step was necessary as the
efficiencies from Monte Carlo lacked statistics towards high transverse momentum whereas
the cocktail spectra have negligible statistical uncertainties over the full p; range. Fitting
the efficiencies therefore allows a smooth and full application of the detector response up
until the largest transverse momentum bin.

The final secondary raw yields that need to be subtracted from the 7° raw yield are shown
in alongside with the effective correction from each secondary source. This also
shows that the K2 contribution is the largest for the secondaries while the neutral pions
from K9 make one order of magnitude less of a contribution to the raw yield. A negligible
impact on the 7 meson raw yield have the secondaries from A mesons which are another
two orders of magnitude lower.

6.2.2.2 Material Interactions from Monte Carlo

Besides the contributions from Ko, K9 and A an additional correction for the secondaries
from material interactions and other particles that are considered for secondary interac-
tions is required. The correction is fully based on the reconstructed fraction of secondary
pions provided by the Monte Carlo simulations. This contribution, shown as ”Rest” in
[Figure 6.8 and [Figure 6.9|is dominated by the material interactions which make more than
99% of the secondary neutral pions from this category. Similar to the cocktail method
the efficiency for this source of secondaries is also obtained from a fit in the efficiency
ratio of secondaries to primaries. This again allows this correction to be applied over the
whole py range. The final raw yield as shown in [Figure 6.9]is then also subtracted from
the neutral meson raw yield.
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Figure 6.10: Left: Geometrical acceptance for the neutral mesons. Right: Reconstruc-
tion efficiency for 7° and 7 mesons obtained from the Monte Carlo simulations and shown
for all center-of-mass energies.

6.2.3 Correction for Acceptance and Efficiency

The secondary corrected raw yield is now corrected for the limited detector acceptance
and the efficiency to reconstruct the mesons. In order to obtain the corrections the addi-
tional information provided by the Monte Carlo simulations is used. The p; dependent
geometrical acceptance Ajo, is a detector property and limited by the physical dimen-
sions of the TPC in this analysis. It is defined as the ratio of 7 (1) mesons within
ly| < 0.8 whose daughter particles are within the pseudorapidity acceptance of || < 0.9
to the total amount of Aro,,) mesons that are created in the same rapidity window.

Nro@m),Jy|<0.8 With daughter particles within Iny| < 0.9
Aﬂ'o(ﬁ) = (19)

Nzo(n),Jyl<0.8

The geometrical acceptance for both neutral mesons and the three center-of-mass en-
ergy measurements is shown in The acceptance shows only a difference
between the mesons and no center-of-mass energy dependence. This is due to the fact
that the TPC had the same dimensions during all data taking periods and therefore the
same acceptance. The difference in the transverse momentum dependence between both
mesons comes from the difference in opening angles due to the higher mass of the 7 meson
compared to the 7 meson. This results in decay products not being registered in the
acceptance of the detector and therefore a decrease in the number of measured mesons in
ly| < 0.8.

The correction for the reconstruction efficiency is determined by running the same analysis
as for the measured data on the Monte Carlo simulations. In addition, each photon pair
is verified to originate from the same neutral meson using the supplementary Monte Carlo
information. With this verification, only true neutral mesons are reconstructed and it is
possible to compare the true mesons to the reconstructed data mesons. The calculation
of the reconstruction efficiency is done with the following formula.
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Figure 6.11: Bin shift correction factors obtained from the Tsallis fit to the neutral pion
spectra for the three center-of-mass energy measurements.

verified Nzo() rec (DT, TEC)

(20)

€reco,m0(n) —

Nro(),Jy|<0.8 With daughter particles within 17y| < 0.9(pr, rec)

The reconstruction efficiency is shown in[Figure 6.10|for both neutral mesons and the three
center-of-mass energy measurements. The p; dependence is determined by the conversion
probability and the photon reconstruction efficiency. This comes from the requirement
of both photons and their conversion products to be inside the detector acceptance and
to additionally reach the TPC for their reconstruction. The reconstruction efficiency
in therefore shows a slow rise until about 4 GeV/c where it finally levels
out. The absolute value of the efficiency is dominated by the conversion probability of
~ 8.6% which enters quadratically as both photons are required to convert. In addition,
the photon reconstruction efficiency itself with about 68% also enters quadratically which
leads to a maximum efficiency of about 0.34% for the neutral mesons. This value, however,
cannot be reached with the simulations but with about 0.3% is is coming very close with
its maximum value.

6.2.4 Correction for Finite Bin Width

The neutral meson spectra are steeply falling and have different transverse momentum
binnings. In addition, the binning becomes larger with increasing p. and as a result the
yield of the bin is no longer given by the central bin value but instead it needs to be
shifted horizontally. This horizontal shift is done by using a Tsallis [75] fit function on
the measured spectrum and shifting the bin centers to match with the fit function. The
Tsallis function is given by:

3 3 _ _ 2 2 _ -
GUN 1 N 1dAN (n-Dn-2) <1+\/pT+m m> o

dp®  2mpr dydps - 21 dy nTE(nTf + m(n — 2)) nTeft
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The parameters m and /m? 4+ p2 = my represent the neutral meson mass and the
dN

transverse mass. The remaining parameters S T and n are determined with the
fit. The bin-shift correction strongly depends on the steepness and the bin width of the
underlying spectrum. The bin shift correction factors for the neutral pion spectra of
all three center-of-mass energy measurements are shown in This shows the
importance of the correction and the correlation between bin width and the strength of the
correction. Naturally, the high transverse momentum bins increase in width to incorporate
enough statistics for a significant peak extraction. The correction ranges from 1% up to

more than 20% depending on transverse momentum and the corresponding bin width.

6.3 Systematic Error Evaluation

The Monte Carlo simulations that are used for the correction of the measured spectra do
not perfectly reproduce every physical quantity on which the analysis cuts are applied.
The small differences will results in systematic changes of the final spectrum depending
on the strictness of the cuts. Therefore the cuts for the track selection, the electrons, the
photons and the mesons are varied one at a time and their effect on the final spectrum
is compared to the standard cut used in the analysis. The calculation of the variations
is done bin by bin with the following formulas for the deviation A(p;) and the statistical
uncertainty of the deviation o (pr).

A(pr) = ( N )mOdiﬁCd (pr) — < el )mndmd (pr) (22)

dydpr dydpr

oa(pr) = \/

Due to the limited statistics in several transverse momentum bins it is very important to
check for the statistical significance of the deviation to not incorporate statistical uncer-
tainties into the systematical uncertainties. Therefore some variations are evaluated on
a wider binning and the resulting more significant deviations are then assumed for the
underlying merged bins.

(pr) (23)

2
()
dydpT / modified

(pT) - U( 2N

dydpr ) standard

The calculation of the errors within one cut is done on a bin by bin basis and by using the
average of the maximum deviation in both, positive and negative, direction. A detailed
overview of the cut variations used for the systematic error evaluation is given in[Table 9|
In addition there are also non cut based variations for the yield extraction and the uncer-
tainty coming from the merging of different periods in the /s = 7 and 8 TeV analysis.
The main categories of systematic error sources will be explained in the following:

Material Budget: The with 9.0% largest systematic error source for the mesons is the
material budget uncertainty. The contribution from this source was studied in
detail in [76] by investigating the differences between the offline and online V°
finders as well as the influence from using different Monte Carlo generators. As
for this uncertainty cut variations on the R distribution of the photon candidates
were made there will be no additional variation of this cut in the systematic error
evaluation.
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Quantity Standard Cut Variationl Cut Variation2 Cut Variation3
Track cuts

single py e* > 0.05 GeV/c > 0.040 GeV/c > 0.075 GeV/c > 0.1 GeV/e
min TPC clust./ > 60% > 35% > 70%

find. TPC clust.

dE/dx e-line

OdE/dw,e -3 <no. <5 —4 < no. <> —25<no., <4

dE/dx w-line

Prin, rrej. 0.4 GeV/e 0.25 GeV/c 0.5 GeV/c

Pmax,rrej. 3.5 GeV/e 2.0 GeV/c 5.0 GeV/c

NO4E/dex rej. no, > 1 no, > 2 no, >0

high p 04p/aen rej.  MOx > —10

Photon cuts

01, max < 0.05 GeV/c (2D) < 0.07 GeV/e (1ID) < 0.03 GeV/c (2D) < 0.05 GeV/c (1D)
X2 < 30 < 50 <20

W pair < 0.1 (2D) < 0.2 (2D) < 0.05 (2D) < 0.1 (1D)
Meson cut

« meson <1 < 0.85 < 0.75

Table 9: Variations for the neutral meson systematic error evaluation for all three center-
of-mass energy measurements. The ”Standard” column stands for the standard cut while
the ”Cut variation” columns show the variations that are applied to the standard cut.
Only one cut (row) is changed at a time to estimate the systematic error.

Signal Extraction: Contributions to this category come from the energy asymmetry of
the two photons as well as uncertainties due to the signal extraction itself. The
peak positions, widths and shapes in data and Monte Carlo do not perfectly agree
and therefore a systematic difference in integration range between both sides of the
invariant mass peak are present. Due to this, a variation on the integration range
in both directions, more narrow and wider, is done to estimate the uncertainty
due to this difference. shows the different integration ranges used for
the estimation. The signal extraction is an important contribution to the overall
systematic uncertainty especially for the harder to extract low and high momentum
pr bins and for the  meson with its much wider peak. With 1-15% this contribution
also shows the largest transverse momentum dependence.

Integration range 70 n

standard (Myo — 0.035, Mo +0.012) GeV/c? (M, —0.048, M, + 0.022) GeV/c?
narrow (Myo — 0.015, Myo +0.005) GeV/c> (M, — 0.036, M, + 0.010) GeV /c>
wide (Myo — 0.055, Myo +0.025) GeV/c® (M, — 0.068, M, +0.025) GeV/c>

Table 10: Variations of the integration windows for the systematic error estimation from
the signal extraction.

Track Reconstruction: This category contains the cuts that are used on the electron
and positron tracks. This includes the TPC cluster over findable cluster cut as
well as the minimum transverse momentum cut. Both contributions are based on
TPC performance differences between data and Monte Carlo. Despite the Monte
Carlo being tuned to reproduce the TPC conditions during each run, there can
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be differences which will contribute to this uncertainty. Due to large statistical
fluctuations both uncertainties have been smoothed above 2 GeV/c where they
contribute around 1% to the total systematic error. However, at low p; there is a
strong rise of the TPC cluster uncertainty especially for the n meson which results
in this source contributing more then the material budget in the lowest momentum
bin.

Electron Identification: The cuts on the no dE/dx distributions for electrons identi-
fication and pion rejection are the two components of this systematic uncertainty
category. As visible in in the appendix the no distributions have a dif-
ferent shape in data and Monte Carlo as the latter is tuned to be a perfect mean
distributions around zero whereas the data had a Bethe Bloch based splines cali-
bration. This calibration, however, is not perfect and results in the mean not being
exactly centered around unity. The contribution from this category is transverse
momentum dependent and produces an uncertainty of about 1-4%.

Photon Reconstruction: The photon reconstruction related systematic uncertainties
are the ¢; cut as well as the 2D cut in x? and ¥,,,. Being strongly correlated, the
cut variations of the 2D cut components are looked at together and result in one
combined contribution. The uncertainties are smoothed with a parabolic function
to account for the low and high p. rise of the deviations to the standard cut. This
uncertainty adds up to 1-8% depending on transverse momentum.

Pileup: For the pileup contribution estimation two approaches were used. The first ap-
proach is a variation of the ShowBackground fit parameters to stronger and more
loose constraints. The second approach is using a Gaussian instead of the ShowBack-
ground fit for the background description of the DCAz distribution. This resulted
in a contribution flat in pr of 1-3% depending on the center-of-mass energy.

Periods: The systematic uncertainty from the merging of the different periods LHC10[b-
f] and the periods LHC12[a-i] is estimated by running the full analysis on each
period separately and comparing each single period measurement to the merged
results. The motivation of this category is the difference in detector performance
between the periods and how well this is reproduced in Monte Carlo. This resulted
in a 1.5% contribution for the 7 TeV measurement and a 3% contribution for the 8
TeV measurement.

The contributions from each systematic uncertainty category as well as the total sys-
tematic uncertainty are shown in for both neutral mesons and the three
center-of-mass energy measurements. All detailed systematic error sources are given in
the appendix in [Figure C.13] The total uncertainty is generally dominated by the material
budget contribution. However, at low and high transverse momentum the signal extrac-
tion generates larger contributions for both mesons. For the neutral pion measurement a
total uncertainty of 10-20% is observed. The 7 meson measurement shows slightly larger
uncertainties with 12-25%.
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Figure 6.12: Visualization of the smoothed systematic errors for the 7% and 7 meson
measurement at the three presented center-of-mass energies. Indicated with colored points
are the individual error sources whereas the final systematic uncertainty is represented
with the black points.
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Figure 6.13: Differential invariant cross sections of the 7° and 7 mesons in pp collisions
at different energies as a function of the transverse momentum. The data is from PCM
only and includes the systematic uncertainties.

6.4 Fully Corrected Neutral Meson Cross Sections

In this section all corrections which were explained in are applied to the 7° and
1 meson raw yield. At first the pileup correction is applied to the raw yield. Afterwards,
the secondaries are subtracted to obtain the number of events N™ ™ for the following
formula. The resulting quantities from this are then the fully corrected invariant 7% and
7 meson cross sections and are calculated the following way:

o 1 1oy 1 1 1 N™O
dp3 B 27 pr N, €reco, 70(n) A7r0(77) BR A?JAPT ‘

The components of this formula are given as:

(24)

pr represents the bin-shift corrected transverse momentum of the given bin

oup 1S the minimum trigger cross section that was given for each center-of-mass energy
in and is either from the VOOR (900 GeV and 7 TeV) or the VOAND
(8TeV) minimum bias trigger

N.,... is the number of events that are used for normalization as shown in

€reco aNd Ago(y are the reconstruction efficiency and the acceptance as shown in
fure 6.10] that are obtained from the Monte Carlo simulations

BR is the branching ratio of the decay 7° — v+ and n — ~v. It is given in [Table 13| for
both mesons

N™® is the number of reconstructed 7° or 1 mesons within the rapidity range Ay and
the transverse momentum bin Apy

The calculated fully corrected invariant cross sections for both mesons and the three
center-of-mass energy measurements are shown in [Figure 6.13]
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Vs system pr reach for 7 (GeV/c) py reach for n (GeV/c)

900 GeV  PCM 0.4-3.5 0.9 -3.0
PHOS 0.6 - 7.0 N/A

7 TeV PCM 0.3 - 16.0 0.4 -10.0
EMCal 0.6 — 25.0 3.0 -35.0
PCM-EMCal 0.8 - 16.0 1.0 - 12.0
PHOS 0.8 -25.0 1.0 - 20.0

8 TeV PCM 0.3 - 12.0 0.4 -28.0
EMCal 1.2 -20.0 2.0 -35.0
PCM-EMCal 0.8 - 35.0 1.2 -25.0
PHOS 1.0 - 35.0 N/A

Table 11: Transverse momentum reach for both neutral mesons for each center-of-mass
energy measurement and each reconstruction method.

6.4.1 Comparison to other Reconstruction Methods

The neutral mesons in this thesis are measured using the photon conversion method where
the photons are reconstructed from their conversion products using the TPC and the Inner
Tracking System. However, this method is only one of a variety of possible reconstruction
methods. Other measurements, for example, include the Electromagnetic Calorimeter
(EMCal) or the Photon Spectrometer (PHOS) to reconstruct the decay products of the
neutral mesons.

Each of the different reconstruction methods has its advantages as well as disadvantages
depending on the transverse momentum. Whereas only the PCM method can reach down
to very low pr, the calorimeters are superior at very high transverse momentum. In the
following, the spectra obtained with the PCM method are compared with the other re-
construction methods. In addition, the combination of the different methods is explained.

The neutral mesons at /s = 8 TeV have been measured with PCM [77], PHOS [7§],
EMCal [79] as well as the hybrid method PCM-EMCal [80]. In addition, the EMCal
measurement also incorporates the LO and L1 triggered data from this data set. This
allows a maximum transverse momentum reach for both neutral mesons up to 35 GeV/c.
The combination of the measurements as well as additional comparisons are explained in
more detail in the combination Analysis Note [81].

Neutral mesons at /s = 7 TeV have been measured with the same reconstruction meth-
ods as in 8 TeV: PCM [82], PHOS [83], EMCal [83], PCM-EMCal [84]. The EMCal
measurement, however, is based on a different /s = 7 TeV data set (LHC11lc/d) where
additional EMCal sectors were available and therefore the acceptance for the analysis is
increased.

For the lowest center-of-mass energy of 900 GeV there are only two reconstruction meth-
ods available: PCM and PHOS [85]. The rather low statistics in this dataset also makes
the reconstruction of the n meson using PCM very challenging and impossible for the
PHOS measurement.
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Figure 6.14: Ratios of the differential invariant cross sections of the 7 and 1 mesons to
the combined spectrum in pp collisions at different energies and for each reconstruction
method used in the combination.

An overview of the transverse momentum reach of each reconstruction method for all
three data sets is shown in [Table 111

For the combination of the spectra it is important to account for possible correlations in
the uncertainties as each spectrum provides its own statistical and systematical uncer-
tainties. However, the statistical uncertainties are assumed to be uncorrelated between
the different methods. This can be assumed as it is very unlikely that all conversion
products of the same neutral meson are measured in the EMCal, PHOS and TPC at the
same time. Due to different acceptances as well as a focus on different decay kinematics,
this assumption for the combination can be used. However, the systematical uncertain-
ties are correlated between the PCM and EMCal-based measurements but not with the
PHOS measurement as it has no common uncertainty with the other three systems. The
calculation of the correlations using a correlation matrix that links the PCM and EMCal
systematics with the PCM-EMCal hybrid methods uncertainties is explained in great de-
tail in the y/s = 8 TeV combination Analysis Note [81] and will not be further explained
here. The combination of the spectra is based on the standard Best Linear Unbiased
Estimate (BLUE) algorithm [86] and yields the combination of the spectra in a common
binning as well as the systematics accounted for correlations.

The ratio of every available reconstruction method to a TCM fit to the combined spectra
is shown in The fit itself will be explained in the next section. The good
agreement between the presented PCM method and the other reconstruction methods
is worth noting. In addition, it can be seen that the PCM measurement provides for
each combination the low p; points as it is the only method that can reach very low in
transverse momentum.
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Two Component Model Fit

NG Meson A, (pb GeV72c?) T, (GeV) A (pb GeV=2?®) T (GeV) n x2/ndf
900 GeV 0 (0.6+£1.2)x10°  0.55140.135 (1.24£0.8)x 101 0.354+0.081 3.09140.789  2.12
7 TeV 0 (2.940.2)x 10 0.18040.004 (2.140.2)x 10  0.65940.012 3.098+0.009  1.57
n (2.14£3.1)x101°  0.16440.105  (3.7£1.6)x10°  0.75340.086 2.92040.112  0.82
8 TeV 0 (8.241.5)x 101 0.1364-0.008  (4.04:0.4)x10* 0.59140.012 3.0364-0.008  1.92
i (0.154+1.4)x10°  0.665+£0.064  (3.6+£1.4)x10° 0.753+£0.013 3.002+0.027  1.27

Tsallis Fit

NG Meson C (pb) T (MeV) n X2 /ndf
900 GeV 0 (10.164:1.61)x 1010 0.119£0.010 7.372+0.336 1.39
7 TeV 0 (18.184:0.22) x 101° 0.13540.001 6.73040.015 2.93
n (16.94+1.57)x 10° 0.240+£0.017 7.468+0.392 0.81
8 TeV 0 (23.954-0.53) x 101° 0.124£0.001 6.552+0.019 3.97
n (25.1842.69) x 10° 0.186£0.008 6.745£0.083 2.54

Table 12: Parameters of the TCM and Tsallis fits to the 7° and 1 meson differential
invariant yields.

6.4.2 Comparison to Theory

The combined spectra from the last section carry the whole physics information about
the neutral mesons. In addition, the combined spectrum shows a perfect agreement with
the PCM measurement as seen in |[Figure 6.14] Therefore, the combined spectra are used
for comparisons to theory calculations in this section. For the comparison, the spectra
are fitted with several functions whose sole purpose is the parametrization of the spectra
in order to compare them to theory. The parametrizations include a Tsallis function,
that was introduced in as well as a two-component model (TCM) function
that was proposed in [87]. The TCM function is a combination of a Boltzmann part at
low transverse momentum and a power-law part at high p,. This allows the function to

describe the spectra over the full transverse momentum range. The functional form of
the TCM is given by:

d’o Er p2\ "
EST — Ajexp (—2En ) Lo (14 2o 2
O exp ( T ) + < + T2n> (25)

Here, B yin = /P2 + m? — M stands for the transverse kinetic energy of the meson with
mass m. The parameters A and A, represent normalization factors and T', T, and n are
free parameters.

The Tsallis function with the free parameters C', n and T is given as:

e C (n—1)(n-2) me—mY\
dp® 27 nT(nT +m(n — 2)) (1+ nT ) ’ (26)

An overview of the fit parameters for each fit function to the combined neutral meson

spectra is given in
The theory comparisons are done with NLO pQCD calculations using MSTW [88] parton

distribution functions together with DSS14 [89] fragmentation functions for the neutral
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Figure 6.15: Differential invariant cross sections of the 7° and 7 mesons in pp collisions
at different energies as a function of the transverse momentum. The spectra are the
combined measurements using the available reconstruction methods. Ratios of the spectra
to their TCM fit as well as the ratio of the theory predictions to this fit are shown in the

lower half.
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Figure 6.16: Comparison of the combined neutral pion measurements at /s = 0.9 and 7
TeV to the charged pion spectra. The error boxes represent the quadratic sum of statistical
and systematical uncertainties of the measurements. The charged pion spectrum for this
comparison is the average of the spectra of both charges.

pions and with AESSS [90] fragmentation functions for the  meson. For all NLO pQCD
calculations, the same value range for p of 0.5p; < p < 2p; is used for the factoriza-
tion, renormalization and fragmentation. The ratios of pQCD calculations and data to
the two-component function is shown in to check for the agreement between
theory and actual measured result. It can be seen that for every value of u the pQCD
calculations overestimate the data by a significant amount.

Furthermore, a comparison to PYTHIAS.210 [91] with the Monash 2013 tune [92] is made
for all measurements. As the measured data is, due to the applied correction, assumed to
be clean of contaminations of long-lived strange particle decays (e.g. K% and A), these de-
cays were not included in the PYTHIA simulations. It can be seen that the Monash 2013
tune calculation is able to reproduce the /s = 8 TeV measurement very well over a wide
transverse momentum range. The same behavior can be observed for the /s = 7 TeV
measurement of both neutral mesons down to a transverse momentum of about 1.5 GeV/c.
Due to the rather large uncertainties for the /s = 900 GeV measurements, the agree-
ment between data and PYTHIA calculation is given within the uncertainties. However,
it seems that for this center-of-mass energy the calculations assume a stronger falling
spectrum.

6.4.3 Comparison to Charged Pions

The charged and neutral pion productions are expected to be similar due to isospin
symmetry. In order to check for the agreement between the spectra, the averaged spectrum
between both charges of the charged pions are compared to the measured 70 yields.
The resulting ratios for two center-of-mass energies is shown in where the
uncertainties are the quadratic sum of the statistical and systematical uncertainties. For
the /s = 900 GeV comparison, the published measurements from ALICE [72] are used.
Despite the large uncertainties, a slight offset in the ratio towards a higher neutral pion
yield can be seen.
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Figure 6.17: n/7 ratio in pp collisions at different energies as a function of the transverse
momentum. The data is from the combined measurements at the respective center-of-mass
energies and includes the systematic uncertainties. Theory calculations from PYTHIAS.2
with the Monash 2013 tune as well as pQCD NLO calculations for 0.5p; < p < 2p; are
shown for comparison.

The comparison at /s = 7 TeV covers a very wide transverse momentum range as the
charged pions spectra in the published ALICE measurements |93] have been measured
up to 20 GeV/e. A good agreement between charged and neutral pions can be observed
over the full transverse momentum range which provides additional proof for a good
measurement of the 7° mesons.

For the highest center-of-mass energy measurement at /s = 8 TeV no charged pion
measurement is currently published. Therefore no comparison could be done for the
neutral pions.

6.5 n/m’ Ratio

The n/7° ratio provides additional insights into the particle production mechanisms. One
property of this ratio is the cancellation of systematic uncertainties between both mea-
surements as those uncertainties have the same influence on both spectra. Most important
is the material budget uncertainty of 9% for PCM that cancels out as both spectra rely
on the same Monte Carlo simulation. The n/7° ratios for all three center-of-mass energy
measurements are shown in including the systematic uncertainties. The data
points are the combination of the different reconstruction methods. The characteristic
asymptotic behavior of the ratio can be observed with its increase in p; until the flatten-
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ing at pr ~ 4 GeV/c. This behavior is visible for the /s = 7 and 8 TeV measurement
whereas the /s = 900 GeV measurements lacks data points as well as statistics. While
the NLO calculations were not able to describe the ¥ and 1 spectra themselves, they do
a much better job at describing the n/7° ratio. In addition, the PYTHIAS.2 calculation

is shown for all three center-of-mass energy measurements with a fairly good agreement
down to 1.5 GeV/ec.
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7 Direct Photon Analysis

In this chapter, the identified photon candidates from are corrected to obtain
the inclusive primary photons and in the end the direct photon signal. As introduced
in [Section 2.4} the direct photons are an important probe for the early collision stages.
However, their extraction depends largely on a good understanding of the decay photons
as well as a perfect correction of the inclusive photon yield.

7.1 Inclusive Photons

The fully corrected inclusive photon yield is obtained from the identified photon candi-
dates by applying several corrections to the raw photon yield shown in [Figure 7.1 The
raw yield is normalized by the number of events given in [Table 2| The following sections
cover the corrections of the photon candidates, the systematic error evaluation and the
final inclusive photon spectrum as well as the inclusive /7 ratio.
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Figure 7.1: Inclusive photon raw yield per event for the three center-of-mass energy
measurements.

7.1.1 Inclusive Spectrum Corrections

The corrections of the inclusive photon raw yield include the detection efficiency, the
resolution, secondary decay photons, the conversion probability and out-of-bunch pileup.
Most correction factors are obtained from the Monte Carlo simulations due to the ad-
ditional information they provide. However, for the secondary photons a data driven
approach using a cocktail simulation is used. In the following part, each correction will
be explained in detail:

7.1.1.1 Out-Of-Bunch Pileup

The necessity of the out-of-bunch pileup correction was already discussed in [Section 6.2.1
and will not be further mentioned in this section. Instead the focus is set on how the
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Figure 7.2: Left: Transverse momentum integrated DCAz distribution of category 1
and category 3 track pairs including the background fit. Right: Out-of-bunch pileup
correction factor for the three center-of-mass energy photon measurements.

correction factor is obtained for the photons. The three established photon categories
based on their track information provided by TPC or ITS are the same as before; category
1 where both tracks are TPC only based, category 2 where additional information for one
track is provided by the I'TS and category 3 where both tracks are based on both, ITS and
TPC. The last category is expected to not show any pileup contribution due to the good
primary vertex resolution and therefore rejection of pileup events. Both other categories,
however, will show pileup contributions as their photon conversion points are shifted in
z-direction due to the additional drift time the out-of-bunch pileup events have. Similar
to the neutral meson pileup estimation the DCAz distribution is used as it shows this
shift of conversion points as a broadening of the legs of the distribution.

The p; integrated DCAz distributions for the category 1 and category 3 photons is shown
in [Figure 7.2 The broadening of the distribution legs towards larger DCAz is visible.
In addition, the background description using the ”ShowBackground” function as well as
the pileup subtracted DCAz distribution are shown. The function nicely describes the
background and serves as the pileup estimation under the peak. The pileup subtracted
distribution that is given by the light blue points shows a much sharper peak without
the wide legs. For comparison, the category 3 distribution is also shown in [Figure 7.2
This shows that the DCAz distribution without pileup should be very narrow around
DCAz = 0. The remaining difference between the pileup subtracted peak and the cat-
egory 3 peak is due to the much better tracking resolution of the ITS detector system
compared to the TPC only vertex reconstruction.

The pileup correction factor is calculated by comparing the pileup subtracted distributions
from category 1 and category 2 to their original distributions. As there is no pileup
expected for category 3, no pileup estimation is made for it. The correction factor is
calculated with the following formula:

F.. _ rygl?f)tiacted (pT) + ’y;ilt)thacted (pT) + rY;ﬁt g(pT> 27
pileup <pT) - cat 1 cat 2 cat 3 ( )
Yaii H(pr) s 2 (o) + s P (pr)
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Figure 7.3: Left: Reconstruction efficiency for secondary photons coming from K39, K?
and A decays. Right: Conversion probabilities of the secondary photons from K2, K?
and A decays. Both plots show the points obtained from the /s = 7 TeV Monte Carlo
simulation.

Here, the subscript ”subtracted” stands for the pileup subtracted photons in the respective
categories. The calculated out-of-bunch pileup correction factors for the three center-of-
mass energy measurements are shown in |Figure 7.2 This shows the expected behavior
of the correction factor with increasing interaction rate as the /s = 8 TeV correction
factor is the largest reaching up to 9% at low pr. The correction in the /s = 900 GeV
measurement on the other hand is with ~ 1% very small.

7.1.1.2 Secondary Decay Photons

The secondary correction for the inclusive photons follows a similar approach as for the
neutral pion secondaries. In case of the photons, secondaries are considered to be all
those photons that do not originate from the primary vertex or from primary particles.
A large portion of these photons comes from the decay K3 — 7'7° — 4v. Additional
sources are secondary photons coming from the weak decays of K¢ and A. However, they
are strongly suppressed due to their long lifetime and therefore the improbability of the
reconstruction of their decay products in the TPC.

For the correction the same cocktail decay simulation as for the neutral pion secondary
correction is used. For this, the measured K9, K? and A spectra, as explained in
are used as input. The mother particles are then produced flat in p; and
afterwards the particle decays are simulated using PHYTHIA 6.4. The resulting mother
and daughter spectra are then weighted with the parametrized input spectra which leads
to the secondary photon distributions being obtained as fully corrected spectra. As the
secondaries need to be subtracted from the raw yield, the detector response is folded onto
the spectra using the reconstruction efficiencies and conversion probabilities for the sec-
ondary photons that are obtained from the full Monte Carlo simulations. Efficiency and
conversion probability calculations are explained in [Section 7.1.1.4] and [Section 7.1.1.5|
respectively. The resolution correction for the secondary spectra is obtained from the
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Figure 7.4: Left: Raw yields for secondary photons coming from K9, K9 and A decays.
Right: Fractions of secondary photons from K2, K? and A decays to the measured raw
photon spectrum. Points shown are obtained from the /s = 7 TeV simulations.

Monte Carlo simulations and included in the efficiency correction.

However, the limited statistics of the Monte Carlo simulations do not allow the extrac-
tion of the efficiencies and conversion probabilities for the K9 and A until the maximum
transverse momentum necessary. Therefore, the efficiencies in Monte Carlo for both par-
ticles are fitted. The fit is then used to obtain a scaled down version of the primary
reconstruction efficiency. This can be done as the shape of the primary efficiency and
secondary efficiencies is assumed to be similar. The conversion probability is assumed to
level out towards large transverse momenta and is therefore fitted with a constant in the
high p; region. The constant value is then assumed for all transverse momentum bins that
are not described due to the limited Monte Carlo simulation statistics. The smoothed
reconstruction efficiencies as well as the plateau in conversion probabilities obtained from
Monte Carlo can be seen in [Figure 7.3 The same quantities for the other center-of-mass
energy measurements can be found in the appendix in|[Figure C.11, Both figures illustrate
the strong difference between K2 and K? due to the different decay lengths. The much
larger decay length of the K? results in a much smaller reconstruction efficiency and con-
version probability as it is very unlikely that the K¢ decays inside or in front of the TPC.
In addition, this has the consequence that for the late decays there is much less material
for the conversions of the photons and therefore a smaller conversion probability.

In order to obtain the raw secondary photon spectra for the correction, the decay simu-
lation spectra need to be multiplied with their reconstruction efficiencies as well as their
conversion probabilities. The resulting raw secondary photon yields from K9, K? and A
are then subtracted from the measured photons. shows the secondary photon
raw yield as well as the fraction of secondary photons from the different sources to the
measured photon raw yield for the /s = 7 TeV measurement. The same quantities from
the two other center-of-mass energy measurements can be found in the appendix in
. This shows that the secondary photons from K decays are the most significant
source whereas the other particles contribute at least one order of magnitude less to the
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Figure 7.5: Left: Monte Carlo based ratio of different photon background sources to the
real primary photons at /s = 7 TeV. The pairs contain both possible charge combinations.
Right: Photon purity for the three center-of-mass energy measurements.

total photon yield. The category "Rest” is similar to the neutral pion secondary correc-
tion and contains mostly material interactions. It is obtained directly from the Monte
Carlo simulations which include the full detector simulation.

7.1.1.3 Purity

The fraction of real photons to the identified V° sample is defined as the photon purity.
It therefore serves as a measure for the contamination of the photon sample. The photon
selection cuts remove as much of the contamination as possible while still maintaining a
large efficiency. A nearly perfect purity would only be achievable by sacrificing a lot of
statistics which is not reasonable for this measurement. The remaining contamination
after the cut applications is mostly composed of random track combinations where the
tracks originate from two different secondary vertices. Having passed the selection cuts,
those track pairs show a similar topology as the photon conversion pairs and are mostly
composed of random e™e™ pairs, electron pairs or pion-pion pairs.

Using the additional information provided by the Monte Carlo simulations it is possible
to visualize the different sources of the photon background. For this, the MC based ratio
of identified background sources to the real primary photons is shown in [Figure 7.5 It
shows that the dominant contribution at low transverse momentum is made of false e*e™
pairs, whereas towards higher p; the electron-pion contamination takes over.

The purity is calculated for each center-of-mass energy spectrum after the secondaries
from the last section have been subtracted. The calculation is fully based on Monte Carlo
spectra and done using the following formula:

MC, true
¢ (p ) . Vrec. prim. (pT)
ur, T) —
r Ao M () — A dre ()

For this, the photon spectra are reconstructed from the MC simulation and in addition
they are validated to be true photons. The ratio therefore compares the true primary pho-

(28)
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Figure 7.6: Left: The detector response matrix from the /s = 7 TeV Monte Carlo
simulation. Right: Reconstruction efficiencies for the three center-of-mass energy mea-
surements.

tons of the reconstructed spectrum to all reconstructed photons without the secondaries.
This allows the purity to estimate the contamination in the reconstructed spectrum based
on the Monte Carlo simulation. The purities of all three center-of-mass energy measure-
ments are shown in m For all measurements a 99% purity until 3 GeV/c in
transverse momentum can be observed. Above 3 GeV /c the contamination from electron-
pion pairs strongly increases which leads to a decrease in purity down to 94%.

7.1.1.4 Efficiency

The reconstruction efficiency corrects the measured spectrum for the loss of conversion
pairs due to limited reconstruction and detector performance. In addition, it corrects for
differences in the particle transverse momentum distributions in data and Monte Carlo.
Such differences arise from limited detector resolution and electron bremsstrahlung. The
efficiency correction is therefore applied in two steps; first the transverse momentum of
the photons is converted to the real photon momentum by using Bayesian unfolding with
the detector response. After that, the reconstruction efficiency is applied to correct for
the remaining detector effects.

The unfolding for the conversion of measured p; to the true transverse momentum is done
using the detector response matrix which is shown in [Figure 7.6 The matrix shows the
effect of bremsstrahlung with the shift of points towards p}'“. As a consequence of the
bremsstrahlung the photons are reconstructed with a lower momentum than they were
actually produced. For the unfolding itself the RooUnfold package [94] 95] is used. With
this package it is possible to use a Bayesian approach instead of the direct inversion of
the response matrix which is a strongly statistically limited method. Instead the detector
response is unfolded in several iterations where the initial distribution is given as the
true transverse momentum from Monte Carlo and each subsequent iteration uses the last
distribution as input.
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Figure 7.7: Photon conversion probabilities obtained from Monte Carlo simulations for
the three measurements inside the pseudorapidity range of |n| < 0.9.

The reconstruction efficiency is then calculated as a function of the true transverse mo-
mentum by dividing the reconstructed Monte Carlo validated photon spectrum by all
conversion photons from the simulation. This will also include the detector material
conversion in the efficiency. The calculation is as follows:
MC, tr
true Vrec. 1;)trilrlrel3 (pir:rrue)

Eeﬁv '7(pT ) = MC, conv
Vall prim (

29
o (29)

shows the reconstruction efficiencies for all three center-of-mass energy mea-
surements obtained from the unfolding method. Similar to the neutral meson efficiencies
the drop towards low p; is due to the conversion products either not reaching the TPC
or them not passing a minimum radial distance inside the TPC. The decrease at high
transverse momentum comes from dead areas in the TPC where the conversion products
cannot be reconstructed as they do not bend enough in the magnetic field due to their
high momentum.

7.1.1.5 Conversion Probability

The PCM measurements are based on the conversion of the photons into e*e™ pairs.
However, the probability for the conversion in the detector depends on the amount of
material that can be crossed by the photons. For this analysis, the most amount of mate-
rial with small radiation lengths is given by the beam pipe as well as the Inner Tracking
System. The TPC gas, however, has a very long radiation length and therefore most
conversions will happen in front of the TPC. Calculation of the conversion probability is
fully based on the Monte Carlo simulations and also depends on how well the detector
material is reproduced in the simulation. It is calculated with the following formula:

MC, COHV( true)

truey __/prim T
Peonv, 7(Pr™) = MG, all

Vprim (pfrrue)

The conversion probability is therefore the ratio of converted photons to all photons in

(30)
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Figure 7.8: Fully corrected primary inclusive photon yields including systematic uncer-
tainties for the three center-of-mass energy measurements.

the given pseudorapidity range. shows the calculated conversion probabilities
for all three center-of-mass energy measurements. It can be seen that for large transverse
momenta it levels out to about 9% whereas towards low p, a drop in probability is visible.
This drop originates from the increasing importance of Compton scattering at low photon
energies.

7.1.2 Inclusive Photon Spectrum

The application of all corrections on the raw photon spectrum results in the fully cor-
rected primary inclusive photon spectrum. At first, the pileup correction is applied to
the inclusive photon raw yield. Afterwards, the secondary photons are subtracted and on
the resulting yield the remaining corrections are applied. They include the correction for
efficiency, detector response, purity as well as the conversion probability. The correction
is calculated with the following formula:

inc inc sec Eour\ P 1
f)/cori(pT) = Fpileup(pT) X fyravg(pT) B Z f}/raw(pT) X L ( T) X P (31)
KO0g,KO01,,A,Rest Eeff (pT) conv (pT)

The resulting spectrum is therefore the pr dependence of all primary photons which were
produced in the pseudorapidity region of |n| < 0.9 and 27 in azimuth. The invariant yield
can now be obtained by normalizing to the number of events and the following formula:

EN, PN, 1 )
dp3 ppoTdyd¢ 271—]\/vevent AyApT
The number of events for the normalization is given in and the fully corrected pri-
mary inclusive photon yields are shown in for the three center-of-mass energy

(32)
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Figure 7.9: Inclusive /7 ratio including systematic uncertainties for the three center-
of-mass energy measurements.

measurements including systematic uncertainties. An overview of the detailed systematic
uncertainties is provided in the appendix in [Figure C.14} [Figure C.15[ and [Figure C.16|
for all photon related measurements. The transverse momentum reach is the same as
for the neutral pions and ranges from a minimum of 0.3 GeV/c up to 16 GeV/c for the
/s = 7 TeV measurement.

In addition, the inclusive ratio of neutral pions and photons can be calculated. This ratio
will be important for the direct photon extraction in the next section. The ~/7° ratios
for the three center-of-mass energy measurements are shown in including the
systematic uncertainties.

7.2 Direct Photon Extraction

This section introduces the decay photon cocktail as well as the direct photon excess
ratio and spectrum. For the direct photon extraction all results from the previous section
are required as input, including their systematic uncertainties. A general introduction
to direct photons has been given in and this section will further explain the
extraction method.

7.2.1 Decay Photon Cocktail

In order to extract the direct photons it is mandatory to subtract the contribution from
electromagnetic decays from the inclusive sample. As it is not possible to determine the
decay photons from data, a decay simulation is used which is based on the parametriza-
tions of a multitude of different measured particle spectra [96]. Measurements of kaons,
charged pions, lambda baryons and protons have been performed at each of the three
center-of-mass energies in ALICE and are used in addition the the neutral meson mea-
surements from this analysis for the generation of the cocktail. An overview of the mother
particles included in the decay photon cocktail simulation is shown in [Iable 13| including
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the relevant branching ratios for decays into photons which are taken from the PDG [97].
As the cocktail is also used for the determination of the secondary contribution of the
neutral pions, the relevant branching ratios for the decays from K2, K? and A are also in-
cluded in the table. However, several cocktail ingredients have not been measured directly
and are therefore produced from transverse mass (m.) scaling from the 7° parametrization
for mesons and the proton parametrization for baryons. Transverse mass scaling exploits
the fact that the spectra of different particle species are only shifted by a constant factor
when expressed as a function of my = y/p2 + m?, where m denotes the particle’s mass.
With this it is possible to calculate the spectrum of any meson or baryon of species X,
based on the neutral pion or proton parametrization using the following formula:

d3NX

dp3
Here, C,,, denotes the constant scaling factor that has to be determined experimentally
and is listed in[Table T3] It originates from the constant ratio factor of the particle spectra
at high transverse momentum and is obtained from measurements or PYTHIA simula-
tions. The parametrization of the neutral pion or proton spectrum is given by Pro/, as a
function of transverse mass of particle X.

E — Cpy - Pro () (33)

While the neutral meson spectra are measured in this thesis and taken as input for the
cocktail simulation, other spectra are taken from external sources. The proton spectra are
taken from the corresponding publication for each center-of-mass energy [72-74]. How-
ever, for the /s = 8 TeV case there are no publications on proton production available
and therefore an extrapolated spectrum using the 2.76 TeV and 7 TeV spectra as proxies
is used [77]. The proton itself is no direct source for decay photons or secondary particles,
but it is used as the reference spectrum for the m. scaling of the A, A* and X° baryons.

7.2.1.1 Input Spectra Parametrization

The parametrization of the input spectra is of great importance for a reliable decay pho-
ton cocktail. It is necessary as the particle spectra only provide a limited transverse
momentum reach towards low and high p;. The fit functions used to describe the spec-
tra are chosen to best describe the observed spectrum over the full measured transverse
momentum range and hence do not necessarily employ physical models for the description.

The neutral pion spectrum is ideally described by a modified Hagedorn function is used
as it describes the measured spectrum the best possible way. This function was proposed
by the PHENIX collaboration and is given by:
pe| "

E—— =A- |exp (apr + bp2) + — 34
This functional form is also used for the description of the measured charged pion, K2,
K?, A and proton spectra with the only difference being the multiplication with trans-
verse momentum to improve the high p. tail description.
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particle mass (MeV) C,,. measurement decay  branching ratio
900 GeV 7 TeV 8 TeV

! 134.98 - — this thesis — vy 9.882 x 107
efemy  1.174 x 1072
n 547.85 - — this thesis — vy 3.941 x 107
7%y 2.560 x 107%
atrTy 4.220 x 10792
efe™y  6.899 x 1079
prp=y  3.090 x 107
n' 957.66 0.40 my scaling %y 2.908 x 107
wy 2.746 x 10792
Yy 2.198 x 10792
ptp=—y  1.080 x 10~
w 782.65 - [98] 70y 8.350 x 1072
ny 4.600 x 107
7%  7.000 x 1079
oY 775.49 1.00 my scaling atrTy  9.900 x 1079
7Oy 6.000 x 10~
7y 3.000 x 107
7O7%  4.500 x 107%
pr 775.49 1.00 my scaling Ty 4.500 x 10~
0 775.49 1.00 my scaling Ty 4.500 x 107%
o) 1019.46 - [99] ny 1.310 x 10792
7Oy 1.273 x 1079
atrTy  4.100 x 107%
om0y 1.130 x 1079
7oy 7.300 x 1079
n'y 6.300 x 1079
prp=y  1.400 x 107%
A° 1232.00  1.00 my scaling of proton ny 6.000 x 1079
AT 1232.00 1.00 my scaling of proton Py 6.000 x 1079
0 1192.64  0.49 m. scaling of proton A~y 1.000 x 10+
K} 497.61 - [72] [100] [74,]100] wFfm—y 1.787 x 107
7070 3.065 x 1070
KY 497.61 - [72] [100] [74,]100] 7FeTvy 3.988 x 107
7EuFTry  4.920 x 107
atrTy  4.200 x 1079
Yy 5.500 x 10~
707070 1.946 x 107"
atr—n®  1.250 x 107
7070 8.630 x 10~
A 1115.68 - [101]  [1o0] [74,]100]  ny 8.400 x 107
nm® 3.580 x 107

Table 13: Mother particles included in decay simulation.
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For the  meson a Tsallis function [75] as introduced in [Section 6.2.4is used as it provides
the best possible spectrum description.

7.2.1.2 Particle Decay Simulation

The decay particle spectra are obtained from a decay simulation of randomly generated
mother particles from the list of mother particles given in The generation
of the mother particles is done flat in the transverse momentum range of 0 GeV/c <
pr < 50 GeV/c and for the rapidity range of |y| < 1.0 as well as the full azimuth of
0 < ¢ < 2m. The parametrizations are then applied as a weight on the transverse
momentum spectrum to reduce statistical fluctuations and improve the reach towards
higher transverse momenta. For each decay simulation a total of one million events
with 1000 particles per species and event are generated. This ensures that there are no
contributions to statistical uncertainties coming from the decay photons or secondary
neutral pions.

The spectra for all generated mother particles from the decay simulation at /s = 7 TeV
as well as the ratio of the mother particle spectra to the neutral pion or proton spectrum
are shown in [Figure 7.10 The neutral pion is the most dominant mother particle at low
transverse momenta. However, towards high p; the contributions from the transverse
mass scaled spectra with C,,,. = 1, i.e. the p° and p*, become similar to the neutral pion.
In addition, the ratio plot visualizes the effect of the m. scaling on the spectra as they
approach the value of ), towards high transverse momentum.

The PYTHIA 6.4 decayer is used to simulate the decays of the generated mother particles.
For this, the branching ratios as listed in are used and the full decay chain for
each particle is simulated. This allows the cocktail to be used for the secondary correction
as well as the extraction of the decay photon spectrum. However, in the case of the decay
photons, only the direct decays from primary particles are used. In order to use the decay
spectra for the analysis, the rapidity range is cut after the decay simulation to the range
used in the analysis. This ensures that particles on the edges of the fiducial zone are
correctly accounted for and that they are included in the cocktail.

The decay photon spectra are obtained from the PYTHIA decayer where the input
parametrizations are used as weights. All spectra are shown in[Figure 7.11] for the different
decay photon sources. In addition, the fraction of the decay photons from the different
sources to the full decay photon cocktail is also shown in the figure. With a fraction of
about 80% the neutral pion is the dominant source of decay photons followed by the 7
meson with &~ 10% contribution. The w and 71’ also contribute a non-negligible amount
to the decay photon cocktail, whereas the remaining particles make at least one order of
magnitude less impact on the total decay photons.

For the calculation of the direct photon excess ratio in the next section, not only the
decay photon cocktail is used. Instead, it is normalized by the generated neutral pion
spectrum. It is therefore important that the neutral pions are correctly simulated in
the cocktail as an increased pion yield would translate into an increase of the decay
photon yield. This would distort the direct photon spectrum in case the cocktail neutral
pion spectrum shows significant differences to the measured neutral pion spectrum that
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Figure 7.11: Left: Decay photon spectra from the cocktail simulation at /s = 7 TeV.

Right: Fraction of the decay photon sources to the full decay photon cocktail.
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Figure 7.12: Comparison of the measured and the generated neutral pion spectrum for
the three center-of-mass energy measurements and cocktail simulations.

is used as input for the cocktail. In both neutral pion spectra, measured
and generated, are shown together for the three center-of-mass energy measurements and
cocktail simulations. Differences at low and high p; come from the lower statistics in
these bins for the measured spectrum and therefore a possible difference due to the fitting
for the cocktail input parametrization. Differences in the decay photon spectrum as well
as the generated neutral pion spectrum due to the input parametrizations are accounted
for in the systematic uncertainties of the direct photon excess ratio in the next section.

7.2.2 Direct Photon Excess Ratio and Spectrum

The direct photon excess ratio provides the information, whether an excess of direct
photons is observed in the inclusive sample. The ratio compares the ratio of the measured
photon signal to the measured neutral pion spectrum to the same ratio obtained from the
cocktail simulation. An excess ratio above unity would therefore indicate the contribution
of photons that do not originate from particle decays. These photons can originate either
from soft or hard processes as explained in [Section 2.4|

The excess ratio, which is a double ratio, is used as it provides partial cancellation of
systematic uncertainties especially for the constant material budget uncertainty of 4.5%.
The double ratio is given as:

(’Yinc (pT)/WO (pT))meas ~ Yinc (pT)
(’7dec (pT)/ﬂ—O (pT))sim 'Vdec(p'r> ‘

Here, ~ine(pr) represents the inclusive photon transverse momentum distribution which
includes both, direct and decay photons. The decay photon spectrum from the cock-
tail simulation is given by Yqec(pr) and 7°(py) represents the neutral pion spectra. By
definition, R, > 1 implies a direct photon excess signal. shows the excess
ratio calculated from the inclusive v/7% and the cocktail-based «/7° ratio for all three
center-of-mass energy measurements including systematic uncertainties. Within the un-
certainties no significant excess above unity is observed. In addition, the data is consistent

Ry = (35)
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Figure 7.13: Direct photon excess ratio for the three center-of-mass energy measure-
ments including systematic uncertainties and pQCD NLO predictions.

70



Direct Photon Analysis

c:\ E T T T T T T T ‘ E
(&) 3: ) -
~ 10 ALICE thiswork 5
> = =
& 102? =
2w | ] l :
s ) :
W 1ot l 1 l -
g ulll F
10 g E
10 l l E
10%F .
10%L- [+ Vs =8 TeV (x 10 4
= [«]Vs=7TeV (x 109 E
107e [+] Vs =900 GeV 5
10_8; — NLO predicition ;
10_9; | | | | L1 1 ‘ | | 1 1 1 L1 1 ‘ —f
0.304 1 2 3 4 567890
P, (GeVic)

Figure 7.14: Calculated direct photon upper limits for all three center-of-mass energy
measurements including the pQCD NLO predictions.

with the NLO calculations, despite the rise at high p not being visible due to the large
uncertainties.

The calculation of the direct photon spectrum is then done using the measured R, and
the measured inclusive spectrum with the following formula:

P)/dir(pT) - f}/inc(pT) — "ydec<pT) = ’Yinc(pT) : (1 - R»;l(pT)) (36)

Due to the large uncertainties that can be seen in on R, it is not possible to
give distinct points for the direct photon spectrum. Instead upper limits are calculated
which represent a 95% confidence level based on the combined statistical and system-
atic uncertainties for the direct photon spectrum. This calculation employs a Gaussian
distribution around the central values of R, with the width being the quadratic sum of
statistical and systematical uncertainty. The upper limits are then the R, value at which
the section of the Gaussian with R, > 1 is given with a 95 percentile fraction. This can
also be expressed as:

K
/ G(z|p,0)dx = 95% (37)
1

Here, K stands for the value of the upper limit, x4 is the mean of the Gaussian which is
given by the central values of R, and o = /0%, + 02 being the width of the Gaussian.
The calculated upper limits are shown in for all three center-of-mass energies
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including the NLO predictions at high transverse momentum.

It can therefore be concluded that the statistical and systematical limitations of the
dataset and the analysis itself are too large to observe a significant excess of prompt
photons. In addition, a thermal photon signal is not expected to be visible in proton-
proton data which is consistent with the measurements shown in this analysis.
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8 Summary and Outlook

The measurements of the 7% and 7 meson invariant cross section spectra as well as the
direct photon spectra in proton-proton collisions at /s = 0.9, 7 and 8 TeV have been
presented. For this, data taken by ALICE in 2010 was used for the /s = 900 GeV and
Vs = 7 TeV measurements and data collected in 2012 for the /s = 8 TeV analysis.
A thorough quality assurance was performed for both datasets on a run-wise basis. In
addition, a cocktail simulation was produced which uses parametrized measured spectra
as input and provides the full description of the secondary particles as well as the decay
photons for this analysis.

The neutral meson measurement was based on the two photon decay channel where the
photons are reconstructed using the electron-positron pairs originating from their con-
versions due to material interactions. For the reconstruction of the e and e~ tracks,
information from the Time Projection Chamber as well as the Inner Tracking System
of ALICE was used. The meson signal was obtained by calculating the invariant mass
of every possible photon pair. Underlying combinatorial background was removed us-
ing the event mixing method and the remaining signal was fitted with a Gaussian dis-
tribution together with an exponential and a linear function to describe the peak as
well as the bremsstrahlung tail as well as remaining background under the peak. From
the background subtracted invariant mass distributions the raw yield was determined
via bin counting in an asymmetric window around the peak position to incorporate the
bremsstrahlung tail on the left side of the peak. This window ranged from -11¢ to 40 for
the neutral pion and -8¢ to 3o for the n meson.

The raw yield was then corrected for out-of-bunch pileup, secondary neutral pions as well
as acceptance and efficiency. The correction factors were obtained by using the Monte
Carlo simulations as well as the cocktail simulations. On the corrected spectra the sys-
tematic uncertainties were evaluated via detailed cut and parameter variations. For both
mesons, the systematic uncertainty is dominated by the material budget with a 9% con-
tribution to the total error.

The corrected spectra have then been compared to and combined with different recon-
struction methods. A perfect agreement between PCM and the other methods has been
found and the combined spectra were compared to theoretical models as well as charged
pions. The theoretical models failed to describe the transverse momentum dependence of
the individual neutral meson spectra but showed good agreement in the n/7° ratio.

The direct photon measurement was also performed using the photon conversion method
and therefore the reconstruction via electron-positron pairs from TPC and ITS based
tracks. Corrections were applied similar to the neutral mesons and systematic uncer-
tainties were also evaluated on the corrected spectra. The systematic uncertainty on the
inclusive photon spectrum was found to be approximately flat 5% over the full transverse
momentum range and dominated by the material budget uncertainty of 4.5%. Using the
measured inclusive photon and 7° meson spectrum as well as the cocktail based decay
photon and neutral pion spectrum is was possible to calculate the direct photon excess
ratio. The ratio showed no significant excess above unity within the given uncertainties
but was found to be consistent with NLO calculations. Upper limits for the direct photon
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spectrum were calculated using the combined statistical and systematical uncertainties
on R, and showed an agreement with the NLO calculations.

Improvements to the /s = 8 TeV measurement could be made by including EMCal-
triggered data as a cross-check as well as an extension of the transverse momentum
reach. In addition, the cocktail simulation could be improved by optimizing the input
parametrizations and by including more measured spectra instead of using m. scaling.
Furthermore, as the material budget uncertainty is the largest error contribution for all
measurements a new approach using weights can be tested in order to possibly reduce
its contribution [102]. The weights approach uses the well known TPC gas properties to
calibrate the remaining detector parts in radial bins. Additionally, the full combination
of the neutral meson measurements at /s = 7 TeV including the systematic error correla-
tions is planned and will provide the full description of the spectra at this center-of-mass
energy.
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A Appendix

The appendix provides supplementary figures to the analysis. It will contain a complete
list of runs used in the analysis, detailed transverse momentum invariant mass bins for
each data set and Monte Carlo simulation as well as DCAz bins for the out-of-bunch
pileup correction. Detailed systematics for the neutral meson and direct photon analysis
as well as an overview of the acronyms used in the analysis.

B Run Numbers for the Analysis

LHC10c_900GeV, LHC14j4c_900GeV
118506, 118507, 118512, 118518, 118556, 118558, 118560, 118561, 121039, 121040

LHC10b, LHC14j4b
114786, 114798, 114918, 114920, 114924, 114931, 115186, 115193, 115310, 115318, 115322, 115328,
115335, 115345, 115393, 115399, 115401, 116079, 116081, 116102, 116288, 116402, 116403, 116562
116571, 116574, 116643, 116645, 117048, 117050, 117052, 117053, 117059, 117060, 117063, 117092
117099, 117109, 117112, 117116, 117220, 117222

LHC10c, LHC14j4c
119159, 119161, 119163, 119841, 119842, 119844, 119845, 119846, 119849, 119853, 119856, 119859,
119862, 120067, 120069, 120072, 120073, 120076, 120079, 120244, 120503, 120504, 120505, 120616,
120617, 120671, 120741, 120750, 120758, 120820, 120821, 120822, 120823, 120824, 120825, 120829

LHC10d, LHC14j4d
122374, 122375, 124751, 125083, 125085, 125097, 125100, 125133, 125134, 125139, 125140, 125156,
125186, 125205, 125206, 125630, 125632, 125842, 125843, 125847, 125848, 125849, 125850, 125851,
125855, 126004, 126007, 126008, 126073, 126078, 126081, 126082, 126088, 126090, 126097, 126158,
126160, 126167, 126168, 126283, 126284, 126285, 126351, 126352, 126359, 126403, 126404, 126405,
126406, 126407, 126408, 126409, 126422, 126424, 126425, 126432

LHC10e, LHC14j4e

128366, 128452, 128494, 128495, 128498, 128503, 128504, 128505, 128506, 128582, 128590, 128592,
128594, 128596, 128605, 128609, 128611, 128615, 128621, 128677, 128678, 128777, 128778, 128819,
128820, 128823, 128824, 128833, 128834, 128835, 128836, 128843, 128850, 128853, 128855, 128913,
129042, 129512, 129513, 129514, 129515, 129516, 129519, 129520, 129521, 129523, 129524, 129525,
129527, 129528, 129536, 129540, 129586, 129587, 129599, 129639, 129641, 129647, 129650, 129651,
129652, 129653, 129659, 129666, 129723, 129726, 129729, 129734, 129735, 129736, 129738, 129742,
129744, 129959, 129960, 129961, 129962, 129966, 130149, 130151, 130157, 130158, 130168, 130172,
130178, 130342, 130343, 130354, 130356, 130358, 130360, 130375, 130480, 130481, 130517, 130519,
130520, 130524, 130526, 130601, 130608, 130609, 130620, 130621, 130623, 130628, 130696, 130704,
130793, 130795, 130798, 130799, 130834, 130840, 130842, 130844, 130847, 130848, 130850

LHC10f, LHC14j4f
133006, 133007, 133010, 133327, 133329, 133330, 133414, 133563, 133670, 133762, 133800, 133920,
133969, 133982

Table 14: Runs used for the /s = 900 GeV and /s = 7 TeV neutral meson and direct

photon analysis.
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176701, 176704, 176730,
177157, 177160, 177167,

LHC12a, LHC15hlal, LHC15h2a
176749, 176752, 176753, 176854, 176859, 176924, 176926, 176927
177173, 177180, 177182

176929

)

177580, 177592, 177597,
177864, 177869, 177942

LHC12b, LHC15h1b, LHC15h2b
177612, 177620, 177624, 177671, 177798, 177799, 177804, 177858,

177861

)

179618, 179621, 179639,
180044, 180127, 180129,
180564, 180567, 180569,
182289, 182295, 182297,
182692, 182728, 182729,

LHC12c, LHC15hlc, LHC15h2c
179802, 179803, 179858, 179859, 179917, 179918, 179920, 180000,
180130, 180131, 180133, 180199, 180200, 180500, 180501, 180515
180719, 180720, 182017, 182018, 182022, 182106, 182110, 182111,
182299, 182300, 182302, 182322, 182323, 182325, 182624, 182684,
182730, 182740, 182741, 182744

180042
180561
182207
182687

)

)

i

)

184132, 184135, 184137,
185126, 185132, 185134,
185221, 185282, 185284,
185351, 185356, 185360,
185580, 185581, 185582,
186167, 186205

LHC12d, LHC15h1d, LHC15h2d
184138, 184208, 184215, 184687, 184784, 184786, 185029, 185031,
185157, 185160, 185164, 185189, 185196, 185203, 185206, 185208,
185288, 185289, 185291, 185292, 185296, 185300, 185302, 185349,
185361, 185362, 185363, 185371, 185375, 185461, 185474, 185575,
185583, 185687, 185738, 185768, 185776, 185778, 185784, 186163,

185116
185217
185350
185578
186164

)

)

)

i

i

188101, 188093, 187849,
187656, 187633, 187627,
187488, 187487, 187486,
187149, 187143, 187136,
186965, 186938, 186937,
186692, 186690, 186668

LHC12f, LHC15h1f, LHC15h2f
187796, 187791, 187785, 187753, 187749, 187739, 187698, 187697
187624, 187623, 187561, 187560, 187537, 187536, 187510, 187508
187485, 187484, 187343, 187341, 187340, 187339, 187203, 187202
187084, 187047, 186992, 186990, 186989, 186987, 186969, 186967
186857, 186853, 186851, 186845, 186844, 186838, 186815, 186809

187695
187489
187201
186966
186807

)

)

)

)

)

189122, 189146, 189183,
189352, 189353, 189396,
189474, 189522, 189523,
189621, 189659, 189696,
190212, 190214, 190215,
190386, 190388, 190389,
190895, 190898, 190903,
191031, 191129, 191227
191450, 191451, 192000,
102141, 192172, 192174,
102347, 192348, 192349,
192510, 192535, 192537,
192648, 192658, 192675,

LHC12h, LHC15h1h, LHC15h2h
189228, 189229, 189231, 189306, 189310, 189315, 189316, 189350,
189397, 189400, 189402, 189406, 189407, 189409, 189410, 189411,
189526, 189577, 189603, 189605, 189606, 189610, 189612, 189615,
189697, 189698, 189734, 189735, 189736, 189737, 190150, 190209,
190216, 190303, 190305, 190307, 190337, 190338, 190340, 190341,
190390, 190392, 190393, 190416, 190417, 190418, 190421, 190425,
190904, 190968, 190970, 190974, 190975, 190979, 190981, 190983,
191229, 191230, 191231, 191234, 191244, 191245, 191247, 191248,
192004, 192072, 192073, 192075, 192095, 192121, 192128, 192136,
192177, 192194, 192197, 192199, 192200, 192201, 192202, 192205,
192415, 192417, 192453, 192461, 192468, 192471, 192492, 192499,
192542, 192548, 192551, 192585, 192602, 192610, 192633, 192645,
192676, 192688, 192707, 192708, 192709, 192711, 192729, 192731,

189351
189473
189616
190210
190342
190867
190984
191445
192140
192246
192505
192646
192732

)

)

)

)

i

)

)

)

)

i

i

)

193701, 193698, 193693,
193151, 193148, 193097
193008, 193007, 193005,

LHC12i, LHC15h1i, LHC15h2i
193194, 193193, 193192, 193189, 193188, 193187, 193156, 193155,
193094, 193093, 193092, 193051, 193049, 193047, 193014, 193011,
193004, 193000, 192824, 192822, 192820, 192779, 192778, 192775,

193153
193010
192772

)

)

Table 15: Runs used for the /s = 8 TeV neutral meson and direct photon analysis.
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Figure C.1: dE/dx no plot for electrons for the three center-of-mass energy measurement
data sets and Monte Carlo simulations after all electron selection cuts.

77



Supplementary Figures

78



Supplementary Figures

C.2 Signal Extraction in p,. Bins
C.2.1 900 GeV Data and MC Invariant Mass p Bins
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Figure C.2: Top: Invariant mass of the reconstructed photon pairs around the 7°
mass M., in py bins from 0.4 to 3.5 GeV/c for the 900 GeV runs of the period LHC10c.
Bottom: The invariant mass bins of the LHC14j4c 900 GeV Monte Carlo simulation

around the 70 mass.
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The invariant mass bins of the LHC14j4¢c 900 GeV Monte Carlo simulation around the n
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Figure C.4: Top: Invariant mass of the reconstructed photon pairs around the 7°
mass M., in p; bins from 0.3 to 16 GeV/c for the merged 7 TeV data periods LHC10[b-
f]. Bottom: The invariant mass bins of the merged Pythia 6 Monte Carlo simulation
periods LHC14j4[b-f] around the 7% mass.
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Figure C.5: Top: Invariant mass of the reconstructed photon pairs around the n mass
M., in py bins from 0.4 to 10 GeV/c for the merged 7 TeV data periods LHC10[b-
f]. Bottom: The invariant mass bins of the merged Pythia 6 Monte Carlo simulation
periods LHC14j4[b-f] around the 7 mass.
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Figure C.6: Top: Invariant mass of the reconstructed photon pairs around the 7
mass M., in p; bins from 0.3 to 12 GeV/c for the merged 7 TeV data periods LHC12[a-
i]. Bottom: The invariant mass bins of the merged Pythia 6 and Phojet Monte Carlo

simulation periods LHC15h1[al-i] and LHC15h2[a-i] around the 7° mass.
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Figure C.7: Top: Invariant mass of the reconstructed photon pairs around the n mass
M., in p; bins from 0.4 to 8.0 GeV/c for the merged 8 TeV data periods LHC12[a-
i]. Bottom: The invariant mass bins of the merged Pythia 8 and Phojet Monte Carlo

simulation periods LHC15h1[al-i] and LHC15h2[a-i] around the 7 mass.
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Figure C.8: Top: dca, distribution of photons from the /s = 900 GeV period
LHC10c¢_900GeV for which the photon pair is in the invariant mass windows of 0.12
GeV/c < M,, < 0.145 GeV/c in different transverse momentum bins. Bottom: dca,
distribution of photons from LHC10c¢_900GeV for which the photon pair is in the invariant
mass windows of 0.54 GeV /c < M., < 0.56 GeV /c in different transverse momentum bins.
The black points represent the measured data, while the blue line shows the background
estimate via the ShowBackground function.
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Figure C.9: Top: dca, distribution of photons from the y/s = 7 TeV periods LHC10[b-
f] for which the photon pair is in the invariant mass windows of 0.12 GeV/c < M,,
< 0.145 GeV/c in different transverse momentum bins. Bottom: dca, distribution of
photons from LHC10[b-f] for which the photon pair is in the invariant mass windows of
0.54 GeV/c < M,, < 0.56 GeV/c in different transverse momentum bins. The black
points represent the measured data, while the blue line shows the background estimate
via the ShowBackground function.
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Figure C.10: Top: dca, distribution of photons from the /s = 8 TeV periods LHC12[a~
i] for which the photon pair is in the invariant mass windows of 0.12 GeV /c < M, < 0.145
GeV/c in different transverse momentum bins. Bottom: dca, distribution of photons
from LHC12[a-i] for which the photon pair is in the invariant mass windows of 0.54
GeV/c < M,, < 0.56 GeV/c in different transverse momentum bins. The black points
represent the measured data, while the blue line shows the background estimate via the
ShowBackground function.
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C.4 Secondary Photon Efficiencies and Conversion Probabilities
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Figure C.11: Left: Reconstruction efficiency for secondary photons coming from K2,
K? and A decays. Right: Conversion probabilities of the secondary photons originating
from K2, K9 and A decays. Top plots show the points obtained from the /s = 900 GeV
Monte Carlo and decay simulation and bottom plots show the /s = 8 TeV points.
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C.5 Secondary Photon Raw Yield
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Figure C.12: Left: Raw yields for secondary photons coming from K2, K? and A decays.
Right: Fractions of secondary photons from K9, K¢ and A decays to the measured raw
photon spectrum. Top plots show the points obtained from the /s = 900 GeV Monte
Carlo and decay simulation and bottom plots show the /s = 8 TeV points.
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C.6 Detailed Systematic Uncertainties
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Figure C.13: Visualization of the detailed systematic uncertainties for the neutral me-
son measurements at the three presented center-of-mass energies. Indicated with colored
points are the individual error sources whereas the final systematic uncertainty is repre-

sented with the black points.
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Figure C.14: Left: Detailed systematic uncertainty contributions from all sources.
Right: Combined systematic uncertainties in different categories. Points shown for the
v/$ = 900 GeV inclusive photons, the v/7” ratio and the double ratio R, from top to

bottom.
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Figure C.15: Left: Detailed systematic uncertainty contributions from all sources.
Right: Combined systematic uncertainties in different categories. Points shown for the
V/$ =7 TeV inclusive photons, the v/7° ratio and the double ratio R, from top to bottom.
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Figure C.16:

Left: Detailed systematic uncertainty contributions from all sources.

Right: Combined systematic uncertainties in different categories. Points shown for the
v/$ = 8 TeV inclusive photons, the v/7° ratio and the double ratio R, from top to bottom.
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Acronyms and Technical Terms

D Acronyms and Technical Terms

ACORDE ALICE cosmic ray detector

ALICE A Large Ion Collider Experiment

ATLAS A Toroidal LHC Apparatus

CERN European Organization for Nuclear Research
CMS Compact Muon Solenoid experiment

DCA distance of closest approach

DPM Dual Parton Model

EMCal Electromagnetic Calorimeter

FWHM full width at half maximum

HMPID High Momentum Particle Identification Detector
ITS Inner Tracking System

LEP Large Electron Positron Collider

LHC Large Hadron Collider

LHCb LHC beauty experiment

LINACS Linear Accelerators

LO Leading Order

LQCD Lattice QCD

MB Minimum Bias

MC Monte Carlo

PHOS Photon Spectrometer

PCM Photon Conversion Method
PID particle identification

PS Proton Synchrotron

PSB Proton Synchrotron Booster
QA Quality Assurance

QCD Quantum Chromodynamics

QED Quantum Electrodynamics



Acronyms and Technical Terms

QFT Quantum Field Theory
QGP Quark-Gluon Plasma
SDD Silicon Drift Detector

SM Standard Model

SPD Silicon Pixel Detector
SPS Super Proton Synchrotron
SSD Silicon Strip Detector
TOF Time-Of-Flight detector
TPC Time Projection Chamber
TRD Transition Radiation Detector
\"& Unknown Particle
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