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Introduction

Research on the properties of the strong interaction has revealed the existence of
the quark-gluon plasma (QGP), a state of matter at extremely high energy density,
in which quarks and gluons are no longer confined to bound hadrons. According
to phenomenological models, the energy densities in heavy-ion collisions are high
enough to produce a QGP and, as such, provide an experimental environment for
its study.

The only way to get information about the underlying processes in high energy
collisions is to analyse the resulting particle yields measured by specialised
detectors. Based on knowledge about particle production and decay mechanisms,
the final state particles can be traced back and thus reveal information about
the initial collision processes. The formation of a QGP is expected to clearly
alter the final outcome of a collision, as it will affect quarks and gluons passing
through. To measure the arising effects, it is desirable to find an observable that
stays unchanged by the QGP production and therefore still contains information
about the initial collision process. Such an observable would provide a reference
for measuring final state effects of the QGP.

High energy (prompt) photons produced in the initial stages of the collision fulfil
these criteria and are therefore subject to several studies. The problem with their
measurement is the large background of photons that are produced in later stages of
a collision, especially decay photons from neutral mesons. One method to extract
prompt photons is the application of an isolation criterion, exploiting the fact that
prompt photons are produced back-to-back with a parton jet and therefore no
other high energy particles are expected in their vicinity.

The aim of this thesis is the application and evaluation of the different isolation
criteria. Monte Carlo studies are performed in order to assess the criteria’s
efficiency and ability to reject decay photons. Furthermore, an invariant mass
analysis is carried out in order to determine isolated decay photons from neutral
mesons. Divided by the isolated cluster yield, such a measurement could be
interpreted as a minimum contamination or purity estimation for the prompt
photon yield.

Chapter 1 and 2 introduce the theory of the strong interaction, the quark-
gluon plasma and experimental methods for its study. The experimental setup
is described in chapter 3, followed by the presentation of the detailed analysis
procedure in chapter 4. The final two chapters present the results; firstly from
Monte Carlo productions (for validation), and secondly from real data.
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1. Strong Interaction and a new
State of Matter

Decades of research on the fundamental mechanisms and building blocks of nature
has led to the idea of elementary particles constituting the observed material
world!. These elementary particles can be divided into categories dependent on
their internal properties. Hitherto, four different kinds of interaction have been
observed between these particles. One is called the strong force and, after a brief
introduction to the other forces and elementary particles, this chapter explores it
in more detail.

1.1. Particles and their Interaction

The whole range of elementary particles can be seen in figure 1.1. A first distinction
can be made between fermions and bosons, where these correspond to either half-
integer or integer values (respectively) of a certain intrinsic property called spin.
In principle, fermions can be thought of as the fundamental building blocks of
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Figure 1.1.: Overview of the fundamental building blocks of matter in 2018. [Ser15]

IThe term elementary simply refers to the fact that in case of a possible substructure, it has
not been found so far.



1. Strong Interaction and a new State of Matter

matter, while gauge bosons work as mediators for the fermions?. There are three
forces relevant on the scale of elementary particles: electromagnetism, the weak
force and the aforementioned strong force. Each force couples to a certain kind of
physical charge (for instance electric, weak or strong charge), which is an intrinsic
particle property. A particle’s ability to interact thus depends on how it is charged.
Each force is thought to be mediated by the exchange of a corresponding gauge
boson. Mathematically, such interactions can be described in terms of quantum
field theories.

Fermions can be subdivided into leptons and quarks. Quarks, together with
the gauge boson, the gluon, are participants of the strong interaction. The
corresponding theory is called quantum chromodynamics.

The term lepton preceded the quark model and formerly referred to very light
particles. Three leptons carry a negative charge (electron, muon, tau) and
therefore, together with electrically charged quarks and the gauge boson, the
photon, they are participants of electromagnetism.

Finally, the weak force acts on all fundamental particles, including the three types
of neutrino, and is mediated by the W*- W~ and Z-bosons. Electromagnetism
and the weak interaction have been found to be two manifestations of the same
force, which can be combined into the electroweak theory.

Quarks and leptons can be arranged into three generations. Each generation
consists of particles with similar properties in terms of electric charge and spin;
the masses of the particles, however, increase from one generation to the next.
The number of elementary particles increases since corresponding to every particle
in figure 1.1, there exists a particle with the same mass and spin but opposite
physical charges (called its anti-particle)®. Outcomes of any interaction between
two or more particles are restricted by conservation laws such as the conservation
of energy, momentum or charge. [Gril0]

1.2. Quantum Chromodynamics

The theory of quantum chromodynamics (QCD) describes the interaction of quarks
and gluons. The two lightest quarks are called the up- and down-quark and in
different combinations they are found to constitute protons and neutrons. After
having discovered the inner structure of nucleons, a third type of quark appeared
rather unexpectedly and hence came to be known as the strange-quark. On top of
this, three more types of quarks were discovered. The heavier the quark, the more
energy necessary to produce and observe it.

A remarkable property of quarks is that they only seem to occur in bound states.
Baryons consist of three quarks (qqq) or three anti-quarks (¢qq), whereas mesons
are a combination of a quark and an anti-quark (¢¢). Any compound particle state

2The Higgs Boson is an exception; it does not correspond to a force but, rather, to a scalar
field, which is required to explain the mass of elementary particles.
3 A particle can also be its own anti-particle, if the physical charges are zero.



1.2. Quantum Chromodynamics

consisting of quarks is categorised as a hadron.

Quantum chromodynamics offers an explanation for this particular behaviour by
introducing the colour charge. The colour charge can be red, green or blue (along
with their respective anti-colours respectively) and each quark carries one of these
colours (while anti-quarks carry an anti-colour). The connection to colour theory
can be made by assuming that all three colours combined result in a colourless
'white’ state, which are the only observable in nature. Another way of forming
a colourless state is to combine a colour with its anti-colour, which explains the
existence of mesons. The fact that quarks (under normal conditions) only appear
in compound hadron states is referred to as colour confinement.

Quantum chromodynamics has been formulated following the example of quantum
electrodynamics (QED), which describes the coupling of photons to electrically
charged particles. In QCD, electric charge is replaced by colour charge, which
(due to its fundamentally different concept?) entails different properties for the
corresponding gauge boson. The most striking consequence is the fact that the
gauge boson in the strong interaction carries colour itself, thus allowing for eight
different types of gluons, each carrying a combination of colour and anti-colour.
This property enables the self-interaction of gluons, which is responsible for the
very different behaviour of QCD in comparison to QED. Figure 1.2 demonstrates
this difference by showing the elementary interaction vertices for both theories,
where particles are represented by different types of lines. It can be seen that

QED
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Figure 1.2.: Basic Feynman diagrams for QED and QCD. [KB13]

there is just one elementary type of interaction in QED that, dependent on the
direction of time, can be interpreted as a charged particle emitting (or absorbing)
a photon, or as a photon producing a particle anti-particle pair. More complicated
processes in QED can be described by adding the same interaction vertex in
various ways. Due to the self-interactions of gluons, QCD provides two additional
elementary interaction vertices, making QCD more complex and giving rise to
new effects. In principle, any process between particles can be imagined as
arbitrarily more complex by including additional interaction vertices. An example
of two Feynman diagrams describing the same process is given in figure 1.3. The
probability of a process happening can be calculated by taking into account all
possible Feynman diagrams describing that process, which is nearly impossible.
However, the probability of an interaction is proportional to the coupling constant

« of the corresponding force (o = %) and every vertex entails a factor of /a.

4Electric charge is a scalar quantity and colour charge is described by quantum vectors



1. Strong Interaction and a new State of Matter

e-

Figure 1.3.: Two Feynman diagrams depicting the same process in QED. [Ber06]

Where /a < 1, processes with multiple interaction vertices are less likely to
be realised. Consequently, the calculation of complicated diagrams with many
interaction points only constitutes a negligibly small part of the actual result, and
can thus be treated as higher order corrections to a process. This treatment is
called perturbation theory and it can be applied in small couplings. The QED
coupling constant at low energies is approximately é Due to a decreasing
screening effect by the polarised vacuum, the effective charge of a particle increases
at shorter distances (higher energies), leading the coupling to slowly increase with
energy. However, the effect is rather small and, at relevant scales, perturbation
theory can be applied in QED. There is a similar screening effect in QCD, but the
supplementary self-interaction of gluons leads to a further (and stronger) opposing
reinforcement of the colour charge (anti-screening effect), causing the coupling to
decrease with increasing energy (decreasing distances). [Ji]

Figure 1.4 demonstrates the general trend by evaluating various measurements
at different collision energies (momentum transfers @*). It can be seen that,
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Figure 1.4.: Dependency of the running coupling constant «, of the strong
interaction on momentum transfer @. [P*16]

in accordance with confinement, the coupling constant appears to diverge for



1.3. Phases of Hadronic Matter

large distances (small @)). The divergent trend of the coupling constant for low
energies prohibits the application of perturbation theory in that regime and, as
such, phenomenological and numerical approaches are used in order to predict the
behaviour of low-energy QCD. One successful numerical approach simulates the
theory on a discrete space-time lattice and is accordingly called lattice QCD.

At higher energies, the coupling constant decreases and eventually reaches a
magnitude that allows for perturbative treatment (pQCD). The transition is
marked by the strong scaling parameter Aqcp. The fact that the coupling constant
of the strong interaction approaches zero at high energies has become known as
asymptotic freedom, and implies that, during high energy transfers, quarks behave
like free particles. [Gril0] [PRSZ06]

1.3. Phases of Hadronic Matter

Approaching baryonic matter thermodynamically, it is conceivable that, exceeding
a certain energy density, the formation of hadrons might no longer exist. The
investigation of a phase transition from confined hadronic matter to a quark-gluon
plasma is subject to lattice QCD calculations. A schematic phase diagram of
baryonic matter can be seen in figure 1.5. At small temperatures 7" and small

Atomic nuclei

Figure 1.5.: Phase diagram of baryonic matter based on the prediction of different
theoretical models. [KB13]

baryon densities u4,, quarks and gluons exist as hadron gas. Starting with 1y, = 0
and increasing the temperature leads to a transition that inversely corresponds to
the one our universe is thought to have gone through, a few microseconds after
the big bang. As indicated in the diagram by the dashed line, the transition for
low baryon densities is supposed to happen rather continuously. Lattice QCD
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calculations predict a transition temperature of T, = (154 £ 9) MeV [BT12]. At
around this temperature deconfinement starts; the coupling, however, is still too
strong for perturbation theory to be applicable. An ideal QGP, allowing for
perturbative treatment, is imaginable, but according to theoretical calculations
not below T' > 5T, [Sat11]. Increasing the baryon density at small T first leads to
a state that is thought to be existent inside neutron stars, until finally resulting in
a colour super conducting phase and at high enough baryon densities perturbative
treatment is again allowed [Hab18]. The transition in that regime is hard to access
via established models and is therefore still subject to speculation. A possible
well defined first order transition would require the existence of a critical point
somewhere on the transition line. [KB13] [SS17]



2. Studying the Quark-Gluon
Plasma via Prompt Photons

One opportunity to study the QGP, along with its transition at high temperatures
and low baryon density, is provided by high energy heavy-ion collisions. However,
the very short lifetime of 1072*s [Lod18] makes direct measurements of its
properties impossible, and requires the precise evaluation of possible final state
effects imprinted in the measurable particle production rate.

2.1. Heavy-lon Collisions

In order to analyse the complex course of heavy-ion collisions, it is reasonable
to take a look at the simpler proton-proton (pp) collisions first. In an imagined
coordinate system, the colliding particles are thought to be moving along the
z-axis. The interaction of two approaching protons can be categorized based
on the occurring momentum transfer Q%. At low Q? the protons are mainly
expected to interact elastically, but as soon as Q? > (2GeV/c)? the energy is
sufficient for the substructure to gain importance, and an inelastic interaction
between nucleons can be traced back to an elastic scattering of its partons.
Due to confinement, two back-to-back scattering partons will hadronise and
form high energy particle jets that can be measured in corresponding detectors.
Measured particles can be characterised by their mass and momentum. The
momentum vector is conventionally split up into a transverse component, pr, and
a longitudinal one, pr,, in relation to the beam line (z-axis). pr is invariant under
Lorentz transformation along the z-direction and tightly bound to the momentum
transfer of an interaction. Assuming all jet components could be measured and
extracted from a given background, their total pr would represent the transverse
momentum of the original parton.

In principle, the collision of heavy nuclei is thought to behave similarly and is
usually modeled as an incoherent superposition of nucleon-nucleon collisions. The
particle production rate can then be estimated by the scaled results of pp collisions.
The scaling factor corresponds to the number of binary inelastic nucleon-nucleon
collisions within the heavy-ion collision, and therefore depends on the centrality
of the collision. Based on that assumption, the difference in outcome compared
to scaled pp collisions can be studied and interpreted as nuclear matter effects.
Apart from the formation of the QGP itself, it is conceivable that cold nuclear
matter effects occur due to the nucleon’s position in a nucleus. Conclusions about



2. Studying the Quark-Gluon Plasma via Prompt Photons

the QGP based on final state effects in heavy-ion collisions can only be valid if
the initial state effects are well understood. The cold nuclear matter effects are
therefore studied in proton-lead collisions, in which the production of a QGP is not
expected. Figure 2.1 shows the different collision systems and names the effects
that they are supposed to study. An important observable to study nuclear matter

1. Reference 2. Cold nuclear matter effects 3. Quark-Gluon Plasma
p p p
Pb Pb Pb

Figure 2.1.: Different collision systems for studying initial state effects in order to
extract information about the QGP. [Zhal6]

effects is the nuclear modification factor Raa (Rpa for cold nuclear matter effects).
It is defined as

d2 N AA / dedn
<Ncoll>dep/ded77 7

Raa = (2.1)
where d? Naa /dprdn and d* Ny, /dprdn represent the normalized particle yields and
(Neon) the number of binary nucleon collisions per heavy-ion collision.

Before showing results for such a measurement, more theoretical aspects of the
QGP formation should be discussed. The space-time evolution of a relativistic
heavy-ion collision is depicted in figure 2.2. In the first stage of such a collision,
hard scattering can occur and result in the production of parton jets. The
dominant part of participating quarks and gluons heat up the region that is defined
by the overlap of the two ions throughout the collision. This pre-equilibrium phase
is thought to thermalise after the time 7y, thus going over into the QGP state.
A pressure gradient (due to the enormous temperatures) causes the medium to
expand and cool down, so that after passing the critical temperature T, the partons
recombine and form a hadron gas. The hadron gas further expands until the
chemical freeze-out at T, establishes the final hadron configurations that can be
reconstructed with particle detector systems. The high energy parton jets, which
were produced before the QGP state formed, will have to traverse the QGP and
may lose energy due to interactions with it. This phenomenon has become known
as jet quenching, and is regarded as a promising observable because a comparison
to an unaffected jet spectrum could result in the determination of the particle’s
energy loss due to the QGP. The necessary comparative data could be taken
from yield measurements in pp collisions, or obtained from perturbative QCD
calculations of the initial hard scattering cross sections. Figure 2.3 demonstrates
measurements of the nuclear modification factor in PbPb and pPb collisions for
a range of particle types. It can be seen that hadrons are strongly suppressed in
central PbPb collisions in comparison to the results of pp collisions, while there
is no sign of clear suppression in pPb collisions. This indicates the interaction
of partons with the QGP. The electromagnetic and weak gauge bosons do not

10



2.1. Heavy-lon Collisions

m K, p,... time m K, p,...

Pre-equilibrium
phase (<)
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evolution

Nucleus A Nucleus B

Figure 2.2.: Space-time evolution of a high energy heavy-ion collision, indicating
the phase transitions the colliding quarks and gluons go through. [KB13]
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Figure 2.3.: Measurement of Rpypy, and Rypy, for hadrons and gauge bosons in pPb
and central PbPb collisions. [Ben16]
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2. Studying the Quark-Gluon Plasma via Prompt Photons

show remarkable deviations from unity, meaning that their production in heavy-
ion collisions behaves as expected by the nucleon scaling. Due to their lack of
interaction with the QGP, a measurement of these observables can provide a
validation of the superposition assumption in heavy-ion collisions. The infinite
lifetime of photons in comparison to the massive weak gauge bosons, and the
greater strength of the electromagnetic interaction, are the reasons why photons
are generally easier to measure. The challenge in measuring photons, however, lies
in their numerous production mechanisms. [KB13] [Lod18§]

2.2. Photon Production Mechanisms

Photons are produced at all stages of a collision. Dependent on their production
mechanism, they are divided into direct and decay photons. The term direct
photons relates to a production time quite early in the collision; it covers prompt
photons from initial hard scattering, fragmentation photons from jet fragmentation
and thermal photons from QGP radiation.

Prompt photons are mostly produced back-to-back with a quark or gluon jet. The
corresponding leading order Feynman diagrams of the main production processes
are shown in figure 2.4. They depict quark gluon Compton scattering and quark

g q q g

q v q v

Figure 2.4.: The two leading order Feynman diagrams for prompt photon
production. Left: quark gluon Compton scattering. Right: quark antiquark
annihilation. [Lod18]

anti-quark annihilation. As prompt photons are produced in the very first stage
of a collision before a QGP forms, they prove to be an ideal observable for probing
the initial state effects of heavy-ion collisions in order to validate the (Nep)
scaling. Furthermore, so called y-hadron correlation measurements employ the
fact that prompt photons are produced back-to-back with a parton jet, in order to
analyse the hadron’s energy loss from traversing the QGP. But even independent
of the QGP research, high energy prompt photon measurements provide a solid
testing ground for pQCD calculations. Fragmentation photons arise during the
jet fragmentation; figure 2.5 shows the production of a fragmentation photon next
to the production of a prompt photon. Figure 2.6 shows the theoretical pQCD

12



2.2. Photon Production Mechanisms

parton

A

Figure 2.5.: Schematic view of fragmentation vs. prompt photon production.
[Ron16]

parton

predictions (including next-to-leading order [NLO] corrections) for the composition
of the direct photon yield in pp collisions at /s = 14 TeV. It is noticeable that the
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Figure 2.6.: Next-to-leading order pQCD calculations for the direct photon
contributions in pp collisions at /s = 14 TeV. [Id10]

Compton scattering clearly dominates the annihilation process. Thermal photons
are only produced in heavy-ion collisions as they are defined as radiation of the
hot medium itself. They are expected to dominate the direct photon yields at low
pr (pr S 3GeV/c) and their study enables the determination of the temperature
development of the QGP. The measurement of these photons provides a great
opportunity to study established theories and QGP effects. The main problem
with studying direct photons is the large background of decay photons caused
by neutral meson decays. Neutral mesons are produced during the hadronisation
processes of parton jets or in the case of a QGP with chemical freeze out. Most

13



2. Studying the Quark-Gluon Plasma via Prompt Photons

of the decay photons come from neutral pions (%) via their dominant two-photon
decay channel. [AT18] [Lod18] [Id10] [B*14]

2.3. lIsolation Criterion

An established method for extracting a prompt photon signal is to exploit the fact
that prompt photons are produced back-to-back with a parton jet, and therefore no
high pr particles are expected in their vicinity. Decay or fragmentation photons,
on the contrary, should primarily occur as part of hadron showers. The application
of an isolation cut is therefore an established method to extract a prompt photon
signal. A photon counts as isolated if, within a cone of radius R;, around the
photon, the hadronic activity does not exceed a threshold pi**h. As such, an

isolation criteria comprises two independent variables. The isolation radius is
defined as

Riso = \/(¢1 - ¢’y)2 + (771 - 777)2 (22)

with ¢, and 7, representing the angles of the photon’s () detection in relation to
the z-axis, and ¢; and 7; that of the i*® particle®. A schematic view of a possible
isolation cone in relation to n and ¢ is portrayed in figure 2.7. The larger the

7r

Figure 2.7.: Established coordinate system in high energy collisions. [Pop11]

iso

value of Rjs, chosen, the better the background rejection works. The size of the
cone is constrained by the detector acceptance, however, since for every photon
the cut is used on, the same conditions should apply. Therefore, the cone is not
allowed to overlap the boundary of the used detectors. A typical value for the
radius would be Rj,, = 0.4. The value for pﬁfhreSh must be chosen low enough to
ensure the rejection of high pr decay photons, but high enough to allow for a
small background from the underlying event. There are several approaches for the
selection of an energy threshold; in this thesis, only the most common ones will

5y is actually called pseudorapidity and is solely dependent on the angle: n = — ln[tan(g)]

14



2.3. Isolation Criterion

be introduced. The hadronic activity in these criteria is represented by the sum of
the pr of the detected particles within the cone. The resulting measurable value
will then be compared to pi™! which can either be fixed or dependent on the

respective photon’s pr. Both criteria can be displayed as follows:

cone

> pr < ppret (2.3)

and
cone

> pr < epi (2.4)

Typically, the value for a fixed threshold is chosen to be at least p{es < 2 GeV /c
and the photon fraction as € = 0.1. [Lod18] [BT16a]

15
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3. Experimental Setup

3.1. Large Hadron Collider (LHC)

In 1984, even before the actual large electron-positron collider (LEP) was ready
to run, it was already thought that a new, more powerful collider could make use
of the 27 km tunnel built for the LEP. The LEP started working in 1989 with an
initial energy of 91 GeV, stopping in 2000 with an energy of 209 GeV to make way
for the large hadron collider (LHC). [CER]

The LHC accelerates protons and heavy ions (lead and xenon nuclei). Protons are
currently accelerated up to an energy of 6.5 TeV, resulting in a total collision energy
of 13 TeV. For lead ions that would correspond to an energy of 5.02 TeV per nucleon
pair. The acceleration path of a proton can be followed in figure 3.1. Ionized

CMS

LHC

Noj}th Area

LHCb

SPS

CN(/]\S‘\

Gran Sasso

ATLAS

East Area

PS

LINAC 2

LEIR

\ o
LGS

lons

Figure 3.1.: Overview of the LHC, its pre-accelerator system and the four big
experiments CMS, ALICE, ATLAS and LHCb. [CER06]

hydrogen serves as the proton source and the resulting protons are then accelerated
by the linear accelerator Linac 2, providing an energy of 50 MeV. This proton beam
is then transferred into the first synchrotron, called Booster, and leaves it with an
energy of 1.4 GeV per proton. After passing two more accelerators, PS (Proton

17



3. Experimental Setup

Synchrotron) and SPS (Super Proton Synchrotron), the beam is injected into the
LHC where it finally gains a total energy of 6.5 TeV per proton®.

A strong magnetic field is necessary to keep the protons on their path around
the accelerator. 1232 15m long superconducting dipole electromagnets are
used to drive the circular motion of the beam by generating magnetic fields of
8.3T. Another set of 392 quadrupole magnets is used to focus the beam. The
superconductivity requires the magnets to have a temperature of 1.85K (even
colder than the average temperature of the universe), which can be achieved by a
cooling system of liquid helium. The LHC itself consists of two beam pipes so that
proton beams can be injected in both directions. The beam is divided into so called
bunches and collisions take place during bunch crossings at four different places
around the accelerator, corresponding to the locations of the four big detectors
built to process data produced by the collisions. [CER18]

The four experiments corresponding to the detectors (shown in figure 3.1 along the
LHC circle) are CMS (Compact Muon Solenoid), ALICE (A Large Ion Collider
Experiment), ATLAS (A Toroidal LHC ApparatuS) and LHCb (Large Hadron
Collider beauty). CMS and ATLAS are two general-purpose detectors, constructed
to explore new physics within the capacity the LHC provides. These collaborations
study limits of the standard model such as the matter anti-matter imbalance, the
search for dark matter candidates, and the relation between gravity and the other
forces. As the two detectors use different technical setups to take in and process
data, they can confirm each others discoveries. The discovery of the Higgs Boson
in 2012 was a big success of these experiments and further recognition of the
standard model. LHCb is a more specialised experiment, devoted to studying the
difference between matter and anti-matter by focusing on the measurement of the
beauty-quark. [Col18a] [Col18b] [CER13]

As this work is part of the ALICE experiment, it will be described in greater detail
below.

3.2. A Large lon Collider Experiment (ALICE)

The ALICE experiment is dedicated to the research of the QGP and its transition
phase. PbPb collisions are analysed in comparison to pPb and pp collisions. In
order to understand the processes of high energy collisions (especially heavy-ion
collisions), it is necessary to collect as much information about the outcome as
possible; this increases the chance of uncovering new insights into underlying
physical processes. To achieve this, the ALICE detector consists of many
subdetectors, each specialized to record certain particle properties. The whole
detector system can be seen in figure 3.2. The individual subdetector systems (that
are relevant for this thesis) and their functionalities will be described below.

SFor heavy ions the process is slightly different in terms of energies and preaccelerators, but is
the same in principle.

18



3.2. A Large Ion Collider Experiment (ALICE)
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Figure 3.2.: Insight into the ALICE detector. [Col08§]

3.2.1. Inner Tracking System (ITS) and VO Detector

The ITS is a relatively small detector at the center of the detector complex, shown
in figure 3.2 (no. 1). It is as close to the interaction point as technically possible
and it consists of six layers of silicon detectors, placed coaxially around the beam
line. The two inner layers are silicon pixel detectors (SPD) and they can be seen
in yellow in figure 3.3, wrapped around the red beam pipe. The next two layers,
shown in light blue, are silicon drift detectors (SDD), followed by two more layers
of silicon strip detectors (SSD). The whole system covers a pseudorapidity range of
In| < 0.9 and its purposes include reconstructing primary and secondary vertices,
keeping record of very short lived charged particles and improving the momentum
and angle resolution of particles measured by the time projection chamber. [Man12]

( Strip ) ( Drift ) ( Pixel )

Figure 3.3.: Inner tracking system at the heart of the ALICE detector. [Man12]
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Figure 3.3 also contains the three forward detectors called VO, TO and FMD
(Forward Multiplicity Detector). The T0 and VO detectors are part of the ALICE
trigger system, while the FMD can provide information about the charged particle
multiplicities in forward direction. [CT04]

The VO detector consists of two circular scintillating arrays surrounding the
beamline; one covers a pseudorapidity range of 2.8 < n < 5.1 (V0-A), the other
—3.7 <n < —=1.7 (V0-C). The detector is part of ALICE’s minimum bias trigger
(VOAND) system, which requires a coincidence of the bunch crossing signal and
hits in both arrays. The task of the minimum bias trigger is to distinguish data
arising from beam-beam interaction from possible data due to background noise,
while keeping the readout of the collision as unbiased as possible. [AT13]

3.2.2. Time Projection Chamber (TPC)

The TPC is the main tracking device of the ALICE detector. The inner structure
of the chamber can be seen in figure 3.4 and its relation to the whole detector
system in figure 3.2 (no. 3). The chamber is filled with a gas mixture of

High Voltage electrode (100 kV)

field cage

readout chamber

Figure 3.4.: Schematic view of the time projection chamber. [Rg09]

90% Ne and 10% CO, and divided into two parts, separated by a central electrode
with high voltage. Charged particles going through the TPC will ionize the gas
and the resulting free electrons move to the end plates of the TPC, where the
corresponding energy loss can be measured by the readout chambers. A big
solenoidal magnet surrounds the ’central barrel’ detectors, creating a magnetic
field of 0.5 T (figure 3.2, no. 9). The resulting curvature of a charged particle’s
trajectory in the magnetic field depends on the particle’s momentum, while the
energy loss contains information about the velocity; both together lead to the
particle’s mass, and therefore, ideally, to its identification. The TPC covers a
pseudorapidity range of |n| < 0.9. [DT00]
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3.3. Electromagnetic Calorimeter (EMCal)

3.3. Electromagnetic Calorimeter (EMCal)

As photons are electrically neutral, they cannot be detected by the two former
mechanisms. The EMCal is based on a different detection method; it measures
the energy of an incoming particle. The detector consists of many alternating
layers of lead and scintillator material. If a high energy photon enters the detector,
it can produce an electron-positron pair by interacting with the detector atoms.
The likelihood of this process increases with the square of the atomic number
of the material, so the lead layers ensure a high conversion probability. The
produced electrons and positrons interact with the detector by emitting photons
via bremsstrahlung, which can again convert into new electron-positron pairs. This
process is called an electromagnetic shower and it continues until the energy of the
produced particles is small enough to excite the scintillator layers, from where the
signal will be led to avalanche photodiodes, converted into an electrical current,
amplified, and read out.

The whole detector and its internal composition can be seen in figure 3.5, and its
position in the detector in figure 3.2 (no. 7). The EMCal covers a pseudorapidity
range of |n| < 0.7 and an azimuthal acceptance of A¢p = 107°. It is placed
4.5m from the beam line with a radial depth of 1.1 m. The inner structure of the

EMCal

MCal (10 S-modules tower
& 2 half S-modules)

strip-modul! | Module

(12 modules) (4 towers)

Figure 3.5.: Composition of the electromagnetic calorimeter. [Lod18§]

EMCal is modular. One module contains 2 x 2 so called towers, each consisting of
76 alternating layers of 1.44mm Pb and 77 layers of 1.76 mm scintillator. A row
of 12 such modules constitutes a strip module, and 24 strip modules form a super
module (12x24 modules). The EMCal comprises 10 such super modules and two
smaller ones with a 4x24 module structure, so that in total the EMCal detector
provides 12,288 towers (or cells). [CT08] [AT10]

Exploiting the ability to produce electromagnetic showers, the EMCal was mainly
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constructed to detect photons and electrons. However, long lived hadrons can
deposit a part of their energy in the EMCal as well, contributing to the background
of photon measurements.

3.3.1. EMCal Trigger System

Apart from detecting neutral particles, the EMCal also provides a trigger system
that allows the identification and selection of rare events, such as the occurrence
of high energy photons or jets. The EMCal trigger system has a hierarchical
structure. There are two trigger levels (L0 and L1) for high energy deposits. The
LO trigger requires a positive signal from the minimum bias trigger, and the L1
trigger is based on a positive decision from the L0 trigger.

LO Trigger

Each super module (SM) is divided into three trigger regions. In figure 3.6, the
schematic view of an EMCal super module can be seen. Each region contains

TRLU #1
[ 11 AN ) Y I | {1 B towers
| {1 [N T N N I B | L 4 fastar
TRU 2 Energy deposit
Subregion size
phi -
[P rrrrr PPyl —L0 patch
Lbeta [ A N N N A I TRU L1 photon patch
L1 jet patch

-y -

A8 towers=24 fasior

Figure 3.6.: Schematic view of the EMCal trigger system. [BACB*13]

4x24 modules (8x48 towers) and the analog signal sum over each module is called
a fastOR unit. Four fastOR units (2x2) can be combined into a patch. For each
trigger region, there is a corresponding Trigger Region Unit (TRU) that digitises
the fastOR signals. This then computes the sum for each possible combination
of fastORs into patches within the trigger region and compares it to a threshold.
The local triggers of each TRU are collected in the Summary Trigger Unit (STU),
which computes the final global L0 trigger. To set off the L0 trigger, at least one
of the patches in any trigger region needs to exceed the threshold.

L1 Trigger

In the case of a positive LO trigger, the TRU uses the stored signal information
of the fastORs to compute the new patch combinations of the L1 trigger. The
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L1 trigger is built to either identify high energy photons or jets. For the photon
trigger (EGA), the patch size equals that of the LO trigger with the difference that
fastORs of adjacent trigger regions are allowed to form patches as well, which leads
to a better trigger efficiency. The threshold of the EGA trigger is computed event
by event (depending on multiplicity), relying on the input of the VO detector. The
L1 jet trigger (EJE) uses a patch of 16x 16 fastORs that stretches over 4 TRUs and
a correspondingly higher threshold. Both L1 triggers can be run with two different
thresholds, leading to the triggers EG1, EG2, EJ1 and EJ2. [BACB*13] [M*17]

3.3.2. Clusterisation

As described above, the energy of photons and electrons is deposited in the EMCal
cells (towers) via electromagnetic showers. The energy of such a shower spreads
out and generates a signal in several EMCal cells. To identify an incoming photon
with the EMCal detector, the single cell signals have to be combined into clusters,
whose total signal corresponds to the energy of the measured photon. These
clusters are formed by clusterisation algorithms. Cells with an energy higher than
a certain threshold, Fi..q, serve as clusterisation seeds. If such a cell is found, the
adjacent cells will be added to the cluster if their energy exceeds a minimum energy
threshold FE,;,. The cell with the highest energy serves as the first seed. There
are two such clusterisation algorithms, the V1 and the V2 clusteriser, differing in
their aggregation condition. The V1 clusteriser continues to add adjacent cells to
the cluster, as long as each cell’s energy exceeds Fy,,, while the V2 clusteriser
additionally compares the energy of the adjacent cell candidate to the energy of
the previously accepted cell, and only continues the aggregation if the new cell’s
energy is lower.

The two clusterisers can produce a very different outcome when it comes to merged
clusters (overlapping clusters produced by two or more particles). An example
of the different treatment is given in figure 3.7. In the case of a cell energy
distribution with two local maxima, it can be seen that the V1 clusteriser forms
one cluster containing the number of local maxima, while the V2 clusteriser results
in two clusters with one local maximum each. As such, each clusteriser produces
clusters with different properties in terms of energy distribution and shape. These
properties can be constructive for certain types of analyses. [BT16b]
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Figure 3.7.: Different outcome of clusteriser V1 and V2. a) Local cell energy
distribution of adjacent cells in one dimension. b) The V1 clusteriser results in

one cluster with two local maxima. c¢) The V2 clusteriser finds two clusters instead.
[Col15]

24
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The aim of this thesis is to determine a raw prompt photon yield by applying an
isolation cut, and subsequently to investigate its signal-to-background ratio. The
second part will be achieved by using the two-photon decay channel of neutral
pions in order to reconstruct the amount of isolated 7° decay photons. The analysis
should result in a minimum contamination rate for the isolated photon yield and
hence could be taken as a measure for the effectiveness of the applied isolation cut.
This chapter covers the exact analysis procedure including photon and 7° meson
selection criteria.

The photons in this analysis were detected by EMCal and for their reconstruction
the clusteriser V2 was chosen. As previously mentioned, the V2 clusteriser splits
up merged clusters with contributions from different particles, as long as each
contribution causes its own local maximum within the cluster. While the two
decay photons of a neutral pion in its rest frame could be observed back-to-back,
the decay photons of a 7° at high energies appear under the opening angle o due
to the conservation of energy and momentum. The higher the 7%’s energy, the
smaller the angle a. In the EMCal this leads to overlapping clusters, as shown in
figure 4.1.

E <6 GeV 6 GeV<E <15 GeV E>15GeV
[ [ | [

Figure 4.1.: Example of the cluster production in the EMCal by two incoming 7°
decay photons for different energy ranges of the meson. [B™16a)]

By splitting the merged clusters with two local maxima, the V2 clusteriser resolves
the decay photons up to a higher energy scale than the V1 would, and is therefore
commonly used for 7° reconstruction. However, from 15GeV onward the V2
algorithm starts to struggle since the EMCal cell size limits the resolution of local
maxima.
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4.1. Selection of Prompt Photon Candidates

The clusters, formed by the clusterisation process, have different properties like
shape, energy content and number of cells. The selection of photon candidates
from all given clusters depends on these properties.

4.1.1. Event Selection

Before the photon candidates in each event can be determined, the event itself has
to fulfil certain criteria. Events that can be traced back to beam-gas interaction or
other forms of noise will be rejected by the physics selection. Furthermore, the z-
component of the primary vertex is required to lie within the range of |v,| < 10 cm.
This ensures a uniform detector acceptance in n; it can also contribute to pile-up
rejection. A typical distribution for the z-component before the vertex cut can be
seen in figure 4.2. The cross section of prompt photon production is very small;
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Figure 4.2.: Distribution of the z-component in different events (data taken from
2016k).

it is therefore unlikely to find and analyse corresponding events in data that were
triggered by the VOAND. To increase the statistics for prompt photon production,
the EMCal EGA trigger (described in section 3.3.1) is used to ensure that at least
one high energy cluster has been detected by the EMCal. The exact trigger values
change for different periods of data taking and are presented along with the used
data sets.
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4.1. Selection of Prompt Photon Candidates

4.1.2. Cluster Quality Cuts

To ensure that the analysed data is primarily a result of high energy collisions,
quality assurance studies are performed at cell level for each data set. In this
process, the EMCal cells are examined for dysfunctions and a bad channel map
is created to exclude data from bad cells in analyses. Further measures to
ensure cluster quality include the rejection of clusters that consist of only one
cell (because these cells are most likely caused by particle interactions with the
detector electronics) and the requirement of a minimum energy for a cluster due
to a bad timing response of the EMCal for low energies. In this analysis, a value
of Fnin = 0.7GeV is chosen. Due to the very small bunch spacing time of 25ns
during the data taken at /s = 13 TeV in 2016, a timing cut will be applied to
the clusters to dismiss clusters from different bunch crossings. The cluster time is
defined by the time of measurement of its leading cell. The timing cut then allows
a time window of —12.5ns < ., < 13.0ns around the measured current bunch
crossing time.

4.1.3. Shower Shape Cut

An important criterion for identifying photons among the EMCal clusters is the
cluster shape. An ellipsoidal parameterisation can be applied to the cluster by
introducing the shower shape parameters 0'120ng and ¢, which can be seen as
representative for the long and short axis of the shower surface ellipse. of,,, has
been proven to be a good measure for photon identification. A single photon
cluster tends to be rather circular and has a value of o, ~ 0.25, while hadronic
or merged clusters have broader or oval forms and result in larger values. [BT16b]
Electrons, however, have a similar shape to photons and cannot be rejected by this
method. Figure 4.3 shows the alzong distribution before and after the application
of the cluster cuts. A clear peak around 0120ng ~ 0.25 indicates the dominant
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Figure 4.3.: o}, distribution before (left) and after (right) the application of the
cluster cuts (data from period LHC16k).
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share of photons and electrons within the cluster yield. The contribution at higher
aﬁmg values is comparatively small. This can be explained by the V2 clusterisation,
which splits the clusters with multiple contributions that otherwise would have led
to higher values of aﬁmg. The shape cut thus has more importance when using the
V1 clusteriser. Nevertheless, there could be hadronic contributions left, as well as
merged decay photons from highly energetic mesons with a small enough opening
angle to result in only one local maximum. The higher the meson energy and
the smaller the opening angle of a decay, the smaller the corresponding aﬁmg gets,
approaching the value for photons. Hence, an energy dependent cut is applied,
accepting values between 0.1 < 0’120ng < 0.5 for small energies and going down to
0.1< 0’120ng < 0.35 for high energies.

4.1.4. lsolation Cut

As charged particles leave tracks in the ITS and TPC, both of which covering
a larger pseudorapidity range than the EMCal (|n| < 0.9 vs. || < 0.7), the
position of each EMCal cluster can be compared with extrapolated charged particle
tracks. When a charged track matches with a cluster in the EMCal, that cluster
is considered to be caused by the same charged particle and will be rejected.

This method strongly reduces the share of electrons and any remaining charged
hadrons within the cluster sample, so that the primary contribution should come
from single photons. On the other hand, a significant amount of photons convert
in the detectors between the TPC and the EMCal. These conversions cannot be
matched to a track and therefore stay part of the final photon sample. Depending
on the opening angle, these electron-positron pairs will either result in one cluster
so that the full energy of the photon can be automatically reconstructed, or two.
The resulting impact on the analysis is discussed in further chapters. [Lod18]

In this analysis, the charged particle track matching will be included in the applied
isolation criteria and therefore no further cut is necessary. As this thesis focuses
on the effectiveness of the isolation cut rather than a final determination of a
corrected prompt photon yield, the main analysis will be carried out for four
different isolation radii (R, = 0.1,0.2,0.3,0.4). The hadronic activity will be
determined by the total pr of all charged particles measured within the cone.
It is convenient to take the EMCal clusters into account as well, to get a more
complete picture of the hadronic activity via decay photons. The inclusion of
EMCal clusters, however, reduces the acceptance area for possible prompt photons,
since the chosen cone around the photon candidate has to fully lie within the
EMCal acceptance. At the convenient isolation radius of Ri,, = 0.4, this means a
restriction to approximately 25 % of the EMCal acceptance. Using only charged
particles for the calculation of the hadronic activity allows the area to expand
up to 70 % of the EMCal acceptance, which enables a better statistic. However,
not taking EMCal clusters into account might lead to a less pure prompt photon
yield. The cut on the allowed energy in the cone has been chosen to be energy
dependent, restricting the limit to 10 % of the photon candidate’s energy. The
isolation principle is depicted in figure 4.4.
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- photon candidate

—> charge particles (tracks)
B neutral particles (clusters)

Figure 4.4.: Schematic view of an isolation cone around a photon candidate
containing two charged particle tracks. [X*18§]

In case a charged particle deposits energy in the EMCal and that cluster will be
tested for isolation, the corresponding track will be inside the cone with an energy
at least equal to that of the cluster. Subsequently, the cluster will be rejected.

4.1.5. Acceptance Cuts

The chosen acceptance cuts for this analysis come from the combination of ITS,
TPC and EMCal acceptance ranges. The charged particles used for the isolation
are measured within the pseudorapidity range of |n| < 0.9, but over the full
azimuth. Hence, the largest used radius (R, = 0.4) restricts the employable area
on the EMCal surface to a pseudorapidity range of || < 0.5, while the full range in
¢ can be exploited. Figure 4.5 displays the energy distribution for the full EMCal
acceptance (left) and the area that is used in this analysis (right). A summary of
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Figure 4.5.: Energy distribution for the full EMCal acceptance of five super
modules (left) and used acceptance in 7 for this analysis due to the size of the
biggest chosen isolation cone (right), (data from period LHC16k).
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all applied cuts and parameters of the clusterisation process are displayed in table
4.1. The remaining clusters form the raw prompt photon yield. In the following
section, the method for determining the fraction of 7 decay photons within the
measured prompt photon yield is presented.

Clusterisation Settings

clusteriser V2

seed cell energy Feeeq > 0.5 GeV

minimum cell energy  Ein > 0.1 GeV
Quality Cuts

cluster time —12.5n8 < taus < 13ns
cluster energy Egus > 0.7GeV
minimum N > 2
Shape Cut
shape parameter of,,, 0.1 < oj, <0.5
energy dependence 0‘120ng max = 0.32 4+ 0.0072F3
Isolation Cuts
Riso 0.1,0.2,0.3,04
P (o) =01
Acceptance Cuts
longitudinal —-05<1n<05
azimuthal 1.4 < ¢ <3.15

Table 4.1.: Summary of applied cluster cuts based on the EMCal meson analysis
M*17]

4.2. Invariant Mass Analysis

The largest share of decay photons that can possibly contaminate the prompt
photon yield comes from 7° decays into two photons. The two photons, however,
conserve the invariant mass of the neutral pion, from which it is possible to
reconstruct the meson. The invariant mass of a system of two photons is given
by

]\471,\/2 = \/QE'ylE'yQ(l — COS 912) (41)

where F.; and E,, are the energies of the decay photons and 6, represents the
opening angle between them. By pairing the photon candidates and calculating
the invariant mass of the pairs, an invariant mass distribution can be obtained.
An example of such a distribution is given in figure 4.6. Two peaks are noticeable
within a continuous spectrum. The left peak is positioned at M., ~ 0.13 GeV /c?,
which corresponds to the invariant mass of the neutral pion (0.135 GeV /c?), while
the peak on the right is caused by the decay of the  meson (0.548 GeV /c?) that
has a two-photon decay channel as well. The continuous spectrum is a result of
the combination of uncorrelated photons. Subtracting this continuous background
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Figure 4.6.: Exemplary invariant mass distribution for the pairing of photon
candidates within a certain energy range (data taken from LHC16k).

and integrating the remaining peaks could lead to the number of 7°, n or decay
photon candidates, dependent on the condition under which the distribution was
constructed. The exact procedure for determining isolated decay photons based
on the invariant mass method is described in the following section. The procedure
is based strongly on the EMCal meson analysis that can be found in [M*17], with
a few variations due to the different aim of measuring decay photons instead of
mesons.

4.2.1. Isolated ™ Decay Photons

In this thesis, the pp-dependent yield of 7° decay photons shall be determined as
a subfraction of the measured isolated photon yield. Because there is a possibility
that one of two decay photons has been isolated and not the other, it is necessary
to combine the isolated photons with a pool of photon candidates in pre-isolation
state. The exact procedure can be outlined as follows. In every event, the cluster
candidates that pass all cuts apart from the isolation will be stored in a pool for
general photon candidates. Afterwards, the isolation cut will be applied and the
fraction of photon candidates that pass will be stored in a pool for isolated photon
candidates. Every isolated photon candidate will then be paired with every other
photon from the general photon candidate pool. In case a pair of candidates passes
specific meson criteria (which is covered in section 4.2.3), the calculated invariant
mass of the pair and the pt of the corresponding isolated photon is added to a 2-
dimensional histogram as shown in figure 4.7. The dominant contribution around
the invariant mass of the 7° can be seen once again. The large white space at the
bottom goes up until 0.7 GeV /c and corresponds to the minimum energy cut for the
clusters. This histogram can be evaluated for reasonable pr ranges, so called pr-
bins. Each bin then contains a corresponding invariant mass distribution, similar
to that in figure 4.6. The more bins the histogram is divided into, the better the
resolution of the resulting decay photon yield, but the worse the statistics for each
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Figure 4.7.: pr-dependent invariant mass distribution for decay photon analysis
(data taken from LHC16k).

bin. As such, a compromise has to be made between both. The chosen pr-bins are
displayed in table 4.2. To extract the yield of 7° decay photons for each pp-bin,

’ pr-bins (GeV/c) ‘
7.0 <pr<725 11: 9.5 < pr < 10.0
7.25 < pr < 7.50 || 12: 10.0 < pr < 10.5
75 <pr<775 | 13: 105 <pr <11.0
7.75 < pr < 8.0 14: 11.0<pr <125
8.0 < pr < 8.25 15: 12.0 < pr < 13.0
8.25 < pr <85 16: 13.0 < pr < 14.0
8.5 < pr < 8.75 17: 14.0 < pr < 15.0
8.75 < pr < 9.0 18: 15.0 < pr < 17.0
9.0 < pr < 9.25 19: 17.0 < pr < 21.0
0: 925 <pr <95

Table 4.2.: Chosen pr-bins for the extraction of ¥ decay photon yields from the
2D invariant mass histogram.

first the background has to be determined and subtracted, then the remaining
signal can be integrated. Due to the combinatorial character of the background,
a common method for its estimation is the event mizing method.

4.2.2. Event Mixing

As the name suggests, the event mixing method pairs the photons of different
events to avoid any correlation between two decay photons. The produced
background shape, however, has been found to depend on primary wv,-position
and particle multiplicity. Therefore, events are sorted into different bins for both
quantities, and photons from different events only get mixed if both events show
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similar properties in terms of multiplicity or v,-position. In this analysis, the events
are stored photon multiplicity dependent, since that has been proven as the most
accurate background description so far. The event mixing method determines the
shape of the background, but not the scale. The background will be normalised
to the invariant mass distribution, either on the left or on the right side of the
peak. Figure 4.8 displays the invariant mass distributions in the range of the 7°
for the pr-bins from table 4.2. The lower pr-bins

7.00GeV/ c < p <7.25GeV/ ¢
10°

7.25GeV/ c < p <750 GeV/ ¢
10

7.50GeV/ c < p <7.75GeV/ ¢
10

7.75GeV/ c < p_<8.00GeV/ ¢
10

18]

show very little background, but
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Figure 4.8.: Invariant mass distributions for all chosen pr-bins at Ri, = 0.1.

The scaled mixed event background can be seen as a blue line (data taken from
LHC16k).

an increase is visible, indicating the impact of merged clusters at higher pr.

4.2.3. Meson Cuts

The general criteria that the calculated 7% candidate has to fulfil are displayed in
table 4.3.

Table 4.3.:

Meson Cuts

energy asymmetry o 0 < a <1
opening angle 6
rapidity y

0 = 17mrad + 1 cell distance

ly| < 0.8

IM*17]

Summary of applied meson cuts based on the EMCal meson analysis.
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4. Analysis Procedure

The energy asymmetry is given by

o — M’ (4.2)
E’yl + E’y2

with E,; and E., representing the energies of the decay photons and, as its name
suggests, it measures the decay asymmetry. « = 0 would represent a purely
symmetric decay where the energy is split up equally between the two decay
photons, while @« = 1 would be the limit where one photon goes straight to the
EMCal and the other into the opposite direction”. The most symmetric decay also
corresponds to the smallest opening angle. In this analysis, the whole spectrum
of decays will be taken into account. As previously mentioned, the resolution of
two decay photons with a very small opening angle within one event is restricted
by the EMCal cell size, so that 7 mesons with pr > 20 GeV /c will appear as one
cluster and the invariant mass method will not work. In mixed events, however,
there is no such restriction. Hence, a minimum opening angle has to be chosen
that provides a comparable distribution. # = 17mrad has been proven to be
the best cut value, together with the additional criterion that two leading cluster
cells cannot be adjacent. The cut on the mesons rapidity is due to the restricted
acceptance of the EMCal detector.

4.2.4. Signal Extraction

The final signal extraction works by fitting the invariant mass distributions for
each pr-bin from table 4.2 with a Gaussian function, after the mixed event
background has been subtracted. The multiple fitted spectra can be seen in
figure 4.9, and figure 4.10 depicts a magnification of the distribution with fit for
9.2GeV < pr < 9.5GeV. The left side of the fit describes an exponential fall off,
which is implemented into the fit function to include the contribution of conversion
electrons and positrons. In order to account for a remaining background that the
event mixing method did not cover, the function also consists of a linear part. The
fit is used to determine the invariant mass position M, o; the standard integration
window is chosen to be [M,o — 0.05, M0 + 0.04] and can be seen around the
peaks in figure 4.9 as solid lines. A wider and a narrower integration window are
usually chosen to estimate errors. The actual 7° decay photon yield will then
be determined by adding the yields of the bins within the integration window.
It is noticeable that, at the right side of the peak, the displayed invariant mass
distributions are not very well described by the standard Gaussian fit. This is
because the fit function has been worked out for 8 TeV data. Since several features
changed for the data taken at 13TeV (eg. bunch spacing and energy), the fit
function needs to be revised in order to properly converge for 13 TeV data. In this
analysis there was no scope for an adjustment, thus standard settings have been
used to get a first impression of the application of the invariant mass analysis on
isolated photons. The extracted yields for the different isolation radii for the same
data set can be seen in figure 4.11.

"Because it travels at the speed of light, it would not reach the detector.

34



4.2. Invariant Mass Analysis

7.00GeV/ c < p <7.25GeV/ ¢
10°

7.25GeV/ c< p <750 GeV/ ¢
10°

7.50GeVl e < p,
'

<7.75GeV/ ¢

7.75GeV/ ¢ < p <B.ODGeV/ ¢

=,

= * o - 3 - Ep i &
| L3 E|
T ] 4| 4F E| £ E|
| L Ty 1 L 1 L 1 |
005 01 015 02 025 0 005 01 015 02 025 0. 005 01 015 02 025 O 005 01 015 02 025 O
M,, (BaVic?) M,, (BaVic?) M, (GaVic) M, (GaVic?)

800GeV/ c< p_<B8.25GeV/ ¢
w

8.25GeV/ ¢ < p <B.50GeV/ ¢

850GeV/ ¢ < p <B.75GeV/ ¢

875GeV/ ¢ < p <9.00GeV/ ¢

ALICE performance
26" w.l_an 2019

, 15 = 13TeV.
g

n
¥'s rec. with EMCal
Data: 5.9¢+07 events

+ mixed evt. subtr. M,

— Fit

9.00GeV/ ¢ < p, <9.25GeV/ ¢

3 I I i
- T e S e = R e = e
= 9 = = = 10 1 = p
S » El. 3 1 ER S = El - = =
z P z 2 s 1z
H EA S 1% H H
o | o ] L
E E| 8F E| 6f B 5
o o E
b ER E 4
E £ 3 4 7] 3
4 El 4 k|
E 1 -
+ ER 3 ER E
ik Ll A i N
005 01 015 02 025 O 005 01 o015 02 025 O 0.05 01 o015 02 025 0 0.05 61 o015 02 025 0 0.05 61 015 02 025 0
M, (Gavic) M, (Gavic) M, (Galic) M, (Galic) M, (Gavie

9.25GeV/ c < p_<9.50GeV/ ¢
w7

950 GeV/ ¢ < p_<10.00 GeV/ ¢
10°

10.00 GV ¢ < p <10.50 GeV/ ¢
10

10.50 GV ¢ < p <11.00 GeV/ ¢
10°

11.00 GVl ¢ < p <12.00 GeV/ ¢
10°

12.00 GeV/ c < p_<13.00 GeV/ ¢
10°

13.00 GeV/ ¢ < p_<14.00GeV/ ¢
10°

14.00 GeV/ ¢ < p_<15.00 GeV/ ¢
10

15.00 GeV/ c < p_<17.00GeV/ ¢
10°

£l = 1o 1= 7 : 4 = s s :
2 7 " = [ = m = E =2 8 »
= 4 '3 = sF L q = & D ERES z 7 =
3 E E 3 af 13
o . sE E 4
£ ] E E aE E E
4 4 .
E 4 k| *F E oF E 3
2 2t 3
2
of 1 E E
i3 E 1
AN 1 \ L \ 1 \ { \
005 0 ois gz o2s vO: [ R R R ThS T or o ez oz O THTeT T ez o2s b 005 o o ez o 0
M, (Gevic?) M, (Gevic?) M,, (@avic?) M,, (@avic?) M,, (@avic)

17.00 GeV/ ¢ < p, <21.00 GeV/ ¢

N, M,
i

= T T T T T = T T T = = T T T T
3 aop ER- H =
= 1= L = § 2 =
A Z 250 ) 3z st a 1z z
Fa 3
20f 3
ES E 10F 9
155 E
E3 ERERTS E
.| osf B
2 1 s - E "
2R
L ! o I 1 L e o L L
006 01 015 02 0280 006 01 018 O 005 01 018 02 @

2 T

M, (GeVieh)

ERE ]
M, (GeVieh)

M, (GoVie?)

Figure 4.9.: Invariant mass distribution with subtracted background and fit with

Ris, = 0.1 (data taken from LHC16k).
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5. Monte Carlo Studies

Before applying the introduced approach for estimating the contamination of the
raw isolated photon yield to a data set, an evaluation will be done based on
simulated data. In the simulation, results of pp collisions are generated by Pythia 8.
Pythia is a Monte Carlo (MC) event generator that is based on the generation of
random numbers in order to reproduce a huge number of possible event outcomes.
An event is divided into subprocesses that are simulated one after another. The
initial hard scattering and parton shower are derived from perturbative QCD; the
hadronisation uses phenomenological models that are based on the QCD potential.
The underlying event is considered as well. The different theories and models leave
scope for improvement in the form of tunable parameters that can be determined
by comparison with data. [SMS06]

As it is impossible to analyse the amount of data from high energy collisions
without making assumptions about the underlying processes leading to a final
measurable yield, simulation and experiment are very intertwined in high energy
physics and it is difficult for one to be used or improved without the other.
However, Pythia only generates the events itself, so that further processing is
required in order to make the outcome comparable with measured data. Therefore,
the interaction of final state particles with the ALICE detector has been simulated
with Geant 3.

Monte Carlo data sets store information about the particle’s type and origin. These
can be used to get insight into particle responses to given analysis methods within
the limit of the theories and models that the simulation is based upon. A set
of such MC data is used in this chapter to evaluate the chosen isolation criteria
by looking at their efficiency in selecting the given prompt photons, as well as
their ability to reject cluster candidates coming from other sources. Furthermore,
the previously introduced invariant mass method shall be used and assessed on a
Monte Carlo level.

5.1. Monte Carlo Data Sets

For prompt photon studies, two types of MC data sets are relevant: one for the
description of the prompt photon signal and one for the background processes.
For the signal, only events that produced a prompt photon during the initial hard
scattering are taken into account; this set is called gamma-jet (v-jet) MC. The
corresponding background MC was simulated under the condition of producing
two back-to-back parton jets, and is called jet-jet MC. The chosen MC productions
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5. Monte Carlo Studies

simulate pp collisions at /s = 13TeV, and fulfil the additional criterion that
the prompt photon (7-jet) or a decay photon with at least 7GeV (jet-jet) were
produced in the EMCal direction. The two sets have been produced in 2017 and
are called LHC17i3al (v-jet) and LHC17i3cl (jet-jet). More detailed information
can be found on the JIRA website [Web17].

As the cross section strongly decreases with higher momentum transfer Q? in the
initial hard scattering, the statistic for particle yields at high pt would be far worse
than at low pr. In Monte Carlo productions, this difference can be balanced out
by generating events in pi®*d-bins that correspond to a certain range of Q*. For
each phad-bin, the same number of events will be generated. This process alone
would result in unrealistically high yields for high pt particles in comparison to
the low pr range. Therefore, the corresponding average cross section is calculated
by Pythia for each ph#d-bin, which can be used to determine associated weights w
in order to obtain a normalised pr-spectrum. The weight is given by

w=—"""_ N, (5.1)

Z N, trials

where G is the cross section the events from a given pi®d-bin correspond to
on average, Nyias represents the number of trials before the production of the
desired conditions, and N, the total number of accepted events. The phard bins
the two MC sets were produced in are listed in table 5.1, and figure 5.1 displays
the unweighted yield (left) and the weighted cross section (right) for the v-jet MC.

phard_bins (GeV/c)
jet-Jet v-jet

8 < p*! < 10 5<prd <11
10 < pp*d < 14 11 < prd < 21
14 < phard < 19 21 < phad < 36
19 < phard < 26 36 < phrd < 57
26 < ph¥d < 35 57 < phvd < 84
35 < phard < 48 84 < phard

48 < phard < 66
66 < phard

Table 5.1.: piard-bins for v-jet and jet-jet MC productions.

5.2. Prompt Photon Isolation Efficiency

The isolation efficiency is defined as the ratio of all validated isolated prompt
photons Y2 to all true prompt photons 72;°™"" that passed the general photon

cuts, apart from the isolation:

YR [ dprdn

€iso = “prompt 77 7 ° (52)
511 pt/dedW
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z r ‘. p:a’“ binl . p';a'“ binl
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F * p:a'd bin3 7 . p';a’d bin3 7

¢+ p@bind + p'pin 4

. p';a'“ bin5
. p’T‘ard bin 6
+ sum

+p*bin5 |
‘ p’T‘a'd bin6 3
+ sum

0 140 120 140
P, (GeVic) P, (GeVic)

Figure 5.1.: pdbin contribution unweighted (left) and weighted (right) for the

~v-jet MC data.

Due to photon conversions in front of the EMCal, the prompt photon signal
consists of clusters caused by unconverted photons (50.1 %) and clusters caused by
conversion products (49.9%). The efficiency has been determined for both cases
using the v-jet Monte Carlo production as input. The results can be seen in figure
5.2 for the unconverted and in figure 5.4 for the converted case.

5.2.1. Unconverted Prompt Photons

The first thing to notice is the increase of €, with higher pr: more prompt photons
are selected by the isolation criteria at higher momentum range. This could be
explained by the prp-dependent threshold that allows more uncorrelated tracks
(from the underlying event) within the cone for higher energies of the prompt
photon. This assumption would be easy to check by changing the isolation energy
cut to a fixed value and comparing the results. At the smallest isolation radius of
Ri, = 0.1, €, approaches 1; for larger radii the curve is shifted towards lower €,
because the criteria gets tighter and more susceptible to possible background from
the underlying event. The behaviour between 0 GeV and 10 GeV can be seen as an
unphysical artifact of the production process of the y-jet MC in pi*d-bins. The
first bin starts at 5GeV and all entries with lower pr are the sum of low-energy
tails of the spectra produced in each pt¥*d-bin. As a result, the low pr range is not
representative for the real prompt photon efficiency and will be omitted in this
analysis. The yields for both cases (converted and unconverted prompt photons)
and their behaviour for low pr can be seen in figure 5.3. Using only charged
particles for the estimation of hadronic activity leads to less strict criteria, hence
enhancing the efficiency but at the same time reducing the rejection of background
clusters in comparison to an energy threshold that accounts for neutral clusters.
The advantages and disadvantages of each method could be subject to a more

extensive study.
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Figure 5.3.: Prompt photon yields for unconverted (left) and converted (right)

prompt photons.
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5.2.2. Converted Prompt Photons
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Figure 5.4.: Isolation efficiency for converted prompt photons.

Figure 5.4 shows the isolation efficiency for conversion electrons and positrons
whose mother was found to be a prompt photon. There are is one main difference to
figure 5.2. All curves appear to be shifted towards lower efficiencies. If a conversion
occurs within the range of the TPC, a track can be reconstructed and the
corresponding cluster will be rejected by the isolation criterion. As aforementioned,
a large part of the conversions happen behind the TPC and therefore cannot be
rejected by track matching. Based on that, the isolation efficiency shift could be
related to the share of conversions that happen within the reconstruction range of
the TPC and therefore not pass the isolation cut. According to the Monte Carlo
simulation, converted prompt photons constitute nearly half of the extractable
prompt photon yield, but only about 2% of the converted photons have been
double counted due to electron and positron depositing their energy separately.
This could mean that most of the conversion pairs are measured as one cluster
(due to a very small opening angle of the et — e~ pair) and therefore the shift
towards lower energies due to conversions would not cause a large deviation. In
order to make final conclusions about a possible energy shift, more detailed MC
studies needed to be performed.

In order to assess the obtained efficiency results for the different isolation radii it
is necessary to perform a similar study for background clusters.
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5. Monte Carlo Studies

5.3. Background Rejection Ability

The jet-jet MC has been used to apply the isolation criteria on a pure background
sample that mainly consists of decay photons. Figure 5.5 depicts the share of
these clusters that pass the isolation criteria. A clear dependence of the ratio
on the isolation radius can be seen. The high efficiency of an isolation criterion
with Rjs, = 0.1, on the one hand entails a large acceptance of background clusters
and, therefore, a weak signal-to-noise ratio (purity) on the other. The larger the
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Figure 5.5.: Ratio of background clusters that pass the isolation cut.

radius, the better the rejection ability becomes: for Ri, = 0.4 only 5% of the
background clusters pass the criterion. The amount of accepted clusters seems to
double (approximately) for a decrease of the radius by 0.1. Therefore, the change
from R, = 0.4 to R, = 0.3, at about 10 GeV, only reduces the background
rejection ability by 5%, while the change from Ri, = 0.2 to Rj, = 0.1 causes a
decrease of 20 %. The rejection generally improves with larger cluster pr, which
can be related to the jets getting narrower, and involved particles getting closer
together with higher parton energies, thus leaving less room for isolated particles
within the jets.

In conclusion, a good background rejection goes along with losing signal and
statistics (also due to detector size, as mentioned in section 4.1.5). An effective
isolation cut should therefore exhibit a good compromise between sufficient
statistics and a high purity. The smallest radius, Ri, = 0.1, would result in
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a low purity since, despite the use of triggered data, the background is still
large. Ri, = 0.3 and R;, = 0.4 both seem to provide reasonable performances
in suppressing decay photons. An isolation cone with R, = 0.4 can provide a
higher purity but removes a bigger share of the existing prompt photons, while an
isolation cone with Ry, = 0.3 would provide a higher efficiency and more statistics
but lower purity.

So far, the impact of the different isolation criteria on signal and background has
been looked at separately and, as such, purity predictions for the different radii
could only be made based on additional information about the pre-isolation signal
share. Using the invariant mass method, in order to measure the decay photon
yield as part of the raw isolated photon spectrum could provide a data driven
method for purity determination.

5.4. 1'-Decay Photon Yield

In this section, the results of decay photon yields are determined via the invariant
mass method and by using Monte Carlo production information. All yields are
divided by the total cluster yields and thus display the relative contribution
within each cluster yield. All ratios are displayed for the four isolation radii and
additionally for the inclusive yield as a comparison.

5.4.1. Validation of the Invariant Mass Method

The relative share of 7 decay photons for the different isolation radii, obtained
through invariant mass reconstruction, can be seen in figure 5.6. In principle,
the plot imitates the minimum contamination rate that shall be determined for
data in the next chapter but, because of the lack of prompt photons in the jet-jet
simulation, it simply shows the share of reconstructible decay photons. However,
it still gives an impression of the reconstruction efficiency for 7° decay photons,
and it can be compared to true MC output in order to validate the invariant mass
method itself. The corresponding invariant mass plots (involving the normalised
mixed event background and the fitted results after subtraction) for all pr-bins
can be found in appendix A.1.

The ratios show several distinctive feature. For once, the share of reconstructible
7V decay photons decreases strongly towards high pr, which reveals the resolution
limit of merged clusters in the EMCal. Furthermore, the curves all display a
jump at about 10 GeV that could either be an effect of the imitated 7 GeV photon
trigger or indicate a mistake/unreliability within the applied procedure. The
ratio also shows a dependence on the isolation radius, which could mean that
the different cluster types within the jet-jet MC sample respond differently to the
applied isolation and, as a result, the share of 7% decay photons could decrease.
Another possibility could be a decreasing reconstruction efficiency with larger radii
due to a lack of statistics. In order to evaluate these assumptions, the same ratio
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Figure 5.6.: Share of 7° decay photons determined by the invariant mass method
within the isolated cluster yield for different isolation cones.

has been plotted (figure 5.7) for cluster pairs that passed the meson cuts and
that additionally have proven to be true photons coming from the same 7°. The
converted photons have been included since they contribute to the invariant mass
peak and are therefore part of the signal extraction. Overall, the ratios compare
well apart from a few significant distinctions. Firstly, the jump does not appear
in this plot, which indicates an issue with the invariant mass method and discards
the trigger argument. Secondly, the ratio that has been obtained for the case of
no applied isolation (at high pr), is distinctively higher than the other curves in
this plot. Since the jump happens in the same place for all five curves it looks very
much like a binning issue, and also because it occurs precisely at the transition
of one bin width to the next. Nevertheless, it does not seem to occur for the
other bin width changes at higher pr. At this point it is important to remember
the fit function that did not converge very well on the right side of the invariant
mass peaks. As such, displacements of the invariant mass positions of the 7°
and thus shifted integration windows may have occurred, which could entail a
high uncertainty for the single yields in each pp-bin. There would be no reason,
however, for such effects to be exposed so distinctively in one place. Rather, it
could cause a systematic shift or at least show a more continuous impact on the
yield.

From 10 GeV onwards, the ratios for the isolated yields agree relatively well,
considering the bias of the fit function and the strange jump at the start. Looking
at the invariant mass plots shown in appendix A.l, the fits seem to converge
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Figure 5.7.: Share of MC validated isolated 7% decay photons that, combined with
another photon, passed the meson cuts (conversions included).

better for isolated photon yields. Thus, the deviation of the curve for the inclusive
photons (as opposed to isolated ones) might be based on a worse reconstruction
efficiency, due to a larger background of charged particles. The radius dependence
can be observed in the true MC output as well and thus indicates the presence
of a particle that are easier isolated than the 7° decay photons are. A decreasing
reconstruction efficiency therefore might not be the reason for the separation,
especially because the fits have been found to better describe the isolated invariant
mass distributions.

In the following section, the total contribution of true 7° decay photons to the
background sample is presented in order to estimate the reconstruction efficiency
of the invariant mass method.

5.4.2. True 7° Decay Photons

The yield of all photon candidates, whose mothers were found to be neutral
pions (true 7° decay photons), is divided by the total yield of clusters for each
isolation criteria and the inclusive spectrum. The results are displayed in figure
5.8. Dependent on the isolation criterion, the true share of 7% decay photons
within every cluster sample varies from 75% up to 83 %. Especially at low pr,
this ratio also shows a weak dependence on the isolation radius. Noticeable here

45



5. Monte Carlo Studies
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Figure 5.8.: Share of true 7° decay photons within isolated cluster yield for different
isolation cones (conversions included).

is the wide gap between the ratios at Ry, = 0.1 and R, = 0.2, suggesting that
the result of an isolation with Ri, = 0.1 is closer to the inclusive spectrum than
to that of the other isolation criteria. However, it is possible that the inclusive
curve results in a lower share relative to the isolated ones due to charged particle
contributions in the denominator. Compared to the former results, one can extract
a reconstruction efficiency (at pr > 10 Gev and with applied isolation criteria) of
about 11 — 17% at 8 GeV going down to 3 — 7% at 16 GeV. The drop can be
explained by the cluster merging in the EMCal, but generally the values are very
low. Since this is the case for both the invariant mass reconstruction yield and the
true MC validated spectrum, this cannot be attributed to a failure of the invariant
mass method and must therefore be related to the isolation criteria itself.

Even though, up until now, the presented results seem to indicate several issues
with the invariant mass method, the next chapter presents and briefly discusses
the application on real data to at least get an impression of the quality of the
invariant mass distributions for isolated cluster yields.
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6. Data Analysis

The underlying data was taken from pp collisions in 2016 at an energy of /s =
13TeV. Conveniently, the data is divided into so called periods that represent
approximately a month of data collection. Two of these periods are analysed in
this chapter, named LHC16k and LHC16l. The EG1 trigger was active throughout
these periods with threshold values of 6 GeV (LHC161) and 9 GeV (LHC16k). Only
these triggered events were taken into account in order to increase the probability
of prompt photon productions within the analysed events.

6.1. Minimum Contamination of the Raw Isolated
Photon Yield

This chapter determines what could be called a minimum contamination rate of
the isolated photon yield. As the cluster yield is expected to include a good share
of prompt photons and fragmentation photons®, the relative contribution of 7
decay photons should be significantly smaller. The invariant mass distributions
per pr-bin can be found in appendix A.2 and A.3. Figure 6.1 and 6.2 present
the results. The general course of the ratios looks very similar to the results
that have been extracted from the jet-jet Monte Carlo analysis. The 16k-data
shows a distinctly different behaviour before the jump, caused by a higher trigger
value of 9 GeV in comparison to the threshold of 7GeV used in the jet-jet Monte
Carlo. This assumption is in accordance with the results for the 6 GeV-triggered
16l-data that match the previously presented results as far as the general form is
concerned. From 10 GeV onwards, the ratios fall as expected and appear to be
very congruent, as should be the case. In figure 6.3, the ratio between the two
contamination rates is depicted to underline the accordance of the two datasets
for values of pr > 10 GeV. Assuming the invariant mass method works well above
10 GeV, the contribution of reconstructible 7¥ decay photons at the isolation radius
of Ry, = 0.4 could be estimated to be around 2.5% at 10 GeV. This, using a
corresponding reconstruction efficiency of 11 %, extrapolates to a total 7 decay
photon contamination of 20%;1% ~ 22 %.

The fluctuation of the data, however, increases for large isolation cones, as can also
be seen in the ratio on figure 6.3. Especially at high pp-bins the merged clusters
lead to a lack of statistics. With more statistics, however, there seems to be a
good chance of getting more reliable results.

8Fragmentation photons have been underrepresented in the Monte Carlo due to a trigger on
decay photons.
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Figure 6.1.: Minimum contamination rates for different isolation cone sizes (data
from LHC161).
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6.1. Minimum Contamination of the Raw Isolated Photon Yield
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7. Conclusion and QOutlook

Within the scope of this thesis, it has been possible to evaluate different isolation
criteria (using an energy dependent threshold and four different cone sizes) based
on their efficiency and their ability to suppress background clusters via a Monte
Carlo analysis. The results have shown that the use of a very small radius
(Riso = 0.1) leads to a small purity, but from there the increase of the radius
by 0.1 already changes the background rejection ability substantially. The choice
between R;,, = 0.3 and R;s, = 0.4 cannot be properly assessed, because the higher
background suppression at R;,, = 0.4 and the better efficiency at R;s, = 0.3
could lead to similar purities dependent on the signal-to-noise ratio of the inclusive
cluster yield.

Furthermore, an invariant mass analysis has been carried out on the raw isolated
cluster yield in order to obtain a data driven measure for prompt photon purities.
This method has been evaluated using the Monte Carlo truth output, which has
revealed some underlying problem during the reconstruction of the decay photon
yield, which has not been solved so far. Thus, all ratios and yields that have
been determined via the invariant mass reconstruction cannot be treated as very
reliable.

Nevertheless, a comparison of the contribution of reconstructed decay photons with
the corresponding Monte Carlo truth suggests an accordance of the two ratios at
pr > 10 GeV for isolated yields. Due to other discrepancies, however, this has to
be interpreted carefully, as long as no explanation for the observable deviations
has been found.

The results from applying the invariant mass method to real data fit to the ex-
pectations arising from difficulties encountered during the Monte Carlo validation.
The ratios show a similar form but are shifted to lower values, thus indicating
the prompt photon signal within the isolated cluster yields in the data. At an
isolation radius of R;,, = 0.4, however, a clear lack of statistics further restricts
the reliability of the results. Therefore, generally, the choice of an isolation cone
of R;so = 0.3 (where significantly more statistics are available), in comparison to
the standard cone size of R;s, = 0.4, could be seen as an equally well criterion for
measuring prompt photons. It could provide a higher efficiency for the prompt
photon signal, and also a way to determine a contamination that is not purely
Monte Carlo based.

In order to get more reliable results using the invariant mass reconstruction
method, a refinement of the fit function might be necessary, as well as several
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7. Conclusion and Outlook

checks for possible binning issues. In terms of the fit function, it would be easy to
try the procedure with 8 TeV data in order to see if that leads to better results.

Most isolated photon analyses employ the V1 clusteriser and subsequently use
the shape cut or the number of local maxima (NLM) in a cluster to reject
background. Therefore, many of the merged clusters (caused by decay photons)
that are separated by the V2 clusteriser will retain their oval shape (or multiple
local maxima) with the V1 clusteriser and, as such, get rejected by the shape cut
or the NLM cut. Using the V2 clusteriser, such clusters might get separated into
two photon-like clusters and hence stay in the cluster sample, where they could
be selected by the isolation criteria and then be recognized as decay photon by
the invariant mass method. Due to these differences during the cluster selection
process, the remaining isolated raw yields could turn out very differently. Using
the V2 clusteriser in combination with the invariant mass reconstruction for purity
estimation could therefore lead to a validation method for other isolated photon
measurements.

Generally, it would also be interesting to vary the energy threshold in combination
with the radii R;,, = 0.3 and R;,, = 0.4.
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A.1. 7' Decay Photons for Jet-Jet MC
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A. Invariant Mass Distributions
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Figure A.2.: Invariant mass distributions for all chosen prp-bins at R, = 0.1
applied. The scaled mixed event background can be seen as a blue line (top)
and the Gaussian fit together with the integration limits (bottom).
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Figure A.3.: Invariant mass distributions for all chosen pr-bins at Ry, = 0.2
applied. The scaled mixed event background can be seen as a blue line (top)
and the Gaussian fit together with the integration limits (bottom).
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Figure A.4.: Invariant mass distributions for all chosen prp-bins at R, = 0.3
applied. The scaled mixed event background can be seen as a blue line (top)
and the Gaussian fit together with the integration limits (bottom).
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Figure A.5.: Invariant mass distributions for all chosen pr-bins at Ry, = 0.4
applied. The scaled mixed event background can be seen as a blue line (top)
and the Gaussian fit together with the integration limits (bottom)
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Figure A.6.: Invariant mass distributions for all chosen pr-bins without isolation
applied. The scaled mixed event background can be seen as a blue line (top) and
the Gaussian fit together with the integration limits (bottom).
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Figure A.7.: Invariant mass distributions for all chosen pr-bins at R, = 0.1
applied. The scaled mixed event background can be seen as a blue line (top)
and the Gaussian fit together with the integration limits (bottom).
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Figure A.8.: Invariant mass distributions for all chosen prp-bins at R, = 0.1
applied. The scaled mixed event background can be seen as a blue line (top)
and the Gaussian fit together with the integration limits (bottom).
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Figure A.9

Invariant mass distributions for all chosen pr-bins at Ry, = 0.3

applied. The scaled mixed event background can be seen as a blue line (top)
and the Gaussian fit together with the integration limits (bottom).
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Figure A.10.: Invariant mass distributions for all chosen pr-bins at Ri, = 0.4
applied. The scaled mixed event background can be seen as a blue line (top) and
the Gaussian fit together with the integration limits (bottom).
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Figure A.11

Invariant mass distributions for all chosen pr-bins without isolation

applied. The scaled mixed event background can be seen as a blue line (top) and
the Gaussian fit together with the integration limits (bottom).
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Figure A.12.: Invariant mass distributions for all chosen pr-bins at R, = 0.1
applied. The scaled mixed event background can be seen as a blue line (top) and
the Gaussian fit together with the integration limits (bottom).
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Figure A.13.: Invariant mass distributions for all chosen prp-bins at R, = 0.2
applied. The scaled mixed event background can be seen as a blue line (top) and
the Gaussian fit together with the integration limits (bottom).

65



A. Invariant Mass Distributions

A.3.4. R, =03

TODGeV/ c < p_<7.25GeV/ ¢

7.25GeV/ ¢ < p <750 GeV/ ¢

7.50GeVl ¢ < p <7.75GeVi ¢

7.75GeV/ ¢ < p_ <800 GeV/ ¢

ALICE performance

i lmxﬂ};

N : T T T T T : T T T T T 5 T T T T 27" Jan 2019
= E = = = —
Elly i 3 soof T = sof § ElE R W pp, fs = 13TeV
g0k L ER gi = Zam 2y
3 ¥ ElRa ERR3 i E +'s rec. with EMCal
i i B 250, Data: 6.2e+07 events
3 if 00 P 1 Lt 3 + same evt. M, (BGsSignal)
o0k 1 £ 200 — mixed evi. M,
200F i 3 amf ] 1 = -
2000 » B E| L | 100)
: 1o0f- B RS ] 3
.. TR T
i
o 025 0. o™ 6T 018 02 025 o0 s 01 618 02 025 0 g 025 0
M, Gevice) M, Gevice) M, Govicd M, Govica
800GeV/ c< p_<8.25GeV/ ¢ 825GeV/ c < p_ <8.50GeV/ ¢ 850GeV/ c < p_ <875 GeV/ ¢ 875GeV/ c < p_ <8.00GeV/ ¢ 9.00GeV/ c < p_ <8.25GeV/ ¢
> asf” L Sl T I d DR Rpanaans: R T T I, e T T T
3 oF : iR i i : e i :
z z 20fF 1 Z s Z 180 3 E
2 i iz Ef Bt I
¥ 2000 § ERRL 140 100f E
200 1 i 120 120 & 3 E
soh iy ER i 3 100 ¥ 100) 5 i
. o I 1o i p € ]
100f 3 iy &) rog &) pra ¥ %411 E
s soF 8 E R i ii,. i bl kS 20 L3 E
J-"! et g W 2 SEURCE R ey = i “ﬁﬁg‘m i il mﬁiﬂa&%‘ s
005 01 015 02 025 O 005 01 0.15 02 0. 01 0.15 0. 01 015 E . [X] 015 .2 X
M, Gevic?) [T M., Gevicd) M., Gevicd) M., Gavicd)
9.25GeV/ c< p_ <8.50GeV/ ¢ 9.50GeV/ ¢ < p, <10.00GeV/ ¢ 10.00 GeV/ ¢ < p_<10.50 GeV/ ¢ 10.50 GeV/ c < p_<11.00 GeV/ ¢ 11.00GeV/ ¢ < p_<12.00 GeV/ ¢
5 et ipessence NS panssasestantinssptpecnaces: ST oman tannt Mt St an snnnc: S-S0 MMM M gas annas: |
2 qe0f B 200 E £l £l 2_189 {
Z qab Z 180 Fly q 2 e 1 80
® ® im0 i ® 1ok El 14
120 140
: . S A S -
b3 = i g E e
3 & ¥ i ol 1 s
o & i R s E ©
G a i 3 E%E af ;1 4
o, ; = B s Pl il gy o1 [ ] g
9 0z 0% 03 (iR R (R T 0.5 0z 'os % A ds ¢ T 0
M, Gevie?) M, @evie?) M., Gevicd) M, Gevicd) M., Gavicd)
12.00 GeV/ ¢ < p_<13.00 GeV/ ¢ 13.00 GeV/ ¢ < p_<14.00 GeV/ ¢ 14.00 GeV/ ¢ < p_<15.00 GeV/ ¢ 15.00 GeV/ ¢ < p_<17.00 GeV/ ¢ 17.00 GeVi/ ¢ < p_<21.00 GeV/ ¢
v v v v v
e 3 T | g ST s T et 1
[ T =34 =3 ; ——
o Pooyee 150
o ﬁ# 3 “F % %{‘ E 200 }ﬁ ERELS { E 1
af E 1
1)
af f ] % % { 200 {‘ E g
of
i Pt g i ;Hﬁh% p B i g o by A :
o B gt i gl A £ % sE ﬁ 'H % [P%] i 2
T R 02" R0 i (AT T X R S L TR O T he R 9 (]
M,, (GeVIcs) M,, (GeVIcs) M, (Govicd) M, (Govicd) M, (Govic?)
700 GeV/ c < p_<7.25GeV/ ¢ 725GeV/ c < p_<7.50 GeV/ ¢ 750GeV/ c < p_<7.75GeV/ ¢ 7.75GeV/ c < p_ <8.00 GeV/ ¢
M M M M ALIGE performance
& ol : S TERTRAES : e : P e acydnt
2 i 3 so0f EE A I3 EE e ] Pp. {5 = 18TaV
Feok El > Sras ™y
® s S do0f ERR A Y 1 ERE") +'s rec. with EMCal
00 ERE ¥ Data: 6.20+07 events
o9 00 1 200 4 mixed evt. subtr. M,,
o 200F 1 aof E - Fit
200
100
£ 3 rof 3
100} 100 " a " 50} o
d b T e, T it !
605 61 018 02 Oz 0 OO o oAs Mo e b 605 01 0A8 0z o028 0: [ R X e R x
M, @evic) M, Gevic?) M., Gevicd) M., Gevicd)
800GeV/ c < p_ <8.28 GeV/ ¢ 825GeV/ c < p, <8.50GaV/ ¢ 850GeV/ c < p_ <875 GoV/ ¢ 875GeV/ ¢ < p_ <8.00GoV/ ¢ 9.00GeV/ ¢ < p_ <825 GoV/ ¢
= as0F T gl T s T = et
= = = =
2, 200t i 1= 3 =00 B 200 i 1
ES Efan3 EE z
250f- ERa 3 1 ®isf 150F E
200 E
sk ER 1 1oof 100F R
100f- E
100f- E b sab E
s E - E
s LS =
] b i ) Powk 0w " o ; ) hopy By
005 01 015 02 1025 0. 005 0 018 02 02 0 005 035" b 05 o oS 025"
M, (GavIc?) M, (GavIc?) M, Gavicd) M, Gavicd)
9.25GeVl ¢ < p_ <950 GeV/ ¢ 9.50GeVl ¢ < p, <10.00 GVl ¢ 1000 GeV/ ¢ < p_ <10.50 GeV/ ¢ 1050 GeV/ c < p_ <11.00 GeVl ¢
= 10F 7 = i e £ 1T 2 100 AR 200y
= = = =
3 1e0p { 3 zap i e W [ {
A1 R it ER ER - 1
b eof 3
e 1o0f- ] 1 wf 3 oo E
3 aof 3 5
3 sof 5 ] £ 1
3 20|
. B o Bk
005 03 002 08

005

12.00 GeV/ ¢ < p_ < 13.00 GeV/ ¢

bz oos s
)

T [
M, (GeVIc?)
13.00 GoV/ ¢ < p_<14.00 GeV/ ¢

025 0
M, (GeVic?)
14.00 GoV/ ¢ < p_<15.00 GeV/ ¢

[
M, (GeVic?)
15.00 GoV/ ¢ < p_<17.00 GeV/ ¢

e
M, (GeVic?)
17.00 GoVi ¢ < p_<21.00 GoV/ ¢

T ,
%

u,, (Gavics)

u,, (GaVics)

M,, (Gavics)

M,, (Gavics)

Figure A.14.: Invariant mass distributions for all chosen pr-bins at Ri, = 0.3
applied. The scaled mixed event background can be seen as a blue line (top) and
the Gaussian fit together with the integration limits (bottom).
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Figure A.15.: Invariant mass distributions for all chosen pr-bins at Ry, = 0.4
applied. The scaled mixed event background can be seen as a blue line (top) and
the Gaussian fit together with the integration limits (bottom).
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