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Introduction and Theory






Chapter 1

General introduction

Trying to understand the universe is arguably the most beautiful en-
deavour of humankind. Ever since the beginning of science we have
been pushing the boundary of knowledge outward, slowly but steadily
gaining more ground into the infinite unknown. Each step has given
us new ways to survive, develop, and shape the environment to our
will. It is our curiosity that has been one of the driving forces of scien-
tific progress, radically altering the way we view the world. From the

ancient Greeks reasoning that nature consists out of atoms, to Coper-

nicus theorizing that the solar system revolves around the sun, we
have been chasing reality to build a more and more complete picture FIGURE 1.1: Picture taken with the

. . Hubbl 1 .
of “what makes everything tick”. ubble space telescope

In order to build such a comprehensive picture, we have to ask ques-

tions of why things behave or work the way they do, think of a possible explanation, and try to verify if
this explanation correctly matches the phenomena. This is the very essence of the scientific method, where
the process of observation, reason, and experiment is used to create knowledge. As it turns out, the natural
world lets itself be described by mathematics, often in the form of elegant theories and scientific laws. The
beauty of these theories is that they employ the scientific method, which gives them explanatory and predic-
tive power. First, predictions generate hypotheses which can be tested by experiment. Then, the conclusions
of the experiment are able to refine the theory and generate new hypotheses, which are followed up by new
experiments. Maybe even more interestingly, this cycle of science can also go the other way around, i.e. by
first stumbling upon an observation and only then developing a theoretical description. Importantly, while
we embark on the journey of building a scientific theory of the universe, which is interesting in itself, it is

society that benefits greatly from all the gathered knowledge.

According to the most accepted theory on the history of our universe, the big bang theory, the universe

came into existence around 13.8 billion years ago [1]. During the first instances, it is space-time itself that

3



4 Chapter 1 General introduction

underwent rapid expansion and was filled with extremely hot and dense matter. About 370.000 years after
the big bang, the first neutral hydrogen atoms formed and the universe cooled down enough to become
transparent for photons, leading to the cosmic microwave background we observe today. A few hundreds
of millions of years later the first stars and galaxies began to form under the influence of gravity, creating
the first large large structures in the universe [2, 3]. In addition, the death of these first generation of stars
created most of the heavier elements we find around us on earth. From around 1 billion years onwards, the
universe gradually changed into the current state, forming over 100 billion galaxies containing billions of
stars (Fig. 1.1). It is only for the last 0.0015% of the age of the universe that humans began to walk the
earth and try to interpret our place in it all. The knowledge we gained over literally thousands of years
accumulated in a well-tested theory which describes matter and the fundamental forces between them at

the smallest possible scales.

1.1 The Standard Model

To our current best knowledge, the matter around us at the most fundamental level is made from indivisible
constituents. These building blocks of nature and the forces that govern them are described by the Standard
Model of particle physics. The Standard Model includes elementary fermions; the quarks and leptons, and

elementary bosons; the gauge and scalar bosons [4, 5].

Figure 1.2 shows an overview of all the particles included in the Standard Model. The quarks and leptons
come in three generations, where each generation is heavier than the previous and only the first one is
stable. The neutrinos are an exception since they do not decay but oscillate between the different flavors.
The gauge bosons are the force carriers that mediate the electromagnetic (photon), strong (gluon), and weak
force (W* and Z boson). The Higgs boson, an example of the predictive power of the Standard Model, as
it was theorized in 1964 [6, 7] and the existence confirmed in 2012 [8, 9], explains why particles can acquire
mass via the Higgs mechanism. The exact interplay between all these fundamental constituents is able to

explain the matter we see and observe around us.

The mathematical framework of the Standard Model is provided by quantum field theory, and is a col-
lection of quantum fields defined in all of space-time, where the particles are quantum excitations of the
corresponding fields. It is constructed by finding the most general Lagrangian that respects the symmetries
of the system. Global Poincaré symmetry is postulated to ensure translational and rotational symmetry,
as well as boost invariance. More technically, it is the local SU(3)xSU(2)xU(1) gauge symmetry which
defines the mathematical structure of the strong and electroweak interactions. In a short elegant form, the

Standard Model Lagrangian reads

1 — _
Lsy = —ZFWFW + P + hee. 4+ iyibid+ he. +|Dudl — V(). (1.1)
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Standard Model of Elementary Particles

three generations of matter interactions / force carriers
(fermions) (bosons)
| Il 1l
mass  =2.2 Mev/c2 =1.28 Gevic2 =173.1 Gev/c2 0 =124.97 Gev/c?
charge | % % % 0 0
an [ (U » @ x @ |- H
up charm top gluon higgs
P ——
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electron muon tau Z boson
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<2.2 eVic2 <0.17 MeV/c2 <18.2 MeV/c2 =80.39 GeV/c2
0 0 0 +1
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electron muon tau
neutrino neutrino neutrino W boson
e

FIGURE 1.2: Elementary particles of the Standard Model of particle physics, the building blocks of matter
at the most fundamental level.

The term F),, F'*” is the scalar product of the field strength tensor, describing the gauge bosons. It includes
a kinetic term for the gluon, photon, Z, and W+ bosons, as well as additional interaction terms describing
the interactions between the gauge bosons. ¢, describes the interactions between the gauge bosons and
the quark and leptons. &iyijqub describes the interactions of the quarks and leptons with the Higgs field
¢, giving rise to mass terms for the respective particles. \DM¢|2 then describes the interactions between the
gauge bosons, more specifically the Z and W+, and the Higgs field. Finally, the V(¢) is the potential of the
Higgs field.

It is important to note that this model is not a complete picture of the universe. First of all, the gravitational
force is not incorporated because it turns out that it is notoriously difficult to find a quantum mechanical
description of gravity that unifies with the rest of the standard model. Secondly, it only describes ordinary
matter that makes up around 4% of the universe, whereas the unobserved dark matter and energy adds up
to the rest [10]. The notion that the weak force is about 10?* times stronger than gravity and the fact that
an extrapolation of the running coupling strengths does not lead to a unification of the fundamental forces
at high energy, are additional hints that there is a greater theory out there. Extensions of the Standard
Model do attempt to solve these issues, but have so far been unsuccessful or remained unconfirmed by
experiment. There are two important subjects that are introduced further; the role of the photon in

quantum electrodynamics, and the intricate properties of quantum chromodynamics.
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1.2 Quantum electrodynamics

In the classical theory of electromagnetism, as formulated by Maxwell in 1873, the force between two charged
particles is described by the electric and magnetic fields that they themselves produce. We say that these
electromagnetic fields permeate space and travel with the speed of light in vacuum. Light, in this view,
is a wave of electromagnetic radiation. However, experiments on black-body radiation in the early 1900s
showed that electromagnetic waves consist of discrete packets of energy, starting the development of quan-
tum mechanics and later quantum electrodynamics (QED) [11]. QED, the relativistic quantum field theory
of electrodynamics, describes the interaction between electrically charged particles by the exchange of a
quantum of light; the photon (). It explains processes such as pair production and electron positron anni-
hilation, providing a framework for particle production via the electromagnetic interaction. The Feynman
diagram, i.e. a graphical representation of the interactions between particles on microscopic scale, of the
fundamental QED vertex is shown in Fig. 1.3. All electromagnetic processes can be represented by one or

multiple of these diagrams.

FI1GURE 1.3: Feynman diagram of the fundamental QED interaction.

The QED Lagrangian obeys local U(1) symmetry and is given by:

. 1 v
EQED = lb(m/uD,u —m)y — EF;WFM ) (1.2)

where D,, = 0,, +igA,, such that local U(1) symmetry is ensured. The QED Lagrangian contains a term
for a free spin-half particle, an interaction term, and a kinetic term. It is the vector field A, which we
associate to the photon. Adding a mass term would break gauge invariance and as such the photon is a
massless particle moving at the speed of light in vacuum. Additionally, the classical Maxwell equations can
be obtained from this Lagrangian by calculating the equations of motion with the Euler-Lagrange equation.
This theory makes it possible to calculate the dynamics of the electromagnetic processes within high-energy

particle collisions.



Chapter 1 General introduction 7

1.3 Quantum chromodynamics

The strong force is responsible for the formation of hadrons such as the pions, kaons, and protons. The
constituents of hadrons are the quarks, which are confined via the exchange of gluons, the force carrier of the
strong force. For example, the proton has three valence quarks; two up quarks and one down quark, giving
it a total electric charge of +1. It is the theory of quantum chromodynamics(QCD) [12] that describes the

interactions between quarks and gluons, with QCD interaction vertices shown in Fig. 1.4.

FIGURE 1.4: Feynman diagrams of the fundamental QCD interactions, where the straight and circular lines
represent the quark and gluon, respectively. The additional diagrams are due to the self-coupling of the
gluon.

QCD is invariant under local SU(3) transformations,

A

bla) = /(@) = |igealx) - T| (@), (13)

where g5 is the strength of the strong interaction and «(z) are arbitrary functions of space-time. Fur-
thermore, T = {7} are the eight generators of the SU(3) symmetry group and are represented by 3 x 3
matrices. The three additional degrees of freedom are referred to as the color charges red, blue, and green.
Local gauge invariance is obtained by introducing eight gluon fields Gz(x), with a =1, ..., 8, corresponding

to the generators of the SU(3) symmetry group. The Dirac equation

i [0+ igsGLT®| b — map =0, (1.4)

is invariant under local SU(3) phase transformations if Gﬁ transforms as

Gl — Gl =Gl — Ouon — gs fijraiGl, (1.5)
where f;;1, are the structure constants of the SU(3) group. One of the main features of this theory is that the
generators of SU(3) do not commute, making QCD a non-Abelian gauge theory in which the gluon couples
not only to quarks but also to itself. In turn this leads to anti-screening of color charge and a decreasing

strong coupling constant «; for increasing momentum scale; see Fig. 1.5. The evolution of a; as function of

momentum transfer @ is given by
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0.35 i T
[ T decay (N°LO) F= ]
low Q? cont. (N’LO) e |
03 [ DIS jets (NLO) = ]
Tt Heavy Quarkonia (NLO)
e'e” jets/shapes (NNLO+res) F* ]
. pp/pp (Jets NLO) F=+
0.25 [ EW precision fit (N>LO}-e— 7]
pp (top, NNLO) —— -
< 02f
3
01s |
0.1 |
= a (M%) =0.1179 + 0.0010
0.05- el — N —
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Q [GeV]

FIGURE 1.5: Evolution of the strong coupling constant « as function of momentum transfer Q2. Figure
taken from [13].

127

2y _
as(Q7) = (33— 2Nf)ln(Q2/AécD>7

(1.6)

where N¢ is the number of quarks and Aqcp is the QCD energy scale parameter. It can be seen that oy
decreases for increasing @?. This phenomenon is called asymptotic freedom, which allows for perturbation
theory to be applied in this regime. For low energies, as; becomes large and the quarks are confined in

colorless objects. This is known as confinement.

As perturbation theory is applicable at large momentum transfer where the coupling constant is small,
perturbative QCD (pQCD) is only able to describe phenomena involving high energy quarks and gluons.
However, many processes happen at a much lower energy scale where the coupling constant is of order
unity and perturbative QCD breaks down. This is where lattice QCD [14, 15] comes in, which is a tool
for calculating processes in the non-perturbative energy regime. Lattice QCD is formulated on a discrete
space-time grid, without introducing additional parameters besides the coupling constant and the quark
masses of QCD itself. This results in a framework in which numerical Monte-Carlo simulations are able
to study phenomena such as confinement and chiral symmetry breaking. It also provides an approach to
perform fundamental calculations of the pressure, energy density, and entropy of QCD matter as a function

of its temperature. Hot QCD matter is the main topic of study of heavy-ion physics.



Chapter 2

Heavy-ion physics

2.1 The quark gluon plasma

In the early universe, just microseconds after the big bang, the universe was filled with extremely hot and
dense matter. With very high temperatures, this primordial matter was too hot for any ordinary hadrons
such as protons and neutrons to form. After the universe sufficiently expanded, it cooled down, and under-
went a phase transition from hot QCD matter to ordinary matter. First-principle lattice QCD calculations
support this picture and have shown that the phase transition proceeds via a continuous crossover rather
than a first order phase transition [16]. This also has the implication that inhomogeneities of the early uni-
verse should leave no imprint in the observable universe that we can access with cosmological observations.
It is only with ultra relativistic heavy-ion collisions in the laboratory, that we can create little droplets of

big bang matter and study the conditions of the early universe [17].

Mathematically, we use the equation of state (EOS) to describe the hot QCD matter [18-20], which relates
the temperature, pressure, and energy density. These thermodynamic quantities can be calculated on the
lattice using the trace of the energy-momentum tensor ©##(T'), also called the trace anomaly, that is defined

as

O (T) e—3p d /p
T4 7 ~lar (ﬁ) ’ (2.1)

where T is the temperature, € the energy density, and p the pressure of the system. The pressure can be

calculated by inverting the above equation;

T KL
p=p°+/ dT’@ : (2.2)
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FIGURE 2.1: Left: The thermodynamic quantities proportional to the pressure (3p/7?), energy density

(e/T*), and entropy (3s/4T*) of QCD matter as function of the temperature (T'). These quantities are

calculated using the lattice QCD formalism, showing a phase transition from a hadron gas to a quark gluon

plasma (QGP) at the critical temperature of T¢ &~ 150 MeV. Right: The phase diagram of QCD matter,

indicating the phases as function of Baryon chemical potential (up) and temperature (T"). Figures taken
from [17].

The entropy s = (¢+p)/T can be obtained by combining the results of p/T* and (¢ —3p)/T* from equations
given above. This fully defines the equation of state from lattice calculations, with all the difficulties

absorbed in the trace anomaly ©#*(T).

Figure 2.1 (left) shows the result of a lattice QCD calculation of the pressure, energy density, and entropy
of QCD matter at thermal equilibrium, as function of the temperature. At the Stefan-Boltzmann limit,
which is reached at infinite temperature, we expect the hot QCD matter to behave like a non-interacting
gas of quark and gluons. This limit is shown in the figure by the dashed line, i.e. the non-interacting limit.
Between lower and higher temperatures there is a continuous crossover at T, ~ 150 MeV, from a hadron
resonance gas to a deconfined system of quarks and gluons what we call the quark gluon plasma (QGP).
The deconfinement of the quarks manifests itself in additional degrees of freedom, as seen in the rise of

energy density and entropy, creating the “soup of quark and gluons”.

Another way to look at the phase transitions of matter is via phase diagrams. These diagrams define the
state of matter at a given temperature and pressure, which is then typically either a solid, liquid, or gas,
like the phase diagram of water. A similar diagram can be made for QCD matter, and is shown in Fig. 2.1
(right). The state of the QCD matter is plotted as function of the temperature and net baryon density,
which is related to the excess of quarks over antiquarks. Collisions between heavy nuclei at the highest LHC
energies produces thousands of particles, leading to greater balance between quarks and antiquarks in the
final state at mid-rapidity, such that ug =~ 0. In collisions at lower energies, less particles are produced,
and the amount of quarks that constitute the incoming nuclei create a larger net amount of quarks, such
that up > 0. This has the implication that different beam energies can access different points on the QCD
diagram of Fig. 2.1, as indicated by the beam energy scan (BES) program at RHIC, and can potentially
study the critical point of QCD matter [21, 22].
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2.2 Proton proton collisions

Before discussing the phenomena that emerge by colliding
heavy ions, it is important to discuss the physics of proton
proton (pp) collisions for two main reasons. First, as the
quark gluon plasma can be created in the laboratory by
colliding heavy ions, which themselves consist out of many
protons and neutrons, signals of the quark gluon plasma
may be masked by phenomena caused by the processes
that are already present in pp collisions. This means that
for many measurements it is worthwhile to have a refer-
ence and attempt to disentangle the contributions of the
plasma and the superimposed pp collisions. It is thus im-

portant to not only measure an observable in heavy-ion

collisions, but compare it to the same observable as mea-
sured in pp collisions, accessing the modification due to the FIGURE 2.2: Sketch of a single proton proton col-

produced plasma. Secondly, even though the fundamen- lision, including the initial hard scattering, inter-
actions from the partons, parton showers, and the

tal interactions are quite well understood, many subtleties hadronization into the final state particles.

of particle production mechanisms are not, especially for

particles with low to modest momenta where perturbative calculations break down. One example of the
recent findings is the increasing enhancement of strange particle production relative to non-strange particle
production for collisions producing an increasing amount of particles [23], which in short is referred to as
strangeness enhancement. Another example is the observation of long range correlations, or flow, in pp

collisions [24]. Both of these examples were thought to be phenomena of heavy-ion collisions.

The difficulty in understanding the processes involved in pp collisions comes from the complexity of the
inner structure of the proton [25]. The proton itself consists of three valence quarks (uud), as well as a sea
of quarks, antiquarks, and gluons. In a simplified view, for a proton with a large longitudinal momentum,
the valence quarks each carry a third of the momentum of the proton, but in reality the momentum is
distributed among all the constituents of the proton including the sea of virtual particles. The constituents
of the proton are commonly referred to as partons, dating back to the parton model proposed by Richard
Feynman in 1969. In a collision between two protons, any of the partons of the first proton can interact with
the partons of the other proton, producing additional particles. This implicates that in a collision between
two protons there can be multiple subsequent processes apart from the hardest process, and is referred to
as multi-parton interactions. The particles produced in these interactions are able to radiate even more
particles that produce parton showers, after finally hadronizing into the final state particles. This collection
of processes is depicted in Fig. 2.2, which indicates that a single proton proton collision is highly non-trivial,

which is important to keep in mind when discussing the phenomena of heavy-ion collisions.
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2.3 Heavy-ion collisions

FIGURE 2.3: Simulation of the different stages of a heavy-ion collision, indicated from left to right for
increasing time [26].

We can create a quark gluon plasma in the laboratory using ultra relativistic heavy-ion collisions. This
process is shown in Fig. 2.3, where the five different snapshots each are at a subsequent later time and
total about 10 fm/c or 10723 s. The ions are Lorentz contracted due to their relativistic velocity relative to
the lab frame. The overlap region of the two discs is where the QGP forms, while the rest of the nucleus
disintegrates and continues in the longitudinal direction. The nucleons in the overlap regions are defined as
the participants, and the other nucleons are defined as the spectators. With more participants, there are
more nucleons colliding, creating a larger overlap region and increasing the size of the QGP. Similarly, the
more participants, the more collision energy is available for the production of particles. In a simplified view,
the quark gluon plasma is created, expands, cools down, and finally hadronizes back into ordinary matter.
The different stages of the collision and our attempts to model them will be discussed in more detail in the

next subsections.

2.3.1 Initial state and pre-QGP phase

First of all, it is important to note that there are two subsequent stages of the collisions that are both
sometimes referred to as the the initial state; the state of the system before the actual collision, and the
state of the matter right after first contact, where the latter is also referred to as the early state [27-29].
The term initial state will be used for the former, and the term early state for the latter. The initial state is
described by the position and momentum distributions of the partons inside the incoming nuclei, whereas
the early state, is described by dense color fields. With conditions leading to the formation of the QGP, the
early state is also the pre-QGP phase.

In a simplified picture, each nucleon contains three valence quarks, dressed up by gluons and quark-antiquark
pairs continuously being created and annihilated. As such, the interactions during the collision are predom-

inantly involving low—xz gluons, where z is the longitudinal momentum fraction of the gluon with respect to
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the particle [30]. Most of these individual interactions are relatively soft with little momentum transfer and
thus only a small amount of transverse momentum is generated. At first contact, the distance between the
centers of the incoming nuclei is defined as the impact parameter b. As the two colliding discs just passed
each other, the two are connected by a very high density longitudinal color field, continuously creating quark
antiquark pairs and creating a system with densities over twenty times that of a ordinary hadron. There
are different models of the initial and early state that generate energy and entropy profiles of the collision
zone, and are able to estimates the collision zone eccentricities that are used in full QGP model calculations
which are able to explain the momentum anisotropies of the final state particles. Two of these models are

now discussed briefly.

The Monte-Carlo Glauber model [31] is a non-dynamical model that relates the impact parameter (b), to the
number of participating nucleons Npar, the number of spectator nucleons Ngpec, and the amount of binary
nucleon-nucleon collisions Noj. It works by superimposing the geometry of two colliding disks with impact
parameter b, and calculating Neoi, Npart, and Ngpec from the distribution of nucleons inside the nuclei. Due
to the Monte Carlo nature of this model, it contains fluctuations in the nucleon distribution in the nucleus,
in contrast with the analytical Glauber models. It describes the measured charged particle multiplicity
distributions over a wide range in pseudorapidity when taking larger intervals of collision centrality, and

confirms that Ng, increases monotonically for decreasing b.

IP-Glasma is a dynamical model using color-glass condensate (CGC) effective field theory [32], that describes
the initial state before and after first contact by colliding sheets of gluon fields. This model can include
both the fluctuations in the nucleon distribution in the nucleus, as well as fluctuations of the color charge
distributions of the nucleons, which are both subject to event-by-event fluctuations. In comparison to the
Glauber model, full QGP model calculations using the collision zone eccentricities and energy density profiles
calculated with the IP-Glasma model are better describing the momentum anisotropies found in data for
smaller intervals of collision centrality, because it can generate long range rapidity correlations from the

initial state wave-functions [33]. There is still a lot of debate ongoing that discusses the validity and the

MC-Glauber

FIGURE 2.4: Example energy density profiles of the initial state just after first contact of the incoming
nuclei, for the Glauber Monte Carlo model (left) and IP-Glasma (right).
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range of applicability of these initial state and pre-QGP phase models. Examples energy density profiles of

the initial state just after the impact of the incoming nuclei is shown in Fig. 2.4.

2.3.2 QGP phase

The quark gluon plasma is a deconfined system of quarks and gluons, arising from the high temperature
and energy density of the early state after the system thermalizes. In the QGP phase, the temperature is
above the critical temperature of the phase transition (7" > T, ~ 150 MeV), and in its evolution the QGP
will expand, cool down, and reach the temperature at which the system hadronizes. Understanding exactly

what drives this thermal system is at the core heavy-ion physics.

Relativistic hydrodynamics is used to model this space-time evolution of the QGP by approximating it as
a relativistic fluid with low specific shear viscosity [34]. It relies on a continuity equation, ensuring the

conservation of energy, momentum and baryon number, which is given by:

0,T* = 0, ((e + P)utu” — Pg"") =0, (2.3)

where TH is the energy-momentum tensor, € the energy density, P the pressure, u* the four-velocity of
the fluid element, and ¢g"” the Minkovski metric tensor. This equation, together with the initial conditions,
equation of state of the QGP, and transport coefficients, determines how the system evolves over time.
Measurements have shown that the QGP has an extremely low specific shear viscosity; it is a near perfect
liquid [35, 36]. The low viscosity implies that the system is strongly coupled. Furthermore, it is interesting to
note that in the transverse direction the expansion is mainly driven by the energy density distributions of the
initial state, implying a relationship between the initial geometry of the system and the final velocity profiles

of the fluid. Here, relativistic hydrodynamics translates spatial anisotropies into momentum anisotropies.

2.3.3 Hadronization

After sufficient expansion and cooling down of the quark gluon plasma (after a time of the order of 10 fm/c)
[37], the temperature will go below the critical temperate and confinement will set in. It is important to
note that even after the phase transition, the state of the system is described as a hadron gas, which is still a
thermal system continuing to contribute to thermal observables. The confinement of the QGP constituents
proceeds locally throughout the plasma and it is expected that this process also determines most particle
species. The point in time where all particle species are frozen is called the chemical freeze-out. Although
the particles are again confined in hadrons, the density is still so large that interactions continue to happen.
At a later time the system expanded so much that the particles are far enough apart to stream freely, this

is called the kinetic freeze-out. From this time onwards the particles continue their trajectory.
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There is still an active debate on the exact mechanisms of hadronization in both small and large collision
systems. Measuring in detail the production of different type of particles and their correlations addresses
various open questions. In the more simple case of pp collisions, the process of hadronization is described by
fragmentation, but is not fully understood and requires ad hoc assumptions [38—40]. For heavy-ion collisions
popular ways to describe hadronization is either via fragmentation-like processes as in pp collisions, or via a
coalescence picture. In the coalescence model [41, 42], the basic idea is that co-moving partons in the QGP

will combine their transverse momentum to form a hadron with higher transverse momentum.

2.4 Probes of the QGP

2.4.1 Particle production

Measuring as precisely as possible how many and which particles are produced in high-energy collisions
greatly helps in understanding what happens during the collision. Studying particle production tries to
answers questions like: how many charged particles does a collision produce on average, what is the in-
variant yield of specific mesons and baryons, and how does this relate to the characteristics and underlying
mechanisms of the collision [43]. It is common to perform these measurements as function of the transverse
momentum (pr) of an identified particle, which covers a range from the order of 100 MeV /¢ where particle
production is dominated by soft QCD processes, all the way up to tens or hundreds of GeV /c where particle
production is dominated by hard QCD interactions [44, 45].

Particle production mechanisms in pp collisions are far from understood. While perturbative QCD is
able to calculate processes involving large momentum transfers leading to particles with high pp, most
of the particles produced in the collisions have a momentum for which the perturbative approach breaks
down. Nevertheless we can measure the ppr spectra of many different particle species and come up with

phenomenological models that attempt to describe their production.

The particle production mechanisms in collisions between two heavy-ions present us with additional diffi-
culties. First, particles produced in hard processes, thus from parton fragmentation, are affected by the
presence of the quark gluon plasma. This includes effects like energy loss of the particle while traversing the
medium, as well as receiving additional momentum due to medium expansion. Secondly, the extreme tem-
peratures of the QGP make it possible to thermally produce additional quarks and gluons, which hadronize

into additional final state particles.

The cross section of op,p,—q represents the likelihood of colliding hadrons h; and hs, and producing a
particle a. Assuming that the scattering processes are independent from the fragmentation of the produced

partons, the cross section is factorisable [44, 45] and can be calculated as:

Ohihs—sa = f1 (21, Q%) ]2 (22, Q%) ® 0¥ 7F(w1p1, wapa, Q%) ® Dya(z,Q7), (2.4)
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where fih1 and f,;12 are the parton distribution functions (PDFs) of the colliding particles, ¢ ¥ the partonic
cross sections., i.e. the chance that parton ¢ and j produce the parton k, and Dj_,, is the fragmentation
function describing the production of particle a from parton k. The PDFs for protons and the PDFs for
nuclei (nPDFs) give the average quark and gluon content of the nucleon (either free or bound in a nucleus),

as function of the longitudinal momentum fraction # and momentum transfer Q2.

2.4.2 Energy loss

As described above, particles traversing the QGP will lose energy via elastic scatterings and gluon radiation
within the medium, modifying their momenta [46, 47]. A proper way to study this effect is by measuring
their invariant yield in Pb—Pb collisions and compare it to the invariant yield obtained in pp collisions. It
is expected that the spectra in Pb—Pb collisions are modified with respect to an incoherent superposition
of the spectra in pp collisions. At low particle pr, the limit of incoherent superposition is not assumed to
be valid, leading to a modification. At higher pr, the main production mechanism of hadrons is through
hard-scatterings of quarks and gluons, processes which should allow to apply an incoherent superposition.
Here, however, a modification can happen because the final state partons lose energy when traversing the

medium.

In addition to such modifications due to final state interactions, which probe the produced medium, there
may also be modifications of the initial state (e.g. the PDFs) in a nucleus compared to a proton. While
in Pb—Pb collisions one expects thus both final state and initial state modifications, it is expected that in
p—Pb collisions no significant medium is produced, such that final state effects should be absent. Comparing
pr spectra from p—Pb to pp thus probes these so called cold nuclear matter effects, such as gluon saturation
[48], nuclear shadowing [49], and Cronin enhancement [50]. The modification compared to pp is quantified
by the two nuclear modification factors:

d2N/dprdy |aa d’N/dprdy |pa

R - . R - , 2.5
M) = ) o fdpedy Y T ) o ey Ty 29
with the nuclear overlap functions (Tha) and (Tpa) defined as:
<NC011> <Ncoll>
(Tan) =~ (Tpa) = ~—pp— (2.6)
inel inel

In a naive view, Tas scales up the spectra of pp collisions to A-A collisions by the assumption that a A-A
collisions are an incoherent superposition of pp collisions. A clear modification of the particle spectra in
Pb—Pb or p—Pb collisions with respect to pp collisions can probe the hot and cold nuclear matter effects,
respectively. More broadly, the Raa observable can be measured experimentally for specific identified
particles, probing possible effects due to the properties of the particle, such as mass, charge, and quark

content in case of mesons and baryons [51].
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2.4.3 Anisotropic flow

Heavy ions are length contracted in the longitudinal direction when approaching the speed of light, making
them Lorentz boosted “disks” in the laboratory frame. In the collisions between these ions, the geometry
of the overlap region is mostly defined by the impact parameter b, which is the distance between the
two centers of the colliding nuclei projected on the transverse plane. The impact parameter is a measure
for the centrality of the collision, and is commonly estimated by the event multiplicity. For an impact
parameter b = 0, the collision geometry becomes azimuthally symmetric, while for larger impact parameters
it becomes azimuthally asymmetric, as shown in Fig. 2.5. This asymmetry, or spatial anisotropy, of the
system translates into a momentum anisotropy driven by the collective expansion of the medium. It is more
commonly called “anisotropic flow” or just “flow” [52]. Measuring flow gives insight into the dynamics of
the QGP, as this observable can also be calculated from various models. Particle distributions as function

of the azimuthal angle can be described by the Fourier expansion

3N 1 d2N >
E = — 1+ 2upcos(n(p — W , 2.7
= oy (14 D2t - v )

where ¢ is the azimuthal angle of the particle and W the angle between the reaction plane and the laboratory
frame [53]. The reaction plane is the plane spanned by the orientation of the impact parameter b and the

z—axis. The Fourier coefficients v,, are given by:

v = (cos(n(pp — Tr))), (2.8)

where (...) denotes the average over particles and events. The lower order Fourier coefficients v,, are more

commonly called directed flow(v1), elliptic flow(ve ) and triangular flow(vs ) [54-56].

FIGURE 2.5: The collision geometry of a heavy-ion collision where the two nuclei are displaced, creating a
azimuthally asymmetric medium.
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2.4.4 Hanbury-Brown-Twiss interferometry

Hanbury-Brown-Twiss (HBT) interferometry, was introduced as a way to measure the radii of stars using
correlation effects of the intensity received in two independent detectors [57]. From quantum mechanics it
turns out that there is an enhancement in the coincidence count of identical bosons with small momentum
differences. This is due to quantum statistical effects described formally by the symmetrization of the multi-
particle wave function for bosons which are close in phase-space. Furthermore, as for larger momentum
differences this effect disappears, the width of the enhancement can be used to infer the size and sometimes

even the shape of the emitting source.

Analogously in heavy-ion physics, the HBT correlations of identical particles provide information of their
emission source, in this case the QGP. These HBT correlations, also called femtoscopy in this context,
probe the space-time evolution of the system, and it is sensitive to the freeze out radii and thus the emission
time of particles produced by the QGP (or in general the so-called lengths of homogeneity) [58-62]. The
observed enhancement in the coincidence count carries information about the source from the moment these
particles cease to interact, as most hadron are produced rather late in the evolution of the system. This
moment in time is referred to as the kinetic freeze-out, as discussed earlier in this chapter. Furthermore,
measuring the HBT correlations for identified particles with different masses and production mechanisms,
such as pion-pion, kaon-kaon, proton-proton, and even photon-photon correlations, it is possible to access
rich dynamical information about the times that these particles are emitted by the plasma, leading to a
quantitative characterization of the emitting source at freeze-out. Photons are of particular interest, since
they are emitted continuously by the hot plasma and do not have any further interactions with the plasma
as their mean free path is much larger than the size of the system, providing additional sensitivity to the

early part of the QGP evolution.

Quantitatively, the correlation function C'(k) measures short-range two-particle correlations as a function of
their relative momentum. The shape and magnitude of the correlation function C(k) depends on the source

function S(r) via the Koonin-Pratt equation [63, 64]:

Ck) = / S(r) | (e | dPr. (2.9)

where Wy (r) is the two-particle interaction kernel and r is the relative distance between the correlated
particles. It is often assumed that the source function S(r) is Gaussian, such that S(r) ~ e~""/4%* Thus,
by measuring C(k) and theoretically constraining S(r) and Wy(r), the emission source can be studied. In
the case of plane waves (non-interacting particles) and a stationary source, one gets the Fourier transform

of the source distribution. Experimentally, C(k) gets denoted by C(Qiny), and can be obtained by

C(Qinv) = m, (2.10)
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where Qiny is again the relative momentum of the considered particle pair, A(Qiny) is the same-event two-
particle distribution, and B(Qjiny) is the two-particle distribution obtained with the event-mixing technique.
The term B(Qinv) is needed to normalize the correlations found in the same-event pair distributions, and
divides out the background without HBT enhancement. For the analyses that use charged particles to
measure the pair distributions there is an addition correction needed to account for Coulomb interactions

between the pairs. There is no such correction needed when measuring photon correlations.

The measurements have shown that the source size parameter R;,y ~ 1.6 fm for pp collisions and Rj,, =
2.5 fm for p—PDb collisions, where the latter has an additional dependence on the particle multiplicity of the
collision [65]. The measurement in p—Pb indicates a smaller emission source compared to the radius of a
cold Pb nucleus, which is of the order of 3.2 fm. Furthermore, it is confirmed that the source size of the
system increases for more central Pb—Pb collisions, relative to source size found for peripheral collisions.
Model calculation are consistent with a time delay of 2.1 fm/c for kaons relative to pions, and have different
freeze-out radii [66]. This shows that the HBT correlations of an identified particle can pose additional
theoretical constraints on the evolution of the QGP. Furthermore, the invariant yield and the emission
source size of direct photons can be simultaneously constrained measuring their HBT correlations, and will

be explored in a later chapter.
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Probing the QGP using photons

3.1 Photon production

Electromagnetic probes are a powerful tool to study the quark gluon plasma [67-71]. It turns out that,
due to the electromagnetic force being much weaker than the strong force, the mean free path of a photon
in a QGP (\,) is much larger than the size of the QGP. This can be estimated by calculating the photon

equilibration time

9 By eb/TH 1
T 10mQemas T? eB2/T—11n (3.7388E., /4ma,T)’

Ty (3.1)
where aep, and «a; are the electromagnetic and strong coupling constants, respectively [72]. Furthermore,
E, is the energy of the penetrating photon and 7" the temperature of the plasma. For reasonable values of
as = 0.4 and T' = 200 MeV, and using a photon energy of E, = 2 GeV/c, the photon equilibration time
7y =~ 480 fm/c, which is much larger compared to the lifetime of the plasma (order 10 fm). From this it
follows that photons that are produced throughout the evolution of the QGP escape the medium unaffected,

making them uniquely suited for providing information on the earlier stages of the deconfined plasma.

As photons are created via different production mechanisms, it is customary to make a distinction based on

their source. The total number of photons, N inclusive, i defined as

Ny,inclusive = Nv,decay + N’y,directy (3'2)

where Ygecay are the photons coming from hadronic decays, and Ygirect are defined as the photons not coming

from hadronic decays. The total number of direct photons are in turn defined as

N'y,direct = N’y,prompt + N’y,thermal + N. ,other; (33)

21
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Direct Decay

Prompt || Thermal Other

FI1GURE 3.1: Overview of the different sources of photon produced in heavy-ion collisions.

where Yprompt are the photons from initial hard scattering processes, vihermal the thermally produced photons
from the hot plasma, and 7yther the remaining photons from for example jet-medium interactions. These
distinctions are shown schematically in Figure 3.1. It is important to note that the measurement of a single

photon does not trivially reveal its source, leading to challenging experimental analysis methods.

ban Qs e e 4

FicUre 3.2: Leading order Feynman diagrams for photon production, excluding the photons that are
produced in the decay of unstable hadrons.

For all these sources of photons, except the decay photons, the leading order Feynman diagrams are shown
in Figure 3.2. The first two diagrams show the s- and t-channel quark-gluon Compton scattering diagrams
producing a quark and photon in the final state, and the two last diagrams show the quark antiquark
annihilation diagrams producing a photon and a gluon in the final state. It is via these processes that
both the thermal, prompt, and photons from other sources apart from hadronic decays are produced. The
calculations of these diagrams yield the amplitudes for photon emission, which have to then be folded with
the quark and gluon momentum distributions. More details about thermal, prompt, and decay photons will

now be discussed.
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3.1.1 Thermal photons

Like all thermal systems containing charged constituents, a QGP, and also a hadron gas (e.g. the Compton
equivalent ™ + p — 7 + ), will radiate photons during its evolution [73-75]. These “thermal” photons
dominate the direct photon spectrum at low transverse momentum, and the yield can be calculated by

integrating the production rate over the space-time volume of the reaction zone:

‘W = /d4XW(K“,u“(X),T(X)), (3.4)
where I'y girect is the thermal photon production rate, which depends on its four-vector K*, flow velocity
u#(X), and temperature of the thermal system 7'(X) [76]. The two most important factors for the total
amount of thermal photons are the temperature and size of the emitting source. As the temperature goes
down, the photon emission rate decreases. At the same time, a much smaller but yet significant effect
is the increase of thermal photon yield due to the expansion of the spatial volume [75], which partially
compensates the decrease in temperature. In addition, as the flow velocity of the plasma increases with
time, the later the photon is emitted, the more blue-shifted it becomes. As a result, the measurement of
the thermal photon spectrum is able to constrain the temperature and space-time evolution of the QGP,

and provide valuable input for the QGP equation of state [77-80].

3.1.2 Prompt photons

Prompt photons are defined as the photons coming from hard parton collisions and parton fragmentation
[81]. At E, prompt 2 4 GeV, the prompt photons are produced via processes such as quark-gluon Compton
scattering and quark antiquark annihilation, where the corresponding amplitudes can be calculated by
perturbative QCD, and the total cross section is calculated with Eq.2.4 much like the hadronic cross sections.
At E, prompt S 4 GeV the prompt photons are mainly produced as soft photon radiation coming from
final state partons or the parton fragmentation. In principle these processes can be calculated in NLO
(perturbative) QCD, which, however, is not applicable for lower E, rompt. As such, there are currently no
model calculations existent for this pr region. A collection of several prompt photon measurements can be

found in Ref. [82-85].

3.1.3 Decay photons

The largest fraction of photons is coming from the electromagnetic decay of unstable hadrons such as the 79,
n, w mesons, and X baryons. Understanding decay photons is relatively straightforward and relies on two
aspects; the production of the hadrons that have a decay channel into photons and the decay kinematics.
This means that if the pp spectrum of the hadrons and decay channels are measured experimentally, the

pr spectrum of the decay photons are calculable. However, it is important to emphasize that even if the
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decay photons are theoretically straightforward to calculate, they are one of the largest sources of uncertainty
for the extraction of direct photons, as the abundance of decay photons is so much larger. To illustrate
this, imagine an inclusive photon sample consisting of 95% decay photons and 5% direct photons. Then, an
uncertainty of only 1% on the amount of decay photons already implies a 20% uncertainty on the amount

of direct photons.

Decay channel Branching ratio  Ysource/Vdecay

70— vy 98.8% ~ 80%
n— vy 39.4% ~ 15%
w — w0y 8.28% ~ 2%
n — pOy 28.9% ~ 1%
b — 1y 1.3% <1%
PO —=atr=y  9.9x1073% <1%
¥0 — A0~y 100% < 1%

TABLE 3.1: Overview of hadronic decays that produce photons. Each hadron lists its most dominant decay
channel into photons.

Table 3.1 shows the most relevant hadrons producing photons, with their corresponding branching ratios and
an indicative fraction to the total amount of decay photons (Ysource/Ydecay) that holds roughly for all collision
systems. Since the 7¥ (134.98 MeV /c?) is among the most abundant mesons and has a branching ratio of
98.8% into two photons, it is by far the largest source of decay photons. The 7 meson (547.86 MeV/c?)
is the second biggest source of photons, producing about 15% of the decay photons. Then the next most
dominant sources of decay photons contribute much less: w with ~ 2%, 0’ with ~ 1%, and the remaining

ones are below 1%.

Measuring decay photons provides us with information on hadron production mechanisms for identified
particles such as the 7° and 7, and are also the largest background for direct photons. So the decay photons
are an interesting observable in itself, and essential for the study of electromagnetic probes, especially when

characterizing the QGP.

3.2 The direct photon puzzle

From a theoretical model point of view, the yield of direct photons can be enhanced by increasing the
temperature of the QGP, which enhances the production at early times. On the other hand, the anisotropic
flow of direct photons is increased by later emission of the photons, when the flow of the system is more
developed. As a consequence, models that increase the direct photon yields are decreasing the anisotropic
flow of direct photons, and vice versa. This means that measuring both a large excess of direct photons and
a sizable vg is difficult to reconcile theoretically [86]. However, this is exactly what was measured at RHIC

by the PHENIX collaboration and posed a puzzle [77-80, 87].
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FiGUure 3.3: Direct photon invariant yield and elliptic flow as measured by the PHENIX collaboration at
RHIC, and compared to theoretical calculations [77-79].

The PHENIX collaboration at RHIC measured both the invariant yield and elliptic flow of direct photons
in Au-Au collisions at /s, = 200 GeV for 0-20% collision centrality, and is shown in Fig. 3.3 [78, 79].
There are a few important observations to make. First, a large direct photon yield is underestimated by
the model prediction. Second, the vy of direct photons is similar in magnitude to that of charged hadrons
[88], and the measurement is again higher than the model. Since higher yields lead to lower v9, it turns out
that theoretical calculations are unable to reconcile these measurements. This is commonly referred to as

the direct photon puzzle.

There are several explanations and theoretical advances that could potentially “solve” the puzzle [89, 90].
An important point to mention is that an independent measurement with either increased statistics or a
correction of a possible bias could decrease the difference between theory and experiment, indicating there
was no puzzle to begin with. Another solution would be that the the models are able to increase the
direct photon flow components relative to the direct photon yield, for example by increasing the relative
contribution of anisotropy of the initial state to the flow developed in the QGP phase, from which the puzzle
would be resolved by theoretical developments [89, 91-93]. Lastly, it could be a radical different effect that
is simply unknown. Whatever the solution might be, it is apparent that finding out if this puzzle remains

at LHC energies will give vital input.






Part 11

Experiment and Analysis

27






Chapter 4

Experimental setup

4.1 The Large Hadron Collider

CERN is one of the world leading scientific laboratories and is based on the border of Switzerland and France,
close to Geneva. The research organisation got founded in 1954 with the main purpose to advance the field
of particle physics, hosting now thousands of scientists from international collaborations. The organization
built multiple accelerators and facilities with ever improving technology to support a rich experimental

physics program. Scientific achievements contributing to the Standard Model include the discovery of the

FIGURE 4.1: Picture taken inside the tunnel of the Large Hadron Collider, showing a small segment of

the 27 km long circular accelerator [94]. The two parallel beam-pipes are enclosed in a vacuum system for

thermal shielding and maintaining high beam quality. The particle beams are collided at four interaction
points to produce high energy particle collisions.

29
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W and Z boson in 1984 [95, 96], the Higgs boson in 2012 [8, 9], and CERN is continuing to answer open

questions.

The Large Hadron Collider (LHC) is the largest particle accelerator currently in operation and is part of the
bigger accelerator chain at CERN [97]. The LHC is a synchrotron-type accelerator with two parallel beam
pipes that have a circumference of 27 km. Synchrotrons accelerate a beam of particles to higher and higher
energies by increasing their kinetic energy, while maintaining the same curvature using magnetic fields of
increasing strength. In the LHC, the beams are bend by 1232 superconducting dipole magnets to keep the
particles on their circular trajectory. The proton beams injected into the LHC have an energy of 450 GeV
and get accelerated to maximum energies of 6.5 TeV in LHC Run 2. Figure 4.1 shows a picture taken inside

the accelerator tunnel and clearly indicates the scale of the machine.

Collisions are produced by having the beams intersect at four different locations within the accelerator.
At these four interaction points there are the large experiments; ATLAS [98], CMS [99], ALICE [100],
and LHCbD [101]. These experiments each have their own well-defined physics program and are operated by
collaborations consisting of thousands of scientists from all over the world. For the larger part of the running
schedule from 2016 onwards, the LHC accelerates beams of protons and collides them at a center of mass
energy of 13 TeV. A smaller part of the time, usually for 3 to 4 weeks per year, the LHC goes into heavy-ion
mode and accelerates fully ionized heavy ions to produce collisions with either a proton or other heavy ions.
It is the experimental data that is collected during this period from which the heavy-ion physics community

benefits most, and it is the ALICE detector that is specifically designed to study heavy-ion collisions.
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F1cURE 4.2: The CERN accelerator complex located near Geneva, Switzerland. The main purpose of the

accelerator chain is to supply highly energetic particle collisions at the main interaction points of the Large

Hadron Collider, the worlds largest particle accelerator with a circumference of 27 km. In Run 2 it operates

at a center of mass energy of 13 TeV for proton proton collisions and 5.02 TeV for heavy-ion collisions.

The main detectors ATLAS, CMS, ALICE, and LHCb collect data to answer a wide range of fundamental
scientific questions.
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4.2 The ALICE detector

The ALICE detector [100] is located at interaction point 2 of the LHC at CERN, and is approximately
16 meters high, 16 meters wide, 26 meters long, and weighs about 10.000 metric tons. It is optimized
for studying heavy-ion collisions, capable of measuring collisions going up to high particle multiplicities.
Figure 4.3 presents an overview of the detector, showing all 19 detector systems that make up the full
ALICE detector. A full overview of the ALICE performance can be found in Refs. [102-104].

The various systems work together to provide information about the production point, energy, momentum,
and identity of each particle produced in the collisions. For charged particles, the basic principle is to use
tracking detectors along the charged particle’s trajectory that disturb as little as possible. The magnetic
field induced by the ALICE magnet bends its trajectory, such that the momentum of the particle can be
obtained from its curvature. In addition, the charged particles that traverse the detector without decaying
can be identified by their response in specific sub-detectors such as the Inner Tracking System (ITS), Time
Projection Chamber (TPC), Transition Radiation Detector (TRD), and the Time Of Flight (TOF) detector.
Since neutral particles leave no signal in the tracking detectors and aren’t bent by the magnetic field, the
overall strategy to measure these is by a destructive measurement that absorbs their entire energy in a well

located detector.

The convention of ALICE is to use a right-handed coordinate system with the beam axis as z-axis, the
x-axis pointing to the center of the LHC, and the y-axis pointing upwards. The particles are described by
their four-vectors p* = (E, py, py, p-), from which the commonly used transverse momentum pr, rapidity v,

and pseudorapidity 7 can be calculated. These quantities are defined by

1 E+ 4
pr = \/p%Tp?,, y = ilnE_Zz, n=—n (tan2>, (4.1)
z

where 6 is the angle between the direction of the particle and the y-axis. The rapidity y, and likewise

pseudorapidity 7, of a particle is a convenient quantity because particle production is relatively constant as
function of this quantity. In the limit of massless particles it is equivalent to the rapidity of the particle,

which is additive under Lorentz transformation along the longitudinal direction.

The detector systems that are relevant to the analyses presented in this thesis will now be described in more

detail.
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4.2.1 Central barrel tracking

The central barrel of the ALICE detector, as shown in Fig. 4.3, consists of multiple detector systems. The
most relevant detectors for charged particle tracking are the Inner Tracking System (ITS) and the Time

Projection Chamber (TPC), which are shown in Fig. 4.4. Their details will now be discussed.

The ITS [105] is a six-layer silicon detector in the center of ALICE directly around the collision point,
with the purpose of measuring charged particle trajectories. The ITS is based on silicon semiconductor
technology and registers hits that are caused by traversing charged particles. Combining hits in multiple
layers of the ITS provides the track information. From the inner to outer layers it consists of two layers
of Silicon Pixel Detectors (SPD), Silicon Drift Detectors (SDD), and Silicon Strip Detectors (SSD). These
layers differ slightly in technologies and tracking precision. The SPD, having a pseudorapidity coverage of
In| < 1.95, is able to achieve a track impact parameter resolution better than 50 um for pr > 1.3 GeV/c,
where the impact parameter is the closest distance to the origin of the detector or primary vertex, and not
to be confused with collision impact parameter b. The ITS can cope with charged particle multiplicities of

~ 8000 per unit rapidity due to its high granularity and resolution.

The TPC [106] is a cylindrical detector with full coverage of the azimuthal angle and a pseudorapidity
range of |n| < 0.9. The chamber is filled with a gas mixture which locally can get ionized by traversing
charged particles. The liberated electrons from the ionized gas molecules drift to the end-caps due to an
applied electric field of 100 kV and provide precise tracking information. The hit location on the end-caps is
combined with the drift time to reconstruct the three dimensional tracks. Furthermore, the TPC provides
particle identification using the specific energy loss (dE/dz) of the charged particles traversing the detector,
which is different for different type of hadrons due to their mass and total charge. Figure 4.5 shows the
dE/dx as function of track momentum p for Pb-Pb collisions at \/syy = 2.76 TeV. It is important to note
that while the different particle species have a distinct momentum dependence, the measured dF/dz can

still be ambiguous, as the bands merge for increasing p.

The combined TPC-ITS track resolution (o (pr)/pr), as measured for Pb-Pb collisions at \/syn = 2.76 TeV,
is shown in Fig. 4.6. For increasing pr above 1 GeV/c the momentum resolution increases due to the fact
that higher momentum tracks are bent less by the magnetic field, leading to a less constrained pt. For
decreasing pp below 1 GeV/¢, the resolution increases due to the higher tracking uncertainties, driven by
multiple scattering and because low momentum tracks produce less hits in the ITS and TPC detectors. For

the majority of all charged tracks the resolution is below 2%, which is extremely good for a particle detector.
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FIGURE 4.3: Schematic overview of the ALICE detector, with all the essential detector systems labeled and
shown in the legend. The inset shows an enlarged view of the inner part.

FIGURE 4.4: Enlarged view of the Inner Tracking System and of part of the Time Projection Chamber of
the ALICE detector.
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FIGURE 4.5: Specific energy loss dE/dz of charged particles traversing the gas of the TPC, as function of
the track momentum. As the energy loss depends on the charge, mass, and momentum of the particle, the
measured value of dE/dz can be used for particle identification.
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FIGURE 4.6: The TPC-ITS resolution (o(pt)/pr) of charged tracks as function of the pr of the track, as
measured for Pb—Pb collisions at \/syy = 2.76 TeV.
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4.2.2 Calorimeters

In this section, the general concept of measuring neutral particles with calorimeters will be explained. Pho-
tons and electrons produce electromagnetic showers when encountering high density material, depositing
their full energy in a finite volume. The position and energy of these showers are reconstructed by using clus-
terizer algorithms, making calorimeters suitable for photon measurements in a wide transverse momentum

range. The energy resolution of a calorimeter is given by

2

OE a b ( a )2 b 9

— = —=6-—=%&c = — — c 4.2

Z E® 59 \/ ) T\75) T (4.2)
where a comes from the effect of electronic noise on the electromagnetic shower reconstruction, b captures
the detector effects related to stochastic fluctuations, and ¢ arises from systematic effects such as imperfect
calibrations, shower leakage, and detector non-uniformity. The relative energy resolution of the calorimeter
is the quadratic sum of each individual contribution, which improves for increasing energies of the electro-

magnetic showers and converges to the constant term c. Note that while the relative uncertainty goes down

for increasing energies, the absolute uncertainty increases.

The ALICE detector has three electromagnetic calorimeters; the EMCal [100, 107], DCal, and PHOS [108].
The EMCal and DCal are very similar detectors, as they use the same detector technology. The DCal was
installed later in long shutdown 1, which is between LHC Run 1 and Run 2. The EMCal and DCal towers
(cells) consist of alternating layers of absorber and scintillating material, while the PHOS towers consist of
a single material that is both an absorber and scintillator. The properties of these calorimeters will now be

discussed in more detail.

The EMCal and DCal [100, 107] are electromagnetic calorimeters that are build up from stacks of 77
alternating layers of absorber (Pb) and scintillating material (polystyrene based). Wavelength-shifting
fibers that penetrate these stacks extract the light which is generated by the electromagnetic showers and
guide it to the avalanche photodiodes (APD) that convert the light to a measurable charge. Each of these
stacks are 6 cm x 6 cm, and are referred to as a tower. The EMCal and DCal are made up of 12,288 and
5,376 towers, respectively, and are grouped in arrays of super modules which are approximately projective
with respect to the nominal ALICE interaction point. The coverage of the EMCal is 80° < ¢ < 187° in
azimuthal angle with a pseudorapidity range of || < 0.7. The coverage of the DCal is 260° < ¢ < 320°
with 0.22 < |n| < 0.7, and 320° < ¢ < 327° with || < 0.7. The energy resolution of this detector is
og/E = (4.8%/E) @ (11.3%/VFE) & 1.7%, where E is in units of GeV, as measured with the test beam

setup.

The PHOS [108] is an electromagnetic calorimeter which consists of four modules installed at a radial
distance of 4.6 m from the interaction point, covering 250° < ¢ < 320° in azimuthal angle and |n| < 0.12
in pseudorapidity. Each module consists of 3584 detector lead tungstate crystals (PbWOy) cells with a of

size 2.2 x 2.2 x 18 cm?, arranged in a matrix of 64 x 56. The signal from each cell is measured by an APD
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Calorimeter coverage ‘ Pseudorapidity (n) Azimuth (¢)

EMCal In| < 0.7 80deg < ¢ < 187deg

DCal 0.22 < |n| < 0.7 260 deg < ¢ < 320deg
In| < 0.7 320deg < ¢ < 327 deg

PHOS In| < 0.12 250deg < ¢ < 320deg

TABLE 4.1: Coverage in pseudorapidity () and azimuthal angle (¢) of the ALICE electromagnetic calorime-
ters EMCal, DCal, and PHOS.

connected to a low-noise charge-sensitive preamplifier. To increase the light yield, reduce electronic noise,
and improve energy resolution, the APDs, preamplifiers, and crystals are cooled to a temperature of —25 °C.
The energy resolution is o /E = (1.3%/E) @ (3.6%/VE) ® 1.1%, where E is in units of GeV, as measured
by the test beam setup. The energy deposition in each PHOS cell is calibrated in pp collisions by tuning
the 7¥ peak position in the two-photon invariant mass distribution to the nominal value, on a cell-by-cell

basis.

4.2.3 Event multiplicity estimators

There are several detector systems installed in ALICE that are used to estimate the total amount of particles
produced in the collision, which is also referred to as the event multiplicity. The particle multiplicities at mid-
rapidity is commonly measured using the amount of hits in the SPD, as well as the charged track multiplicity
in the TPC. In addition, it is possible to remove autocorrelations between the particle multiplicity at mid-
rapidity and the measured quantity that also uses tracks at mid-rapidity by estimating the event multiplicity
with detectors at very forward and backward rapidities. This is done by the VO-A and V0-C detectors
[109, 110], which are two arrays of scintillator detectors that span 2.8 < n < 5.1 and —3.7 < n < —1.7,
respectively. Each of the V0 arrays has 32 channels and is segmented in four rings in the radial direction,
where each ring is divided into eight sectors in the azimuthal direction. The sum of the signal amplitudes of
the VO—A and V0-C detectors serves as a measure of event activity in the collisions. Furthermore, in Pb—
Pb collisions these signal amplitudes are also used to select on collision centrality, which will be explained

in more detail later in this chapter.
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FIGURE 4.7: Design drawing of the EMCal (left). The detector consists of 12 large size modules, totaling
12,000 readout channels (right). The main purpose is to measure photons and electrons originating from the
collisions inside the ALICE detector, by fully absorbing their energy in one or multiple readout channels.

FIGURE 4.8: Design drawing of the PHOS and DCal calorimeters (left), and a zoom on the installation
of PHOS cells (right). The DCal consists of an additional 12 large size modules with exactly the same
technology as the EMCal. PHOS consists of 4 modules with a total of 12544 channels.



Chapter 4 Experimental setup 39

4.3 Data samples

The analyses presented in this thesis use data from pp, p—Pb, and Pb—Pb collisions, which have been
collected by the ALICE Collaboration over the course of many years during LHC Run 1 and 2. Table 4.2
shows some of the facts of the used datasets; namely collision energy, collision system, year of data taking,
and the number of events used in the analyses. Most notably, the number of events for the datasets with the
same collision system at the same energy increased tenfold between the first and second data taking period.
This is mainly due to the increased luminosity of the accelerator and the increased data taking rate of the

detector. The vast increase in statistics allows for more differential studies based on event characteristics.

Collision energy (TeV) Collision system Year of data-taking #events

Vs =5 PP 2015 0.1 x 10?

Vs =5 pp 2017 1.0 x 10°
Syn = O- P A X

/S = 5.02 Pb 2013 0.1 x 10°

/Sux = 5.02 p-Pb 2016 0.7 x 10°
S = 2.76 Pb-Pb 2010 0.1 x 109

NN
/Sux = 5.02 Pb-Pb 2015 0.04 x 10°
/Sux = 5.02 Pb-Pb 2018 0.4 x 10°

TABLE 4.2: Overview of datasets used in the analyses presented in this thesis.

4.3.1 Event selection

The goal for the ALICE data acquisition (DAQ) is to record and archive the data of all its sub-detector
systems on tape, where the data contains the information related to the particle collisions. Since the nominal
bunch crossing frequency is about 40 MHz, and only up to 1 —4.5 kHz can be handled by the DAQ, a choice
has to be made on what to store. This is done by the trigger system, which fires whenever the trigger
conditions are satisfied and decides whether to store the event. The most common triggers used in the
ALICE data taking of the LHC run 1 and 2 is the minimum bias trigger and the calorimeter triggers. The
minimum bias trigger INT7 requires a signal in both VO detectors. This coincidence signal in both the VOA
and VOC is used to reduce the background from single diffractive interactions. The calorimeter triggers
of both the EMCal and the PHOS require an energy deposit above threshold in an 2 x 2 patch in the
calorimeter, and are able to enhance the amount of events containing high transverse momentum photons.
The EMCal has in addition also triggers for 4 x 4 and 8 x 8 patch sizes, to trigger on high energy jets

impending on the calorimeter surface.

In the offline reconstruction, the primary vertex of the collision is calculated for each event by extrapolating
charged tracks that are reconstructed in the ITS and TPC towards the center of the detector. Only the
events which contain a primary vertex within 10 ¢m of the nominal interaction point are considered for

analysis. Furthermore, events which contain more than a single primary vertex are rejected with the SPD



40 Chapter 4 Experimental setup

detector, such that events containing more than a single primary vertex, also known as pile-up events, are

suppressed.

4.3.2 Centrality selection

Observables measured in heavy-ion collisions are interesting to study as function of the impact parameter
b, since it naively defines the shape of the interaction zone and the number of participating partons in
the collision ((Npart)). It is experimentally impossible to directly measure b, but it turns out that the
charged particle multiplicity Ne of the final state depends monotonically on both (Npa) and b, as shown
in Fig. 4.9 [31, 111-113]. Centrality classes are defined as a percentage of the total cross-section, such that
0 — 5% centrality corresponds to the 5% events with the highest N, and 5 — 10% centrality corresponds
to the 5% events with the next highest Ng,, and so on. These centrality classes are used to differentiate
between central, semi-central, semi-peripheral, and peripheral collisions. It is important to note that for
larger (> 5%) intervals of collision centrality, the proportionality between (N,) and b holds better than for

smaller intervals (~ 1%), since the relative Ng, fluctuations for a fixed impact parameter b increases.
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FIGURE 4.9: Distribution of charged particle multiplicity (N, ) for heavy-ion collisions, showing the propor-
tionality between Nch, Npart, and b. Intervals in this distribution (centrality class) are used to differentiate
between central, semi-central, semi-peripheral, and peripheral collisions.
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4.3.3 Charged track selection

Charged tracks are measured by the inner barrel of the ALICE detector, more specifically by the ITS and
TPC detectors. The charged tracks are divided into primary and secondary charged tracks [114], where
primary tracks originate from the primary vertex and secondary tracks originate from secondary vertices,

which are then mostly daughter tracks from a weak hadronic decay or conversion.

The overall reconstruction of the vertices and charged tracks is done as follows. First, the primary vertex
itself is reconstructed by projecting the charged clusters found with the SPD layers of the ITS. Then, the
most probably trajectories of the charged tracks are found by a Kalman filtering algorithm [115]. The
fitting procedure starts by extrapolating the TPC clusters inwards, from the outer to inner field cage of
the TPC. Then, the TPC tracks are matched to the I'TS clusters in the outer layer, and again extrapolated
inwards to the primary vertex. The next fitting procedure is done similarly, but starts from the inner layer
of the ITS and is extrapolated outwards towards the outer field cage of the TPC. The distance of closest
approach (DCA) to the primary vertex determines whether a track is primary or secondary, with the exact
definition in [114]. For primary charged tracks, several selection criteria are applied to ensure the quality
of the charged tracks used for analysis. First, a selection on the amount of TPC clusters of N¢ tpc > 60
is made to use tracks with a reliable amount of measurements along the track. Secondly, a selection of
transverse momentum pr > 15 MeV/c is applied. Lastly, it is required that the full track is within the

acceptance of detector, i.e. n < 0.9.

For the analyses presented in this thesis the primary charged tracks are mainly used for rejecting charged
clusters in the calorimeters, but also for jet reconstruction, and estimating event characteristics such as the
charged particle multiplicity Ny, and event shape. The secondary tracks are used to reconstruct photons

converting to electron positron pairs in the detector material, which will be discussed in a later chapter.

4.3.4 Jet reconstruction

High momentum quarks and gluons produced in high energy collisions fragment [116] into multiple particles
due to the nature of QCD. These particles are emitted in a similar direction as the original parton, i.e.
concentrated in a cone since the originating parton typically has a large momentum. The group of correlated
particles is referred to as a jet. Jets can be used to characterize events based on the amount and the energy
of the jets, and are excellent to learn about particle production mechanisms. In heavy-ion collisions, jets
are used to probe parton energy loss of the QGP, since the partons lose energy by collisional and radiative

energy loss mechanisms when traversing the medium. This phenomenon is called jet quenching [117, 118].

Although the theoretical definition of a jet is simply the collimated spray of particles from a single parton,
the experimental definition of a jet is not unique and depends on the implementation of the jet-finder
algorithm [119], as there is no way to know for sure that a group of final state particles originate from the

same parton. It is thus important that the jet-finder algorithms are optimized such that the final state
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particles relate back to the original parton, and that the algorithm is used consistently in both theory and
experiment for comparisons. Furthermore, it is important that the jet-finder algorithm is safe from collinear
and infrared divergences, i.e. that the definition of the jet is not changed by a parton emitting a gluon that

is either very soft or collinear to the parton trajectory.

The anti—k; jet-finder algorithm [120] from the FastJet package [121] is the most commonly used jet-finder

within the particle physics community, and is defined as follows:

1. For all possible particle pairs in the event calculate the distance
- -2 -2
d;j = min (pTJ,pT’j) AR?j/RQ, (4.3)

where the particles are labeled with ¢ and j, pp;;) is the transverse momentum of particle i(j),
ARZZj = (7 —nj)* + (@i — ¢;)% and n;(;) and ;) are the pseudorapidity and azimuthal angle of
particle i(j). Additionally, for each particle the distance d;p is calculated by

dip = (pri) 2. (4.4)

2. If d;; < d;B, the particles 7 and j are grouped together using

DTk = DTi + PT,js (4.5)
or = (pr,ii + 01,j95)/PT k> (4.6)
e = (prami + pr.iN;)/PT k- (4.7)

If d;; > d;p, then particle i is a jet.

3. The above steps are repeated until all particles of the event are grouped into jet objects.

The strength of the anti—k; algorithm is that it groups particles with the highest energy first, creating stable
cone-like jets [120].

4.3.5 Event shape observables

The configuration of the momentum vectors of the final state particles can be used to characterize the shape
or topology of the final state particle distribution, as indicated in Fig. 4.10. It is generally assumed that
collisions with very large momentum transfers (hard events) that produce a di-jet structure will appear
to be pencil-like, while events with smaller momentum transfers (soft events) produce a more isotropic
distribution of particles and appears to be sphere-like [122-124]. This implies a correlation between the
shape of the event and its dominant particle production mechanism. As a consequence, particle production

spectra should be modified when measured as function of the event shape. A commonly used observable to
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“Pencil-like” “Sphere-like”

FIGURE 4.10: Sketch of event shapes formed by the final state particles, for the two extremes of a pencil-
and sphere-like geometry.

classify the event as either pencil- or sphere-like is the transverse sphericity St, which is calculated using

the transverse momentum matrix of the event

1 1 2 . ,
= L3 L[ s ] »
Zi pT»l i pT»,L py,ipx,i py,i

where pr;, ps i, and py ;, are the momentum vectors of particle i in transverse, x, and y direction, respectively.

The transverse sphericity is defined by

2\

Sp=—"—,
T A2+ A\

(4.9)

where A\; and Ay are the two eigenvalues of the matrix SZ , with A\; > Ay. These equations essentially project

Ty
all the particles of the event onto the x — y plane and determine the eigenbasis of the transverse momentum
matrix. As such, St is sensitive to the relative orientation of the momentum vectors, where for Ay = 0 the
event is pencil-like, and for A1 ~ Ay the event is sphere-like. The classification of the event-shape using the
sphericity mostly applies to proton-proton collision, as the larger collision systems more quickly approximate

sphere-like event shapes due to the larger particle multiplicities that are more evenly distributed in n and

®.

In addition to transverse sphericity there are other observables that characterize the shape of the event,
such as the three dimensional sphericity (Ssp), and thrust (S,). Both these alternative observables highly
correlate with St. The (S3p) uses the three momentum vectors similarly to how St uses their projection
on the transverse plane, which are approximately the same for detectors with relatively small 1 acceptance.
Thrust is calculated in a different way, namely by finding an axis which maximizes the sum of the inner
products of all final state particle vectors with this axis. This axis is an approximation of the eigenvectors

found by calculating the sphericity.
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Photon reconstruction

5.1 Photon measurements with calorimeters

Calorimeters are capable of measuring single photons by absorbing their full energy within a block of material
and converting the deposited energy into a measurable signal. The electromagnetic showers produced by
photons spread out in longitudinal and transverse direction in the calorimeter, and as a consequence, signals
related to a single photon are often registered in several detector cells, which are mostly adjacent. From
the distribution of signals in the detector the photons have to be identified, and their properties have to

reconstructed using specialized algorithms and selection criteria. This will now be discussed in detail.

5.1.1 Photon reconstruction

Photons that are incident on a calorimeter create electromagnetic showers via consecutive processes of pair
production and bremsstrahlung. The particles in the shower induce a signal in one or multiple calorimeter
cells. The overall strategy to measure the energy and position of these photons is to group all nearby cells
into a so called cluster. The procedure of clusterizing all the energy deposited in the calorimeter is handled

by a well defined clusterizer algorithm, and goes as follows:

1. Consider all cells and sort them according to their energy.
2. Start building a new cluster using the highest energy unclustered cell as seed, requiring £ > FEgeq.
3. Aggregate all cells that have a common edge to the seed, requiring E > E q.

4. Aggregate all cells that have a common edge to the newly added cells, referred to as the reference

cells, again requiring E > F¢.
5. Repeat step 4 until there are no more adjacent cells with £ > Eq.

45
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6. Repeat steps 2-5 until there are no more cells with F > Fgeeq.

200 900 300 50 |500
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FIGURE 5.1: Cartoon of the clusterization process for a hypothetical event where five photons deposit their
energy in the calorimeter. The energy deposited per cell is given in MeV, and the colors indicate which cells
are grouped in the same cluster by the clustering algorithm.

As an example for a hypothetical event, Fig. 5.1 shows a cartoon of the energy deposited by five photons,
and indicates which clusters are found by the clustering algorithm given typical values of Fgeq = 500
MeV and FE¢. = 100 MeV. There are two main subtleties illustrated with this example; not all the energy
deposited in the calorimeter is by definition clusterized, and the highest energy seed has preference in the
aggregation of additional cells. This has as a consequence that, even in a background free environment,
the found clusters and the electromagnetic showers produced by the impending particles are not always a
one-to-one map. Of course, the finer the granularity and the better the resolution of the detector, the more

the cluster corresponds to the shower.

Multiple properties are calculated from the reconstructed cluster. First, the energy and position of the

cluster is calculated using

N —
Zz’ Wi - Teell,i

S (5.1)

N
Ecluster = Z Ecell,i and «fcluster =

i
where the sum is taken over all cells that are part of the cluster, with IV the total amount of cells of the
cluster. Furthermore, Ecen; and Zeen; = (1,22, 23) are the energy and position of the i—th cell of the
cluster, respectively. The position vector Zqjuster 18 the average position of all cells that make up the cluster,

weighted by the factor w;, which is by default the logarithm of the energy of the cell. Secondly, the shape

of the cluster is characterized by the shower shape parameters Myo and Moy, which are calculated by
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Mipn = Z(ifgi))m : (:vé“)” cell;  with (m,n) =(0,2),(2,0), (5.2)

7

where 7 runs again over all cells in the cluster and Ecep; is the cell energy. These so called shower shape
parameters My and My characterize the major and minor width of the cluster, respectively. In general,
electromagnetic showers initiated by a photon create a cluster shape that is indistinguishable from a shower
initiated by an electron, as the only difference is the very first interaction of the photon or electron with
the detector material. The main use of the shower shape parameters is therefor to discriminate between

electromagnetic, hadronic, and overlapping showers.

For both the EMCal [107] and the PHOS [108] there are selection criteria applied on the cells before the
clustering process. First of all, both calorimeters are calibrated cell by cell for their energy and timing signals.
This energy calibration is a relative energy calibration, with the absolute calibration done on cluster level
that also includes a non-linearity correction, which will be discussed later. Only nominally performing cells,
i.e. cells that have well behaved energy and timing distributions, are selected for the clusterizer. Other cells
are masked for analysis. For the EMCal and PHOS there is a cell energy threshold of FE. = 100 MeV
and Fgo = 15 MeV, respectively. This removes most of the noise and improves the signal to background.
The EMCal has a seed energy threshold of Fg.q = 500 MeV, while PHOS has a seed energy threshold
of Egeq = 50 MeV. For both calorimeters there is a selection on the cell time of 500 ns relative to the

collision time. These selection criteria are summarized in Table 5.1 and Table 5.2.

The clusterizers used for the EMCal and PHOS work as described above, with two differences. For the
EMCal clusterizer, cells are only aggregated if the energy of the newly added cell is less than the reference
cell, which then by construction handles the cases where showers partly overlap. The PHOS clusterizer has
no such requirement and the clusters can in principle keep on aggregating more cells as long as E > Eq.
To handle overlapping showers, PHOS employs a cluster unfolding approach. The decision as to whether
the cluster is unfolded is made by using the number of local maxima of a cluster, which is calculated by
counting the number of cells that are above seed threshold and are surrounded by cells with lower energies
with respect to the reference cell. If it contains multiple local maxima it is considered to contain overlapping
showers, and is then unfolded. The unfolding itself is done by splitting the cluster into multiple clusters,
taking the local minima as new edges of the clusters. The properties such as position, total energy, and

shower shape parameters of the sub-clusters are recalculated using the cells belonging to these sub-clusters.

In addition, both calorimeters correct the cluster energies for the absolute energy scale and non-linearity
of the calorimeter, such that the reconstructed cluster energy corresponds to the energy of the incident
particle. For the EMCal and PHOS, this correction is based on data collected with a test beam experiment,
which was performed prior to the installation of the calorimeter in the ALICE central barrel. The required
cluster energy correction can be calculated in a straightforward way as the energy of the particles in the
beam is known. The full description of this procedure can be found in [107] and [108], for the EMCal and
PHOS, respectively.
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5.1.2 Photon selection

Electromagnetic calorimeters are highly efficient devices for reconstructing photons, electrons, and positrons,
as they all produce electromagnetic showers. It is important to note that other particles, such as the 77,
K*, and p(p), most frequently only deposit a fraction of their energy when traversing the calorimeter. The
higher energy hadronic showers can be rejected using track information of the ITS and TPC. The various
photon selection criteria will now be discussed, and each have the goal to reduce the background while

maintaining high signal efficiencies.

There are several selections applied on cluster level, to make sure that the clusters have no significant con-
tribution from detector noise, have a reliable energy measurement, and such that non-photonic backgrounds
are suppressed. The minimum number of cells to form a cluster is set at 2 for both calorimeters. This limits
the minimum energy of the reconstructed cluster to 600 MeV for the EMCal, and 65 MeV for PHOS. To
reduce the noise background, coming from small energy deposits of traversing hadrons and hardware noise,
it is chosen to have a minimum energy selection of 700 MeV for EMCal clusters and 300 MeV for PHOS
clusters. Furthermore, another selection is done based on the cluster time relative to the timestamp of the
event, such that clusters produced from out-of-bunch pileup are rejected. The cluster time is determined by
the cell time of the seed, as the uncertainty on the timing decreases for larger energy deposits. by default, a
cluster time selection of —12.5 < ¢ < 13 ns is applied for pp collisions, and —50 < ¢ < 50 ns for Pb—Pb col-
lisions. Additionally, there is a selection applied on the shower shape parameter Mgys, in order to select
photon-like clusters. For the EMCal this selection is 0.1 < Myo < 0.5, while for PHOS this is Mge > 0.1.
The differences in selection criteria between EMCal and PHOS is mostly driven by the different cell sizes
and higher energy resolution of PHOS, which allows for lower energy thresholds for clusters reconstructed
with PHOS.

To remove clusters that are produced by et and have potential contributions from other charged particles,
clusters are rejected if a charged track is pointing to the clusters. The charged track is reconstructed using
the TPC and extrapolated to the EMCal surface using the respective track parameters. The cluster is
rejected if the charged track is within a certain (An,Ap)-window relative to the cluster, which is by default
dependent on the pt of the track to improve the quality of the matching. This is done by evaluating the
residuals An and Ay, and fitting the widths using the following function

Foio(m) = p1 + L (5.3)

(pr + (525772 P2

where pr is the transverse momentum of the charged track, and pg, p1, and py are free parameters. This
functional form contains a constant term that acts as a lower bound, as well as a term that decreases for
increasing pr of the charged track. As such, the size of the rejection window in An and Ay is smaller for
higher momentum tracks. The default parameter values for EMCal and PHOS are listed in Table 5.1 and
Table 5.2, respectively.
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Furthermore, the sample of clusters that pass the selection criteria receive an energy correction to improve
the absolute energy scale of the calorimeter as well as its agreement in experimental and simulated data.
This procedure is done slightly different for EMCal and PHOS clusters. For EMCal, it is chosen to only apply
additional corrections to the cluster energy in simulated data, such that the reconstructed neutral pion mass
position matches with that of experimental data. For PHOS, the energy of the clusters is corrected such
that the reconstructed neutral pion mass position matches its known value of 134.98 MeV for experimental
data, with an additional correction to simulated data to make mass peak positions agree. For both cases, the
cluster energy dependent correction is calculated by reconstructing the 7° mass peak position using either
calorimeter clusters with similar energy, or using one calorimeter cluster and one photon reconstructed with
the photon conversion method (see next section), which then results in an unambiguous correction for a

given cluster energy.

The n-¢ distributions of clusters satisfying the selection criteria are shown in Fig. 5.2 for the EMCal and
PHOS calorimeters. The distributions are scaled by dividing by the maximum of the histogram, and show

the coverage and geometry of the calorimeters.
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EMCal cell & cluster selection criteria

Ecen 100 MeV

Escea 500 MeV
Minimum cluster energy FEuster > 700 MeV
Minimum number of Nc<!s > 2

cluster

Cluster Mo

0.1 < My <0.5

Cluster time

—12.5 < teuster < 13 18

Track-matching
An
Ap

pr dependent
po = 0.04, p1 = 0.010, p2 = 2.5
po = 009’ 1= 00157 P2 = 2.5

analyses.

TABLE 5.1: Standard selection criteria for the clusters reconstructed with the EMCal which are used in the

PHOS cell & cluster selection criteria

Ecen 15 MeV

Esced 50 MeV

Minimum cluster energy FEjuster > 300 MeV
Minimum number of N&Us > 2

Cluster Moz > 0.1

Cluster time

—125 <t <13 ns

Trackmatching
A
Ayp

pr dependent
po = 0.05, p1 = 0.005, p; = 3.0
po = 0.33, p1 = 0.005, po = 2.3

analyses.

TABLE 5.2: Standard selection criteria for the clusters reconstructed with the PHOS which are used in the
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FIGURE 5.2: Relative number of clusters as a function of  and ¢ as reconstructed with the EMCal and DCal
(top), and PHOS (bottom) calorimeters, for Pb-Pb collisions at \/syn = 5.02 TeV. Clusters are shown only
if they pass the selection criteria listed in Table 5.1 and Table 5.2, and are normalized using the maximum
of the distribution. It indicates the coverage, geometry, and masked readout channels of the calorimeter

modules.
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5.1.3 Systematic uncertainties

The photons reconstructed with the calorimeters are affected by several systematic uncertainties [125],
mainly due to imperfect calibrations and differences between experimental and simulated data. As described
in the previous sections, the cell-by-cell and cluster calibrations are performed such that the systematic
differences between the properties of the photon candidate and incoming photon is minimized as much as
possible. In addition, systematic differences introduced by the photon reconstruction and selection criterion
that are reproduced by the Monte Carlo simulations are included in corrections such as the acceptance and
efficiency corrections. This means that the magnitude of the different sources of systematic uncertainties is
mostly driven by the quality and precision of the Monte Carlo simulation. Since the simulated data is not
perfect, there are several significant contributions to the total systematic uncertainty, and it is important to
emphasize that the magnitude of the systematic uncertainty, even for a single selection criteria, is dependent
on the measured observable. The sources and magnitude of the systematic uncertainty will now be discussed

in more detail.

The clusterizer settings, i.e. the energy thresholds Fce and Fgeeq, define the minimum energy that has
to be deposited in a calorimeter cell in order to be taken into account for the clustrization process. This
unavoidably creates a systematic difference between the reconstructed cluster energy and the energy of
the impending particle, as small energy leakage towards additional surrounding cells is not taken into
account, and this is a larger effect for cluster energies closer to the threshold. Most of these effects are
captured by the cluster energy corrections and are also reproduced by the simulated data. For the EMCal
and PHOS measurements of the 70 invariant yield, it turn out that the systematic uncertainty attributed
to the clusterizer settings is about 2%, which is obtained by making variations of the chosen thresholds.
Similarly for the selection criteria Eq.. and N5%_ it results in about a 1.5% systematic uncertainty for
the neutral meson invariant yield. For t¢,.. the situation is slightly different, as the simulated data does
not include timing distributions of the calorimeter cells and neither includes pile-up. The uncertainty is
purely estimated from variations of the cluster time in experimental data, and the associated systematic
uncertainty is estimated to be 1% for the neutral meson invariant yield. The systematic uncertainty related
to the shower shape parameter My, is obtained by simultaneous variations of the selection criteria in both
experimental and simulated data, and recalculating the resulting neutral meson invariant yield, and turns
out to be a 1% systematic uncertainty. The systematic uncertainty related to the matching of charged tracks
to the calorimeter clusters is obtained by again making variations of the selection criteria, i.e. the width in
n and ¢ in which the charged track is considered to be matched to the cluster. As this is reproduced well
by the simulated data, it results in an uncertainty of 3% for the neutral meson invariant yield. Systematic

uncertainties for other observables will be discussed in the corresponding results section.
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Nucleus

X (cm)

FIGURE 5.3: Left: Feynman diagram of a photon converting into an electron-positron pair via pair conversion.
Right: Tomography of the ALICE detector using conversion photons.

5.2 Photon measurements via conversions

The second method, the photon conversion method (PCM), measures photons that convert into an electron-
positron pair within the ALICE detector, and relies on reconstructing the charged tracks and their secondary
vertex. As photons are stable in vacuum, this process (7 + X — et + e7), as indicated in Fig. 5.3, is only
possible in the presence of a charged scattering partner, which can e.g. be a nucleus in the detector
material. From this it follows that the chance of a photon converting within the detector is proportional to
the density and length of the material it traverses. The main signature of a conversion photon is a eTe™
production vertex at distance R from the primary vertex, without a charged track connecting the primary
and secondary vertex. The reconstruction, selection, and systematic uncertainties of converted photons will

now be discussed in detail.

5.2.1 Photon reconstruction

The common algorithm used within the ALICE Collaboration to reconstruct neutral particles that decay
into two oppositely charged particles is the on-the-fly VO-finder, where V' is the generic name of candidates
that share this same decay topology. Apart from v — eTe™, the algorithm can be used to find particles
decays such as the A — pT7n~ and K% — wtn~. It is also possible that the V° is not corresponding
to any particle decay at all, and can be reconstructed by combining tracks that accidentally result in a
similar decay topology. This background is reduced by applying quality selection criteria on the charged
tracks that are used in the V-finder. The charged tracks are required to have at least a transverse mo-

mentum of 50 MeV /¢, are within |nyack| < 0.9, and need to have a large amount of clusters in the TPC
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NTPC clusters > 0.6 Nindable TPC clusters- Additional selections are applied using the location of the sec-
ondary vertex with respect to the nominal position of the interaction point in ALICE, which includes a
selection on the conversion radius of 5 cm < Reony < 180 cm and a selection on the secondary vertex
location along the z-axis |zZcony| < 240cm. The lower bound of Rcony corresponds to the first layer of the
ITS, and the upper bound to outer field cage of the TPC cylinder.

5.2.2 Photon selection

Further discrimination between signal and background is based on the identification of the electron-positron
pair and the decay topology of the pair production process. Electrons and positrons are identified making
use of the specific energy loss dF/dz in the TPC that is dependent on the type and transverse momentum of
the particle traversing the gas volume. Rather than using the dF/dz of the candidate directly, it is rescaled
using

dF

dz didate <?1_E |electron>
noerpe = Ecamdidae_dr : (5.4)
(

2l
dz electron)

where <C(11—f |electron) 18 the expected value for an electron, and 0 a8

dzx |electron

dE/dx distribution of the electron. More explicitly, the VO is only selected if both daughter tracks have a

) is the characteristic width of the

response with —4 < mno.tpc < 5. Depending on the pair momentum, this criterion can remove about
50% of the background, without any significant loss on the signal. As shown in Fig. 5.4, there is an extended
range in pt where the response of e* and 7% overlap. The signal to background ratio (S/B) in this region is
improved by rejecting VO candidates where either of the daughter tracks have a dE /dz value below no, = 1,

with no, defined similarly as no. pc.

b @ (S =2.76 TeV
LHC10h

10 10

no,, dE/dx

10°

10°® 10

107 107

108
10" 1

o (Gev/c)

o (Gev/e)

FIGURE 5.4: The specific energy loss (dE/dx) of charged particles traversing the TPC (left), and the same
distribution relative to the electron hypothesis (no. rpc) (right).
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FIGURE 5.5: Topology of a photon converting into an electron-positron pair (left), and the visualization of
the Wy variable (right).

Further selection of photon conversions is done using the topology of the decay, which is shown in detail
in Fig. 5.5. Here, the production point is indicated by the secondary vertex at distance R = |§| from the
primary vertex, and is located by finding the distance of closest approach (DCA) of the two charged tracks.
The sum of the momentum vectors of the two charged tracks is labeled with P. As the V'-finder uses these
vectors and geometrical quantities for the minimization process with the y? method, the x2?/ndf that is
calculated for each candidate can be used to select on the overall quality of the decay. By default candidates

with x?/ndf < 30 are selected.

Additionally, since the electron and positron are bent in opposite directions by the magnetic field and are
produced with nearly zero relative momentum, the orientation of the decay is correlated with the direction
of the magnetic field. The associated geometric variable is Wiy, and is defined as the angle between the
plane spanned by the two charged tracks and the plane which is perpendicular to the magnetic field. The
distribution is centered around W,,;; = 0, with a much narrower width for signal compared to VY candidates

from combinatorial background. It is advantageous to simultaneously use the two-dimensional W, and

cut

x%/ndf, accepting candidates if |V pair] < Wpaircut — ;";‘;, where Wpqircut = 0.1 and x%/ndf < 30 as

Xgut ¥
before.
Furthermore, if the V? candidate is from a correctly reconstructed decay or conversion, P should point in
the same direction as K. This fact is exploited using cos(Opoint), Where Opoing is the opening angle between
P and R. For the signal, the distribution peaks sharply for cos(fpeint) = 1, while the distribution for the

background is much broader.

Lastly, the identity of the V¥ candidates can be further discriminated by selecting a region in the so-called
Armenteros-Podolanski space [126]. This combines the two kinematic variables ¢p and «, where gt is the

relative momentum of the daughters with respect to the V°, and « is the longitudinal momentum asymmetry
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of the oppositely charged daughters. a defined as

_ -

L, (5.5)
i +pp

where pf is the longitudinal momentum of the positively charged daughter with respect to the parent
particle, and p; is the longitudinal momentum of the negatively charged daughter, again with respect to
the parent particle. The main discriminating power here is between v, K%, and A(A). The asymmetry in
a for A and A is caused by the mass difference for the decay products. As shown in Figure 5.6, v, K(S) and
A(A) each have a characteristic band. A selection in the Armenteros-Podolanski space improves the S/B

for photons and is implemented by the two-dimensional selection:

a \2 gr \?
i 1 5.6
<0.95) +(qT’maX) <b (5.6)

with g1 max = 0.05 GeV/c which has been found by optimization. All the criteria for photon reconstruction

via PCM and the corresponding selections are summarized in Table 5.3.
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FIGURE 5.6: Armenteros-Podolanski distributions before (left) and after two-dimensional selection to im-
prove the signal to background ratio of the Ycony sample (right).
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5.2.3 Systematic uncertainties

As explained at length in this section, the photon conversion method is based on reconstructing photons
that happen to convert to an electron-positron pair in the detector material. As a result, the systematic
uncertainties [125] are mainly related to the ete™ reconstruction and selection criteria, as well as the

description of the detector material in the Monte Carlo simulations.

The Pt track, n0e, and noy selection criteria of the electron and positron tracks are found to have a significant
contribution to the systematic uncertainty, and result in a 1%, ~ 4%, and 1 — 6% uncertainty for the neutral
meson measurements, respectively. The two latter have a larger dependence on the pr of the photon, as the
average dF /dx for different particle species changes with track momentum, as indicated in Fig. 5.4. These
uncertainties are estimated by making variations of the selection criteria, and thus again depend directly on
the quality of the Monte Carlo description. Furthermore, the systematic uncertainty of the two-dimensional
X?Y /ndf and ¥, selection decreases from ~ 7% at low neutral meson pr to ~ 2% at higher neutral meson

pr. The two-dimensional g1 max and a photon selection results in a ~ 2% systematic uncertainty.

The largest contribution to the systematic uncertainty comes from the difference in the amount of detector
material present in the experimental and simulated data. If the material budget of the detector is overesti-
mated in simulated data, the calculated conversion probability is too high, and vice versa. As a result, the
invariant yield of photons, or neutral mesons reconstructed with PCM, can be systematically different from
the true value. Studies have resulted in an estimate of the material budget uncertainty of 4.5% per photon
and 9% for neutral meson measurements, which has been calculated by comparing the conversion point
distributions in data and MC. Since this is the largest uncertainty in PCM, there is an ongoing investigation

to reduce this uncertainty further, mainly by improving the MC description.
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Charged track & V? selection

V- finder

on-the-fly

minimum track pr

DT track > 0.05 GeV/e

7, tracks & Vs

‘ntrack,V0| < 0.9

NTPC clusters/Nﬁndable TPC clusters

> 60%

Rconv 5 < Rconv < 180 cm
Zconv ‘Zconv| < 240 cm
Pconv 0< |4Pconv| < 27

Electron-positron identification

no. TPC dE/dz -4 <no, <5
no, TPC dE/dx 04 < p < 100 GeV/e
noy, > 1
Photon selection
g7 max (2D cut, (ﬁ‘gm)Q + (qT‘IﬁF <1 < 0.05 GeV/c
X2 /ndf < 30
—Uoh
\I/pair (2D CU»ta |lppair| < X%ﬁmi,xgy + \I,pairﬁcut) < 0.1
cos(fp.a.) cut > 0.85

TABLE 5.3: Reconstruction and selection criteria of photon conversions, as done for the charged track and

VY selection, electron-positron identification of the V° daughter tracks, and photon selection.
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Chapter 6

Neutral meson production

6.1 Introduction

Measuring the production of identified particles is undeniably one of the most fruitful methods to gain
knowledge about the nature of high energy pp, pA, and AA collisions. Although QCD provides us with a
framework to accurately calculate high momentum transfer processes in pp collisions, at lower momentum
and as well for larger collision systems the production mechanisms are far from understood. Here, the
main idea is to measure the invariant yield of neutral mesons [127] and their nuclear modification [128]
for all collision systems and compare them to different model calculations that have varying underlying

assumptions.

While the mechanisms behind light neutral meson production [129-133] are like the ones of charged light
mesons [134-137], their experimental reconstruction technique is completely different, as they are measured
by their decay channel into two photons. This offers both an independent measurement, as well as other
advantages such as exploiting the specialized photon triggers of the calorimeters, enhancing greatly the
statistics and reach at higher momentum. Furthermore, precise neutral meson measurements improve the
extraction of direct photons, as the photons coming from neutral meson decays are by far the largest

background that has to be known and understood.

In this chapter the analysis method of reconstructing neutral mesons and obtaining their invariant yield
including all necessary corrections and sources of systematic uncertainty will be explained in detail. The
result section will present all measurements relevant for this thesis, and will cover both pp, p—Pb, and

Pb—Pb collisions. The chapter is concluded with an overall discussion of neutral meson production.

61
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6.2 Analysis method

The production of neutral mesons is measured as the transverse-momentum-dependent invariant yield, and

is given by

2N 2N 1 1 d°N 111111 N
E - - (6.1)

where N,, is the number of events that pass the event selection criteria, and are used to calculate the
meson candidates. Then, pr is the transverse momentum of the meson candidate which is calculated as
the vector sum of the pr of the two photons, and €,.., and A are respectively the reconstruction efficiency
and geometrical acceptance of the meson candidate and are largely driven by the single photon efficiency
and acceptance of the detector. The BR is the branching ratio of the decay, and corrects for the fact that
not all neutral mesons decay via the chosen channel. In this case we have BR(7? — vvy) = 98.8% and
BR(n — v7v) = 39.4% [138, 139]. Furthermore, N is the raw yield of the meson candidate obtained by
integrating the invariant mass distribution around its reconstructed mass position. Lastly, the invariant
yield is calculated for a specific interval in rapidity (Ay) and transverse momentum (Apr), resulting in a

collection of data points that together form the a spectrum that spans a range in pr.

6.2.1 The invariant mass distribution

The mass of a particle is a Lorentz invariant quantity, and is given by Mizrlv = E? — p?, using the convention

¢ = 1. Since the energy and momentum are conserved quantities for particle decays, the invariant mass of
a particle decaying into two daughters, C' — A + B, is given by

M = (BEa+ Eg)* — (pa +pB)?, (6.2)

which for massless particles reduces to

Map = /2EAEp(1 — cosf,p). (6.3)

Here, E4 and Ep represent the energies of the two massless particles and 04p is the angle between their
respective momentum vectors. Experimentally this can be utilized to measure particles that otherwise
escape detection, such as the 7% and 7 meson that have a high branching ratio into two photons. These
mesons can thus be reconstructed from “just” measuring the four-momentum vector of the decay products.
So, if the two photons coming from a 7%(n) decay are measured accurately, then M., = 134.98 (547.86)
MeV [138, 139]. The procedure for reconstructing neutral meson candidates is to calculate the My, of all

possible photon pairs that originate from the same collision and counting how many photon pairs have an
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invariant mass of the respective meson. However, there are two main complications. First, two photons that
are not coming from the same hadronic decay can still by chance give an invariant mass that is equal or
indistinguishable to that of the respective neutral meson. Secondly, the energy and opening angle of the two
photons are measured with finite precision, which broadens the calculated M;,,. These complications lead
to the fact that neutral mesons are reconstructed as an excess yield on top of a combinatorial background,

which has to be removed in order to give a correct and reliable neutral meson count.

The signal distribution of the neutral meson has a large Gaussian component, attributed mostly to the
energy resolution of the detector. The background distribution has two main components; correlated and
uncorrelated combinatorial background. The correlated part is driven by photon pairs that do not come
from the same hadronic decay, but are created in a common physics process like a parton shower. The
uncorrelated part of the background comes from photon pairs that do not share a common production
process and the shape of the distribution is driven by the geometry and characteristics of the detectors,
which impact the energy and opening angle distributions of the photons. The sum of the signal and
background photon-pair invariant mass distributions is shown in Fig. 6.1 and Fig. 6.2 for pp at /s =5 TeV
and Pb-Pb collisions at /syy = 5 TeV, respectively. The signal-to-background ratio depends on the

collision system, reconstruction method of the photons, and the pt of the neutral meson.
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FIGURE 6.1: The photon-pair invariant mass distributions around the 7° mass (left) and 1 mass (right),

for pp collisions at /s = 5.02 TeV. In this example the ¥ is obtained using PCM for a photon-pair pr

of 2.8 GeV/c < pr < 3.0 GeV/¢, and the n meson is obtained using PCM-EMC for a photon-pair pr of
2.8 GeV/c < pr < 3.2 GeV/c.
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FIGURE 6.2: The photon-pair invariant mass distributions around the 7° mass (left) and n mass (right),

for Pb-Pb collisions at /s = 5.02 TeV. In this example the 7¥ is obtained using the PHOS for a photon-

pair pr of 1.2 GeV/c < pr < 1.4 GeV /¢, and the n meson is obtained using EMC for a photon-pair pr of
10.0 GeV/c < pr < 12.0 GeV/c.

6.2.2 Combinatorial background

The combinatorial background can be approximated using the event-mixing method. With this method,
photons are paired exclusively from different events. This ensures that the photons can never originate from

the same hadronic decay, and hence no signal peak can be present.

The invariant mass distribution obtained from the event mixing method approximates the combinatorial
background from same-event pairs if the energy and opening angle distributions of the photons in the same
event equals that of the paired event. Experimentally this is done by performing the mixing for events with
similar primary vertex (z) locations and photon multiplicities. The uncorrelated part of the combinatorial
background is very effectively modeled with this method. The correlated part is not captured by this
method; this would require mixing events with exactly the same physics processes orientated in exactly the
same direction in the detector, and is experimentally near impossible. Attempts to improve event mixing
to also capture the correlated part of the background have been made, but none of them turned out to be

successful.

The technical implementation of the event-mixing method is done as follows. After an event has been
analysed, the energy and the momentum vectors of the reconstructed photons are stored in a first-in-first-
out (FIFO) buffer with a standard pool size of 80, meaning the buffer stores the information of the last 80
photons. For each event the photons of the current event are paired one by one with all the photons in the

FIFO buffer and the invariant mass of the pair is calculated. In addition, there are multiple FIFO buffers
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Class Bin

Photon multiplicity (V) 1 2
2 3
3 4
4 >4

z-vertex coordinate (cm) 1 —50.0--3.38
2 —-338--161
3 —1.61--0.23
4 —-0.23- 1.07
) 1.07 - 2.45
6 2.45- 4.25
7 4.25 - 50.0

TABLE 6.1: Class definition for event mixing classes.

to enable the functionality to mix events with similar characteristics, as defined in Table 6.1. The speed
at which the FIFO buffers are filled depends on the overall photon multiplicities and characteristics of the
dataset, as well as the amount of FIFO buffers. Overall, this method is able to generate large amounts of

statistics for the combinatorial background distributions.

The invariant mass distributions obtained with the event mixing are normalized to the invariant mass
distributions of the same-event pairs. This normalization is done by calculating the normalization factors

on the right side of the neutral meson signal peak. The normalization factors C' are determined by

c2 c2
= / N, M., / / Neomb BGANL (6.4)

C1 C1

where by default ¢; = 0.2 GeV/c? and ca = 0.3 GeV/c? for the 7 meson, and ¢; = 0.65 GeV/c? and
ca = 0.8 GeV/c? for the n meson. Using an integral over a larger range in invariant mass rather than a
single point in the distribution stabilizes the normalization procedure, as calculating the factor on a single
point is subject to much larger fluctuations. In Fig. 6.1 and Fig. 6.2 the results of the event mixing method
for a few example bins are shown. The results of the method agree reasonably well with the combinatorial
background present in the invariant mass distribution of same-event pairs of the 7%, but for the 7 there is
a large amount of background remaining after subtracting the combinatorial background obtained with the

event-mixing technique.

6.2.3 Meson raw yield extraction

The meson raw yield is extracted from the invariant mass distributions after subtracting the event-mixed
background, for intervals in meson pr. The covered range in pr is carefully optimized and depends on the
reconstruction methods of the photons, the available statistics in the dataset (N,,), and the quality of the

background description [140]. The mass distributions after subtraction are fitted with
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Moy =M 0,
F(My) = A- (G(MW) + e< ’ > (1= G(My)) - 6(Mgoy) — MW)> +B+C-M,,  (65)

(oo 222) )
, with G =e i . (6.6)

Here, G is a Gaussian function with width o, amplitude A, and mean position M o(,), which can be identified

)
with the reconstructed mass position of the corresponding meson. The parameter A is a free parameter of
the exponential function. The contribution of the exponential function above Mo, is switched off by the

Heaviside function 6(M,o , — M,,). Furthermore, B and C' are the parameters of the linear function. The

i
Gaussian describes the majority of the signal, and the exponential tail on the left side is implemented to
account for an incomplete energy measurement of either of the two photons. In the case where the photon
is reconstructed with a calorimeter, the reconstructed energy of this photon can be incomplete due to the
fact that the photon converted in the material just in front of the calorimeter, and the cluster is one of
the electron daughters. In the case where the photon is measured using the photon conversion method, the
electron daughters emit photons, i.e. electron bremsstrahlung, that reduce their energy and as a result that
of the reconstructed photon. The linear part is used to account for remaining combinatorial background that
is left in case the background obtained by the event-mixing method does not fully describe the background

in the signal region.

The raw meson yield is obtained by integrating invariant-mass distributions after the combinatorial back-
ground has been subtracted. More specifically, it is obtained by counting the histogram values in a mass

range around the fitted meson mass Mo(,)) using

M_0+40.022 Gev/c? M_0+40.022 Gev/c?
Ni= [ N, - [ B, 6)
M, 0—0.032 GeV/c? M, 0—0.032 Gev/c?

where the remaining background is subtracted using the integral of the linear part of Eq. 6.5 and Eq. 6.6.
The standard integration range for the 7 meson is (Mo - 0.05 GeV/c?, Mo + 0.04 GeV/c?), and for the
n meson the integration is performed in the interval (M, - 0.08 GeV/c?, M, + 0.08 GeV/c?), taking into
account the larger reconstructed width of the 1 meson. This range is varied for both the 7° and 1 meson
as a method to estimate the systematic uncertainty. The integration window is asymmetric to account for

an incomplete energy measurement of either of the two photons as explained in more detail above.
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6.2.4 Raw yield corrections

The invariant yield is a universal quantity and should be independent of the detector that is used to obtain
the results. The raw yields are corrected for feed-down from secondary neutral meson decays and all
detector related effects. These correction factors are dependent on the detector technology, geometry, and
running conditions. They are obtained by studying simulated data that include the full detector response.
More specifically, realistic events are generated by state-of-the-art event generators, after which the produced
particles are propagated through the detector material. The corrections can then be obtained by calculating

the difference between the amount of generated and reconstructed particles.

6.2.4.1 Correction for secondary neutral pions

It is a convention to exclude the contributions from neutral mesons produced in weak decays or from
hadronic interactions in the detector material. The largest source of secondary neutral mesons is the weak
decay K — 7%7% (BR = 30.7%), which can result in up to ~ 10% of the total 7¥ yield, depending on
the reconstruction method and pr of the meson. After that, the dominant contribution is from hadronic
interactions, with a maximum contribution to the total 70 invariant yield of ~ 1% at low pr. The feed-
down from K? and A is < 0.1%, and is not significant. Additionally, there is no significant contribution of

secondary 1 mesons from weak decays to the total 7 yield, so the correction is only done for the 7.

The correction of the 7¥ raw yield for the secondary 7° mesons is done by calculating

NwofromX (pT) (68)

rx(pr) = W

where 7y is the fraction of secondary 7 mesons as a decay product of particle X, which is obtained for
X = Kg, K%,A, and hadronic interactions (rest) using simulated data. This strategy is improved for the
cases where the Kg spectrum is published for the same dataset and event selection criteria. In this case the

measured 70 and Kg spectrum is parametrized and used as input for a dedicated ”cocktail” simulation.

6.2.4.2 Acceptance and efficiency correction

The detector technology, geometry, and running conditions affect the likelihood that a particle produced
in the collision is actually measured. For instance, the coverage of the detector in n and ¢ around the
collision zone is directly proportional to the chance that a particle is within the detector acceptance. Even
if the particle is within the acceptance of the detector, there are many factors that can alter the outcome
of the measurement; tracking and cluster algorithms, signal selection criteria such as energy thresholds,
broken or noisy readout channels, overlapping signals, and so on. The amount of measured neutral mesons
are corrected to equal the number of mesons produced in the collision. It is important to note that,

although the neutral mesons are reconstructed from two photons, their corrections are not simply the
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product of the single photon correction factors, as there are additional non-trivial effects like for example
the correlation between pr of the meson and the opening angle of the daughter photons. To correct for
all these effects it is customary to define two correction factors, the geometrical acceptance A(pr), and the
reconstruction efficiency €.eco(prT). These quantities are calculated using Monte Carlo simulations that are

explicitly reflecting the running conditions of the respective dataset.

The geometrical acceptance A(pt) is defined as the ratio of 7°(n) mesons where both of the daughter photons

are within the acceptance of the detector, over all the 7¥(n) mesons generated in the same rapidity window

N7r0(r)),|y\<ymax,'y’y in acceptance (6 9)
s .
Nﬁo(n)7|y|<ymax

A(pr) =

where in both cases the mesons are only counted if they are within |y| < Ymax, With Yn., the maximum
rapidity of the mesons in the analysis. The reconstruction efficiency €0 is defined as the ratio of 7%(n)
mesons that are reconstructed in the MC, over all the 7%(n) mesons generated within the acceptance of the

detector

Nﬂ'o (n) ,MC rec

€reco(PT) = (6.10)

Nro(y)

,|y ‘ <Ymax,Y7Y in acceptance

The A(pr) increases monotonously with meson pr, as the opening angle between the photons decrease for
increasing meson pr, and as a result increases the probability that both photons are within the same rapidity
range as the meson. To first order, the reconstruction efficiency also increases for increasing meson pr, as the
daughter photons with higher energies are less affected by energy thresholds of the calorimeters or tracking
inefficiencies in the central barrel. However, at higher meson pr, the opening angle 0 45 decreases, creating
overlaps of tracks and clusters that lead to indistinguishable photons and hence lowering the reconstruction

efficiency €,eco-

6.3 Uncertainties

6.3.1 Statistical uncertainties

The statistical uncertainty of the neutral meson invariant yield for a given interval in pr is calculated
from the raw yield of the meson. More specifically, the statistical uncertainty of the raw yield is given
by 0stat(PT) = VNmeson(PT), Where Npeson is obtained by integrating the invariant mass distribution as
previously explained. The other terms in Eq. 6.1 are assumed to have no statistical uncertainty and scale
Ostat (pT) 10 a straightforward way. The uncertainties related to these terms are taken into account in the
systematic uncertainty. It is important to note that the size of ogat(pT) drives the choice of the intervals
in pp that are used in the analyses, which are chosen such that the ogat(pr) is in general smaller than the

systematic uncertainty.



Chapter 6 Neutral meson production 69

6.3.2 Systematic uncertainties

The systematic uncertainties (ogysi(p1)) of the neutral meson invariant yield have contributions from mul-
tiple sources. The largest source comes from imperfections of the Monte Carlo simulations, leading to a
possible bias in the meson acceptance and efficiency calculation. The second largest source comes from the
raw yield extraction. The ogygt(pr) for the 70 and 7 meson is estimated by varying the selection criteria of
the photons and mesons, as well as varying the method of the raw yield extraction, and recalculating the
fully corrected invariant yield. Each of the variations is done independently, as well as to multiple different
values. This procedure results in a large number of spectra that deviate accordingly, and the magnitude of
these deviations are used to estimate oyt (pr). More specifically, for selection criterion X with value x, one
or multiple variations (z + a,z — a,x + b,z — b, ...) are done. Then, the invariant yield is recalculated, and

the systematic uncertainty ogyet (pr) related to X is estimated from the point-to-point differences in pr

d’N d’N
A = — . 6.11
* (pT) (dyde > modified (pT) ( dyde ) standard (pT) ( )

Then the systematic uncertainty belonging to selection criterion X is calculated using the RMS

raysx (1) =\ - 3 Ax(pr)?, (6.12)

where n is the number of variations done for selection criterion X. In addition, for variations where
Tsyst,x (p1) is expected to be correlated in pr, the point-to-point fluctuations in ogye x (pr) are reduced
by applying a smoothing procedure. This is done by fitting the ogys x(pr) distribution with n—order
polynomials, where a smaller n is favored as long as the distribution is well described. It turns out that a

Oth- or 1st-order polynomial describes most of the systematic uncertainties that are correlated in pr.

Finally, the total systematic uncertainty on the invariant yield is calculated by

Tayse(P1) = /D ayst x (pr)? (6.13)

In previous sections the photon reconstruction with PCM and the calorimeters EMCal and PHOS was
explained in detail, including discussions on the their systematic uncertainties. This discussion will now be

continued for the neutral meson selection criteria and raw yield extraction.

For the meson reconstruction techniques there are three sources of systematic uncertainty; the meson recon-
struction efficiency, the selection on the minimum opening angle between the two photons, and the selection
on the energy asymmetry o = (Ey 1 — Ey2)/(Ey1+ Ey2). The meson reconstruction efficiency is dependent

on the overall quality of the generator and the available statistics in the respective dataset. The uncertainty
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introduced due to this dependency is estimated by calculating the invariant yields using the efficiencies from
a different generator. The minimum opening angle of a photon pair is driven by detector constraints, as
photon pairs with 645 = 0 are nearly impossible to distinguish. The uncertainty introduced due to 0B min
is estimated by varying the criterion. This systematic uncertainty is mostly independent on pp. The energy
asymmetry «, which is in some cases is used to increase the S/B of meson candidates, is also estimated
by varying the criterion. All these uncertainties turn out to be relatively small with respect to the total

systematic uncertainty.

For the raw yield extraction there are multiple sources of systematic uncertainty; the normalization and
subtraction of the combinatorial background, the choice of integration range of the raw yield, and the
shape of the remaining background. The first two sources are estimated by the variation method, which
are all listed in Table 6.2 for both the 7° and 7 mesons. The error on the raw yield due to the remaining
background is estimated by changing the fit function of the background. The RMS of the spread in the
raw yield extraction is used as systematic uncertainty. The yield extraction error is one of the dominating

sources of systematic uncertainty. All the results of the systematic uncertainties are listed in Appendix A.3.

0

™ n
Normalization window
Right side (standard) (0.19, 0.3) GeV/c? (0.65, 0.75) GeV /c?
Left side (variation) (0.03, 0.05) GeV/c? (0.35, 0.42) GeV/c?
Integration range
standard (Mo — 0.05, Mo+ 0.04) GeV/c*> (M, —0.080, M, + 0.080) GeV /c?
narrow (Mo — 0.03, Mo+ 0.024) GeV/c* (M, —0.060, M, + 0.060) GeV /c?
wide (Mo — 0.07, Myo +0.056) GeV/c? (M, — 0.10, M, + 0.10) GeV/c?

TABLE 6.2: Variations of the integration and normalization windows to estimate the systematic error from
the raw yield extraction.
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6.4 Neutral meson production in pp collisions

In collaboration with Nicolas Schmidt.

- A Y

[]
I
Run:282016
Timestamp:2017-11-11 21:38:31(UTC)

Calliding system:p-p
Energy: 5.02 TeV

FIGURE 6.3: An example of a typical pp collision, recorded during the 2017 pp run at /s = 5.02 TeV.

An example of a typical pp collision is shown in Fig. 6.3, which was recorded during the 2017 pp run at
Vs = 5.02 TeV. The event display shows few tens of particles flying through the detector, being curved
by the presence of the magnetic field generated by the ALICE magnet. The average amount of particles
produced per unit rapidity in pp collisions (dNg,/dn) ~ 3.4, meaning that the ALICE detector is operating

much below its design occupancy capabilities when collecting data from pp collisions [141].

This section will present the neutral meson measurements in pp collisions at a center of mass energy of
/s = 5.02 TeV, where the pr dependent invariant yield of the 7% and 1 meson is measured for minimum
bias data, different multiplicity and sphericity event classes, as well as in-jet production. The results will
be compared to theoretical model calculations, including a larger reflection and discussion at the end of the

chapter.
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6.4.1 Datasets

The datasets used in the neutral meson measurements for pp collisions at /s = 5.02 TeV is given in
Table 6.3. It utilizes all the minimum bias data collected by ALICE at this collision energy, as well as the
calorimeter triggers for EMCal and PHOS. The data has been carefully inspected and run periods are only
included if the required detectors are operating nominally. After applying the event selection criteria, which
are described in section 4.3.1, there are 940 million minimum bias and over 13 million triggered events used
for the analysis. Multiple Monte Carlo simulations are used to study detector effects and to calculate the
various correction factors. The MC sampling is close to 100%, meaning that the total amount of events in the
simulated data is close to that of the experimental data. Furthermore, so called jet-jet simulations are used
to enhance the amount of high pt particles, which are used for the events triggered with the calorimeters.

These simulations include a procedure that mimics the different hardware triggers of the calorimeters.

Calibration maps are used for the TPC to ensure good particle identification by the central barrel, and are
dependent on 7 and ¢. Furthermore, the temperature, time, and energy of the EMCal, DCal, and PHOS
calorimeters cells have been calibrated channel by channel for all datasets, again to ensure good detector

performance and good quality photon candidates.

Vs (TeV) Data Set Used triggers # events
5.02 Data LHC15n pass 4 INT7 100 -10°
Data LHC15n pass 4 CF-EMC7 1.17-10°
PYTHIA8 (MC) LHC17e2 + LHC18;j3 INT7  90-10°
PYTHIASR JJ (MC) LHCI16h3 simulated EMC7 145 - 105

5.02 Data LHC17p + LHC17q pass 1
FAST & CENT(woSDD) INT7 830-10°
Data LHC17p + LHC17q pass 1 kPHI7 1.2-10
Data LHC17p + LHC17q pass 1 CF-EG2 10.7-10°

PYTHIAS (MC) LHC1713b 4+ LHC18;j2

FAST & CENT(woSDD) INT7 720-10°
PYTHIAR JJ (MC) LHCI18b8 simulated EG2 28.7 - 105

TABLE 6.3: Datasets used for the neutral meson measurements in pp collisions at a center of mass energy
of /s =5.02 TeV.
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6.4.2 Results
Invariant mass distributions

As explained in detail in the previous sections, the transverse momentum (pr) dependent invariant yield
of the 7° and 7 mesons is obtained by correcting the respective raw yields. For this thesis, the photons
are reconstructed with the Photon Conversion Method (PCM) as well as the calorimeters EMCal and
PHOS. Furthermore, the invariant mass (Miny) and pr of the meson candidate are calculated using the
methods; PCM, EMCal, PHOS, PCM-EMCal, and PCM-PHOS. For the first three methods both photons
are reconstructed using the same respective method. For the latter two methods the converted photon is

paired with a photon reconstructed by the EMCal or PHOS calorimeter.

In Fig. 6.4 (top), the invariant mass distributions of photon pairs around the 7¥ mass are shown for 27
intervals of meson pr, using the PCM-EMC reconstruction method. There is a clear 7¥ signal on top of
the combinatorial background. The background is estimated using the event-mixing method, and scaled at
the right side of the 7% peak to match the same-event pair distribution. The shape of the combinatorial
background is changing as function of pp, and is within uncertainties well described by the event-mixing
method. Figure 6.4 (bottom) shows the My, distribution of the meson candidates after subtracting the
combinatorial background. Each distribution is fitted using Eq. 6.5, such that the mass peak positions and
widths are calculated. The mass peak position is used to determine the integration range of the raw yield,

and is indicated by the range between the vertical lines.

The pr-dependent invariant mass distributions of photon pairs around the nominal value of the n mass
are shown in Fig. 6.5 (top) for 14 intervals in meson pr. Since the 7 is less abundant than the 7%, and
the combinatorial background increases with Mj,,, the signal stands out less. Also, the shape of the
combinatorial background obtained with the event-mixing method does not fully describe the background
of the same-event pairs. This is attributed to the increase of correlated background for higher Mj,,. The
subtraction is done to remove the uncorrelated part of the background. Figure 6.5 (bottom) shows the Mjy
distributions after background subtraction, and is again fitted to obtain the mass peak positions and widths.
It is apparent that there is a large amount of remaining background for the n meson, which introduce larger
yield extraction uncertainties compared to the 7°. The My, distributions around the 7° and 7 Meson mass
of all the reconstruction methods are given in appendix A.1. For all methods the neutral meson peaks
are well distinguishable from the combinatorial background. Differences in the shape of the combinatorial
background are mainly driven by the minimum energy thresholds of the respective photons and the geometry
of the detectors. The reach in pr of each method is largely determined by the reconstruction method of
the photon and the available statistics. For example, as a PCM photon has a much lower energy threshold
(50 MeV) compared to an EMCal photon (700 MeV), the neutral mesons reconstructed with PCM can
go lower in meson pr. On the other hand, since the EMCal photons do not suffer from the conversion
probability of the photon conversion method, the neutral mesons reconstructed with the EMCal are able to

go much higher in pr.
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FIGURE 6.4: Invariant mass distribution of photon pairs around the nominal value of the 7" mass before(top)

and after(bottom) subtraction of the combinatorial background, as measured with the ALICE detector in

pp collisions at a center-of-mass energy of /s = 5.02 TeV. The meson candidates are reconstructed using
PCM-EMCal, covering 0.8 < pr < 16.0 GeV/ec.
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Invariant mass distribution of photon pairs around the nominal value

of the n mass before(top)

and after(bottom) subtraction of the combinatorial background, as measured with the ALICE detector in
pp collisions at a center-of-mass energy of /s = 5.02 TeV. The meson candidates are reconstructed using
PCM-EMCal, covering 0.8 < pr < 12.0 GeV/ec.
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Mass peak positions and widths

The reconstructed mass peak positions and widths of the 7% and 7 meson are obtained from fitting the
respective background subtracted My, distributions. The mean values (u) and widths (o) of the fits of
Eq. 6.5 and Eq. 6.6 are shown in Fig. 6.6 for the 7% (left) and 7 meson (right), for each reconstruction
method. In general, the reconstructed mass peak position should be as close as possible to the nominal
meson mass, which is 134.98 MeV for the 7°, and 547.86 MeV for the 1 meson [138, 139]. The meson widths
are driven mainly by the energy and opening angle resolution of the meson reconstruction methods, as the

true meson widths without detector effects are effectively zero for both the 7% and 7 meson.
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FIGURE 6.6: The reconstructed mass peak positions and widths for the different reconstruction methods of

the 7% (left) and n meson (right), as measured with the ALICE detector in pp collisions at a center-of-mass

energy of /s = 5.02 TeV. The values are obtained by fitting the transverse momentum dependent invariant

mass distributions with Eq. 6.5. For all reconstruction methods and pr bins the values are well reproduced
by the MC.

For PCM, the reconstructed 7% mass relies on the momentum measurement of the electron-positron pairs
in the TPC. Due to the high track pr resolution of the TPC, PCM is able to reconstruct the 7% mass peak
position within 2% of the nominal mass for the full pr range and within 0.2% of the reconstructed mass peak
position in MC. For EMCal, it is chosen to calibrate the MC such that the mass peak positions correspond
to the respective positions in data, without explicitly calibrating the energy of the photons in data to the
nominal 7% mass, as explained in section 5.1. This calibration procedure does lead to a small bias in the
photon energies, but the invariant yield of the neutral mesons get implicitly corrected for this effect by
the efficiency. After the calibration procedure, the EMCal is able to measure the reconstructed mass peak
position in data and Monte Carlo simulations with [M o gata — Mo nic|/Mzo e < 0.4%. For PHOS, the
reconstructed mass peak positions are calibrated to the nominal 7° mass by correcting the energy of the
clusters. Furthermore, it uses an additional correction to the cluster energies in MC, resulting in a ratio of
| M0 data — Mo nicl/ Mo e < 0.3%. For the hybrid methods PCM-EMC and PCM-PHOS, the mass peak
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positions inherit their properties from the calorimeter photon in terms of calibration procedure, and in both

cases benefit from the high track resolution of the TPC.

Neutral meson raw yields

The raw yield of the neutral mesons is extracted by integrating the background subtracted My, distributions,
as explained in previous sections. As an example, Fig. 6.7 shows the raw yield for 7% (left) and 1 mesons
(right) as reconstructed with the EMC method, for all detector triggers used in the analysis. The raw yield
for lower meson pr is orders of magnitude more than for higher pr, as it is increasingly unlikely to produce
particles with higher momentum. For the INT7 (MB) trigger, at pt ~ 2 — 3 GeV/¢, there is a maximum
in the meson raw yield for both the 7° and the n meson. The spectrum decreases for lower meson pr, and
this is partly due to the increasing difficulty to reconstruct lower energy photons and larger opening angles
of the meson, and as such is an effect of decreasing photon efficiency and acceptance of the meson. The
other triggers EMC7 and EG2 show an enhanced raw yield of mesons by about three orders of magnitude,
showcasing the strength of utilizing hardware triggers with a high energy photon threshold. These raw
yields are scaled to the INT7 raw yields by using the trigger rejection factor, which is calculated by a fit
for higher cluster energies as shown in Fig. 6.8. The distributions are obtained by dividing the raw cluster

yield spectra of the specialized triggers by the INT7 (MB) trigger.

For all reconstruction methods the raw yields are also obtained for variations of the integration window and
functional form of the remaining background fit. The RMS of these variations is taken as the systematic
uncertainty for the raw yield extraction, and varies between 2 — 8% for the 7 and between 3 — 20% for
the 1 meson, depending on the meson pr and reconstruction method. The meson raw yields for the other

reconstruction methods show qualitatively the same behavior.
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FIGURE 6.7: The raw yield of 7° (left) and 7 mesons (right), as measured with the ALICE detector in

pp collisions at a center-of-mass energy of /s = 5.02 TeV, using the EMCal reconstruction method. The

raw yields are obtained by integrating the background subtracted My, distributions shown in Fig. 6.4 and
Fig. 6.5, covering 0.8 < pt < 16.0 GeV/¢, and 0.8 < pt < 12.0 GeV /¢, respectively.
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detector in pp collisions at a center-of-mass energy of /s = 5.02 TeV. The distributions are obtained by
dividing the raw cluster yield spectra of the specialized triggers by the INT7 (MB) trigger.
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Correction for secondary 7° yield

As explained in section 6.2.4, the raw yield of the 7° meson needs to be corrected for the contribution

from weak decays and the hadronic interactions in the detector material. The secondary 7° yield in pp

collisions is estimated using the decay photon cocktail approach. As an example, Fig. 6.9 (left) shows the

ratio rgeen0 from x for the PCM reconstruction method. The largest contribution is the feed-down from

the Kg meson, with a 3% correction at low pr, decreasing to ~ 1% for higher meson pr. The second

largest contribution are the 7% from hadronic interactions with the material, contributing to up to 1% for

low meson pp. The feed-down from the K% and A is negligible within experimental uncertainties. The

secondary 79 yield is subtracted from the total 7° yield before any of the remaining corrections are applied.

The reconstruction efficiency of the decaying hadron is taken into account, which is shown in Fig. 6.9 (right).

The same procedure is done for all other reconstruction methods, and result in similar corrections.
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FIGURE 6.9: Ratio of the secondary 7° yield compared to the total yield of the 7% (left) and the reconstruction

efficiency of the 7° from these sources, as measured with PCM (right). The ratio with the corresponding

reconstruction efficiencies are used to correct the raw yield of the 7° for feed-down from weak decays and
hadronic interactions.
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Acceptance and efficiency correction

The corrections for detector acceptance and efficiency, denoted by A and eqg, respectively, are performed to
calculate the invariant yield of the neutral meson production, which is independent of all detector effects.
It is the largest correction to the meson raw yield, as there is a sizable chance that one of the photons
escapes the geometry of the detector or is not reconstructed due to the energy thresholds of the photon.

The procedure to obtain this correction is described in section 6.2.4.

The acceptance times efficiency for the different reconstruction methods of the 7% and 7 meson is shown
in Fig. 6.10. The statistical uncertainty on € is proportional to the available statistics in the MC dataset.
Furthermore, the widths of the meson pr intervals is the same for the different reconstruction methods, such

that they can be combined to a single result. The characteristics of the methods will now be discussed.
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FIGURE 6.10: Acceptance times efficiency for the different reconstruction methods of the 7° (left) and 7

meson (right), as measured with the ALICE detector in pp collisions at a center of mass energy of /s =

5.02 TeV. The correction factors are obtained using simulated data, and are dependent on the meson pr.

The calorimetric methods are very strong at higher meson pr, while PCM is able to extend to much lower
pr, clearly indicating the complementarity of the methods.

The photons reconstructed with the photon conversion method have the lowest energy thresholds, and as
such the measurement starts at a pr > 400 MeV/c for the 7°, and pr > 600 MeV/c for the n meson. e
increases with pr, and is limited by the statistical uncertainty of the MC simulation. The EMCal photons
have a minimum energy of 700 MeV, enabling the 7° to be measured for pr > 1.4 GeV/c, and the 1 meson
for pr > 2.0 GeV/c. For increasing meson pr, the opening angle between the two photons decreases in the
lab frame due to the Lorentz boost of the two-particle system, leading to a decrease in €, as overlapping
photons are no longer easy to distinguish. Since the n meson is heavier, this effect does not occur for
pr < 35 GeV/c, while for the ¥ this effect starts to play a role already for pt > 14 GeV/c. The minimum

energy of photons reconstructed with PHOS is 300 MeV, and as a consequence the 7¥ can be measured
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from 0.8 GeV/c onwards. As the granularity of the PHOS is much higher than the EMCal, the clusters
corresponding to the photons of the 7° decay start to merge much later, leading to 7° measurement up to
35 GeV/c. The n is measured for pyr > 2.8 GeV/c, due to the small acceptance and larger opening angle
of the 7 meson. At higher pr this measurement is limited by statistics, similarly to the 7°. The hybrid
methods benefit on one hand from the high energy resolution of the PCM photon at low pr, and on the
other hand from the high reconstruction efficiency of calorimeter photons at high meson pr. Despite the fact
that the hybrid methods do not have an exclusive range in meson pr, they do increase the precision of the
measurement in the range where they are measuring the 7% and 7. Their performance in terms of € is naively
in between the corresponding non-hybrid methods, as the acceptance and efficiency of each photon roughly
factorizes, but there is a non-trivial interplay of the acceptance for both hybrid methods. For PCM-EMC
and PCM-PHOS, the calorimeter photon is restricted to either the EMCal of PHOS acceptance. Since the
neutral meson has an opening angle which is correlated with its pr, the acceptance of the PCM photon
reduces with increasing meson ppr. The PCM-PHOS method is impacted more than PCM-EMC for this
effect, due to its smaller acceptance. In summary, it is clear that each reconstruction method has its relative

strengths and weaknesses, and complements each other in different regions of meson pr.
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Consistency of the reconstruction methods

The invariant yields of the different reconstruction methods are combined bin-by-bin into a single measure-
ment such that the highest possible precision is reached. The value of the invariant yield of the combined
result is the weighted average of the invariant yield of the individual methods. The weights are proportional
to the statistical and systematic uncertainty, where the highest precision measurement has the larger weight.
The weights are calculated using the Best Linear Unbiased Estimate (BLUE) method [142, 143], such that
the correlations between the systematical uncertainties of the meson reconstruction methods are taken into

account.

To test the consistency between the reconstruction methods, the invariant yield of both the 7° and 1 meson
for each reconstruction method is compared with the combined result. This is done by first fitting the

combined results with the so called two-component model (TCM) [144, 145], which is given by

2 \/P% 4+ M2 — M 2\ "
L1 N - +A<1+pT> , (6.14)

- - A
27 Noy prdppdy <0 T. Tn

where M is the mass is the meson, A, and A are normalization factors, and T¢, T, and n are free parameters
of the fit. The last term in this fit is a power law-like component, mainly describing the high pr—part of
the spectrum, while the first term dominates the fit at low meson pt. The ratio of the invariant yield of the
reconstruction methods to the fit through the combined result is shown in Fig. 6.11, and is used to test the
consistency of the methods. The large majority of the measured values are within one standard deviation
of both the statistical and systematic uncertainties, and show a good agreement. For the 7 meson there are
larger fluctuations at higher meson pr, which is expected due to the larger statistical uncertainties. This
procedure of combining the meson reconstruction methods to a single result is used for all invariant yield

measurements presented in this chapter.

e ‘ — — = F ‘ : — —
Zo0— stat syst ALICE Preliminary _| £ stat  syst ALICE Preliminary
2.0 C ]
5 T BG¥s . % pp, 's=5.02TeV | 5. [ hats - pp, Vs = 5.02 TeV |
= + EMC ¢ O ™ - yy 4 2200 EMC T — — N - vy
& |  PCM-PHOS + [ Min. Bias 4 8 | PCM-PHOS + = VY
© | PCM-EMC + O In.Blas 7 = [ PCM-EMC + =3 " in. Bias
Qs - D1-5} E . =
i t] e . i C D ! $ Tl:ﬂ ]
k ﬁﬂ—h 1 W 3glre Risemak: '
' ol il ' - B3 pahdn e [ﬂ |

! ! IR | ! ! ] Lo ! ! ! IR ! !
2 3 4567810 20 30 0.4 1 2 3 4 5678490 20 30
P, (GeVic) P, (GeVic)

[y -

03

FIGURE 6.11: The ratio of the invariant yield of a single reconstruction method to the fit through the
combined spectrum, for the 7° (left), and the 1 meson (right). All measured values are found to be consistent
within uncertainties.
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Invariant yield in MB collisions

The transverse momentum dependent invariant yield of the 7% and 7 meson, as measured with the ALICE
detector in minimum bias pp collisions at /s = 5.02 TeV, is shown in Fig. 6.12. The mesons are measured
over a wide range in pr, with the 7° covering 0.4 < pt < 35 GeV /¢, and the 1) covering 0.6 < pp < 30 GeV /c.
The spectra are fitted using a TCM and a Levy-Tsallis fit, which are both able to describe the data.
Additionally, both mesons are compared to prediction from the PYTHIA event generator [146], as well
as NLO pQCD calculations. For both mesons the NLO calculations overestimate the invariant yield, by
10 — 45% for the 7% and 40 — 90% for the 1 meson. These calculations would benefit from updated PDFs
and FFs. Similarly, PYTHIA 8.2 with the Monash 2013 tune overestimates the 7% invariant yield by ~ 10%,
mostly independent of meson pr. For pr > 2 GeV /¢, the model does describe the n meson quite well, but
is off by ~ 20 — 100% for pp < 2 GeV/c.
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FIGURE 6.12: The invariant yield of the 7% (left) and 1 meson (right), as measured with the ALICE detector

in pp collisions at /s = 5.02 TeV. The meson reconstruction methods are combined to a single result, and

are compared to PYTHIAS8 and NLO calculations. The lower panels show the ratio of the invariant yield to
the fit.
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Selection on multiplicity

In a naive expectation, the invariant yield of neutral mesons is proportional to the total charged particle
multiplicity of the event, as the neutral mesons are among the most abundantly produced particles. The
charged particle multiplicity is estimated by measuring the energy deposited in the VOM detectors, which
are placed in the forward regions of the ALICE detector. The invariant yield of the 7% and 7 is measured in
different selection intervals of VOM multiplicity. Table 6.4 gives the average N, per rapidity for the different
multiplicity event classes. It shows that the collisions selected with the 0—1% event class produce on average

over 3 times more particles on average compared to MB triggered events, which has a (dN.,/dn) = 3.4.

VOM multiplicity class | (dNen/dn)

Inclusive (MB) 34
0-1% 11.5
1-5% 9.0
5 —20% 6.4
20 — 40% 44
40 — 70% 2.7
70 — 100% 1.6

TABLE 6.4: Average number of charged particle multiplicity in the forward VOM detectors.

The invariant yield of the 7° and 7 mesons has been measured for the VOM event classes defined in Table 6.4,
where again each measurement utilizes all the meson reconstruction methods which have been combined to
a single result. The results of the invariant yields are shown in Fig. 6.13. The ratio of the invariant yield of
the 7% and 1 meson for the different VOM event classes to the inclusive invariant yield is shown in Fig. 6.14.
As expected, the first four VOM event classes show an increased invariant yield for both the 7° and 1 meson,
as their ratio to the inclusive is above unity. Apart from this, the shape of the distribution also changes
significantly, showing an increasingly flatter spectrum for increasing VOM multiplicities. This indicates that
those events contain not only more particles, but relatively even more high pt particles. In addition, the
results are again compared to prediction from the PYTHIAS event generator using the Monash 2013 tune,
and shows large deviations for the 7% result in 0 — 1% and 70 — 100%. It overestimates the measurement
for the 20 — 40% VOM event class, as has been the case for the inclusive measurement with similar event
multiplicities. The  measurement is showing qualitatively the same behavior, with larger fluctuations due

to the increased uncertainties.
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FIGURE 6.14: The ratio of the invariant yield of the 7° (left) and 7 meson (right) for different multiplicity
classes to the invariant yield in minimum bias data, as measured with the ALICE detector in pp collisions
at /s = 5.02 TeV. The results are compared to model predictions from the PYTHIAS event generator, and
show to be compatible over a large transverse momentum range, except for the lowest and highest multiplicity
class of the 7°.
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Selection on sphericity

The shape of the distribution of the final state particles, or event shape, of a collision can be approximated by
calculating the transverse sphericity (St), as previously described in section 4.3.5. Pencil-like configurations
give values that tend to St ~ 0, while sphere-like configurations give values that tend to St ~ 1, with
0 < St < 1. It is expected that the sphericity correlates with different characteristics of the event, such as
the multiplicity, mean pp of the tracks in the event, and presence of jets. This means that it is expected that
also the neutral meson spectra will change for different values of St. First, the sphericity distributions for
data and MC simulations is shown in Fig. 6.15 (left), with a maximum around St = 0.6. The dependence of
St on the number of charged tracks in the event (Nipacks) is given in Fig. 6.15 (right), showing that events
with increasing multiplicity also have increasing St,, and that for Ny aq > 20 the average value stabilizes

around St = 0.7. Moreover, both results are relatively well reproduced by the MC simulations.
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FIGURE 6.15: The sphericity distributions of data and MC simulations (left), and the mean sphericity (St)
as function of Niacks (right).

The invariant yields of the 7° and 7 mesons are measured for the St integrated distribution as well as for
different selections of the St distribution. The result for the St integrated distribution differs from the result
measured in MB collisions, as the St calculation requires at least 3 charged tracks within the event, which
is effectively only a multiplicity requirement. The results for the invariant yields are shown in Fig. 6.16,
and the ratio of the two most extreme selections in St to the St integrated distribution in Fig. 6.17. The
ratio clearly shows that the results change significantly for both the 7° and 7 meson, with a cross-over at
pr ~ 5 GeV/c. For low meson pr, the invariant yield of both mesons is suppressed for pencil-like events,
while it is enhanced for sphere-like events, and vice-versa for pyr > 5 GeV/c. This indicates that a selection
on St is different from selecting on event multiplicity, which was shown in Fig. 6.14. Furthermore, the

comparison to the PYTHIA event generator shows a significant difference for the 7° prediction after the
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cross-over point. The model overestimates the amount of high pr w

O mesons for pencil-like events, and

underestimates the amount of high pr 7° mesons for sphere-like events.
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FIGURE 6.16: The invariant yield of the 7% (left) and 1 meson (right) for different sphericity classes, as
measured with the ALICE detector in pp collisions at /s = 5.02 TeV.
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FIGURE 6.17: The ratio of the invariant yield of the 7° (left) and 7 meson (right) for different sphericity
classes to the sphericity integrated invariant yield, as measured with the ALICE detector in pp collisions
at /s = 5.02 TeV. The results are compared to model predictions from the PYTHIAS8 event generator,
and show to be compatible over a large transverse momentum range, except for higher transfer momentum
(pr > 8 GeV/c). Pencil-like events show to have steeper spectra at high pr, and the spectra are softer for
sphere-like events at high pr.
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Neutral meson production inside charged jets

To test the production of neutral mesons further, the invariant yield of 7 and 1 mesons is measured
for the case when they are within the cone of a charged jet. This is particularly interesting, because jet
reconstruction attempts to capture the hard part of the collision, in contrast to an inclusive measurement
which captures mostly the softer particle production of the underlying event. Also, as the neutral meson
is reconstructed using its neutral daughter photons, there is no autocorrelation between the constituents of

the jet and the meson.

First, the jets are reconstructed from charged particles using the anti-k; algorithm (section 4.3.4), with a
radius R = 0.4 and a minimum energy requirement of 10 GeV. The momentum vector of the neutral meson
candidate is required to have AR < R as measured from the jet-axis, and the photons are allowed to be
outside the cone of the jet. The extraction of the raw yields is done using the same procedure as for the other
results, and is obtained for the PCM, PCM-EMC, EMC, and PHOS meson reconstruction methods. Since
the amount of events containing a jet with py > 10 GeV/c within the acceptance of the detector is ~ 1%,
the statistics of the mesons are limited. Larger intervals in meson pt are used to still have significant meson
peaks in both the experimental data and MC simulations. Furthermore, the raw yield has been corrected for
the resolution of the jet energy [147, 148], by explicitly calculating the raw yields corresponding to the cases
where the true energy satisfies the jet energy threshold, using simulated data. This procedure is needed
due to detector effects such as charged track efficiency and track pr resolution, and results in a 25 — 30%

correction on the meson raw yields which depends only slightly on meson pr and reconstruction method.

The invariant yield of the 7% and 7 meson for in-jet production is shown in Fig. 6.18. It clearly shows that
for lower meson pr the 7% and 7 are less associated with a charged jet than for higher meson pr, indicating
that high pt mesons are mostly produced in jets. Also, the 17 meson is more suppressed at low pr compared

to the 70, which will be discussed in more detail in the next section.
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FIGURE 6.18: The invariant yield of the 7 (left) and 1 meson (right) for in-jet production, as measured
with the ALICE detector in pp collisions at /s = 5.02 TeV. Each measurement utilizes all the meson
reconstruction methods except PCM-PHOS, and have been combined to a single result.
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n/7° ratio

Additionally to the results presented in the previous sections, the invariant yield of the n can be compared
to the 7% by calculating the n/7° ratio. This is done by measuring the invariant yield of the 7% in the same
meson pr intervals as the n meson, such that the ratio is calculated by simply taking the point-by-point
ratio. The systematic uncertainty in this ratio is reduced since most of this uncertainty is related to the
photon reconstruction methods and is present in both the nominator and denominator. The 7/7¥ ratio is
shown in Fig. 6.19 for minimum bias collisions (top left), selection of event multiplicity classes (top right),
selection of sphericity classes (lower left), and the in-jet production (bottom right). The high pr average
of the minimum bias result gives 0.459 & 0.006%*3* 4 0.011%5, which is compatible with the results obtained
at other center-of-mass energies. The 7/7" ratio shows no significant dependence on the event multiplicity
or sphericity. The most significant difference is for the in-jet measurement, where for py < 8 GeV/c the
n/7° ratio is suppressed by a factor 2 — 4, and this is mainly attributed to the reduction of the 1 meson.
Additionally, the results are compared with the prediction from the PYTHIA event generator, where for
the minimum bias result the prediction from PYTHIA overestimates the ratio for pr < 2 GeV/c, and
underestimates it for pp > 2 GeV/c.
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FIGURE 6.19: The /7 ratio for minimum bias (top left), different multiplicity classes (top right), sphericity

classes (lower left), and in-jet (bottom right), as measured with the ALICE detector in pp collisions at

/s = 5.02 TeV. The results are all compared to the prediction from the PYTHIAS event generator. The
ratio significantly modifies for the in-jet production.
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6.5 Neutral meson production in p—Pb collisions

In collaboration with Friederike Bock.

Run:265338

Timestamp:2016-11-11 02:02:08(UTC)
Calliding syslem:p-Pb
Energy: 5.02 TeV

FIGURE 6.20: An example of a typical p—Pb collision, recorded during the 2016 p—Pb run at /syy =
5.02 TeV.

An example of a typical p—Pb collision is shown in Fig. 6.20, which was recorded during the 2016 p—Pb run at
VsnN = 5.02 TeV. The event display shows the larger particle multiplicities encountered in p—Pb collisions,
where the average amount of particles produced per unit rapidity (dNg,/dn) = 10.8 for a p—Pb collision. In
general, this collision system serves as an intermediate size system in between pp and Pb—Pb , where the

effects of particle multiplicity and cold nuclear matter are studied.

This section will present the neutral meson measurements in p—Pb collisions at a center-of-mass energy
of \/sNny = 5.02 TeV, where the pr-dependent invariant yield of the 7% and 1 meson is measured for
minimum bias data as well as different multiplicity classes and centrality estimators [133]. The results will

be compared to theoretical model calculations, with an overall discussion at the end of this chapter.
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6.5.1 Datasets

The neutral meson measurements performed for p—Pb collisions at /syy = 5.02 TeV uses the datasets
obtained in LHC Run 1, in year 2013. As for the analyses in pp , the data has been inspected for all
data-taking runs and they are only included if the relevant detector systems operate as required. In the
datasets LHC13b and LHC13c there are in total 102 million events passing the event selection criteria. The
Monte Carlo simulation LHC13b2 is used to obtain the various correction factors used to correct the meson
raw yields. All detectors are again fully calibrated to yield the best possible performance, which include

calorimeter cell-by-cell calibrations, TPC energy loss corrections, and gain calibration of the centrality

estimators.
VSnn (TeV) Dataset Used triggers # events
5 Data LHC13bc INT7 102 -10°
DPMJET (MC) LHC13b2_efix INT7 11110

TABLE 6.5: Datasets used for the neutral meson measurements in p—Pb collisions at a center-of-mass energy
of SNN — 5.02 TeV.

6.5.2 Results
Invariant yield in MB collisions

The invariant yield of the 7% and 7 meson in minimum bias p-Pb collisions at /syy = 5.02 TeV are
shown in Fig. 6.21 (left). The ¥ has been measured for 0.3 < pr < 20 GeV/e¢, and the n meson for
0.7 < pr < 20 GeV/c. Both mesons are fitted using the Levy-Tsallis fit [149, 150], and the invariant yield
with respect to the fit are shown in Fig. 6.21 (right). In addition, the results are compared to a wide variety

of model calculations and event generators.

The NLO calculations in p—Pb collisions now use a nuclear PDF (nPDF) for the Pb side of the collision, while
using the proton PDF for the proton side. More specifically, the nPDFs EPPS16 [151] and the fragmentation
function DSS14 [152, 153] are used to predict the invariant yield of the 7 meson, and the nPDF nCTEQ
[154] is used with the AESSS fragmentation function [155] for the 7 meson. Since the nPDFs are not that
well constrained, its uncertainties are of the order of 25 — 400%, and overestimate the production of both
mesons at higher meson pp. It is clear that these measurements can help to further improve future pQCD

calculations.

The EPOS3 model [156, 157] includes collective radial flow in p—Pb collisions, and describes the data for
pr < 4 GeV/c while significantly overestimating the yields at higher pr.

The VISHNU model [158, 159] is a 3 + 1D viscous hydrodynamical model coupled to a hadronic cascade

model, where the fluctuations of the initial conditions are generated using a Monte Carlo Glauber approach.
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This model reproduces the 7 and 1 meson yields for 0.7 < pr < 1.5 GeV/c, and underestimates the yields

otherwise.

The DPMJET event generator [160] is based on a Glauber approach and uses a two-component Dual Parton
Model. Within this model, the soft and hard processes are implemented using Regge theory [161] and first
order pQCD, respectively. DPMJet is tuned to hadron production at RHIC, for the low and moderate pr
region. For the results in Fig. 6.21, DPMJet underestimates the yield by ~ 40% at higher pt for both the

7Y and 1 meson.

The HIJING model [162] is an event generator that also uses a Glauber approach for the initial state,
but relies on QCD-based calculations for multiple jet production with low pr multi-string phenomenology.
This model includes mini-jet production, as well as nuclear shadowing of the parton cross-sections. For the
results in Fig. 6.21, this model reproduces the data at intermediate pr, but overestimates the 7° and 7

meson otherwise by 60 — 80%.

Furthermore, the Color Glass Condensate (CGC) model [32] is an effective theory for the nuclear environ-
ment at low x where the gluon density is high and non-linear processes are expected to play a significant

role. This model prediction for the 7% describes the yield for pr < 5 GeV/c, and overestimates it for higher

pr.
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FIGURE 6.21: Left: The invariant yield of 7° and 1 meson, as measured with the ALICE detector in

p—Pb collisions at /syny = 5.02 TeV. The results are compared to several event generators and model

calculations. Right: The ratio of the invariant yield of the 7% (top) and 7 (bottom) to the fit of the
respective meson, and compared to the ratio of the theoretical calculations to the same fit.
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Nuclear modification of neutral mesons in MB collisions

One of the key observables in studying cold nuclear matter effects is the nuclear modification of particle
production, as described in section 2.4.2. The results for the 7° and 1 meson Rypy, is shown in Fig. 6.22.
The Rppp, is calculated using (T,4) = 0.0983 + 0.0035 mb~! and an interpolation between the measured
neutral meson invariant yields in pp collisions of /s = 2.76 TeV and /s = 7 TeV, because the dataset
at /s = 5.02 TeV was unavailable at the time of the publication. The Rypy of both mesons show to be
consistent with unity for py > 2 GeV/¢, indicating that high momentum mesons are unaffected by the
cold nuclear matter effects. However, at lower meson pr there is a strong suppression of meson production,
which could be attributed to nuclear shadowing or non-perturbative effects. These observations are tested
by comparing the results to NLO calculations which use nPDFs and the CGC model. The NLO calculations
show qualitatively the same behavior, but have large uncertainties and are limited in pt reach. The CGC

model does quantitatively describe the 7° R,py, but no model uncertainties are given.
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FIGURE 6.22: The nuclear modification factor Rpypp, of the 7° (left) and  meson (right), as measured with

the ALICE detector in p-Pb collisions at /syn = 5.02 TeV. The interpolated invariant yield of neutral

mesons in pp collisions at /s = 2.76 TeV and /s =7 TeV is used as the reference. Comparisons are
made to the predictions of the CGC model as well as NLO calculations.
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Multiplicity dependent invariant yield of neutral mesons

In addition to the invariant yields of the 7% and 7 meson for MB p-Pb collisions, the measurements are
repeated for the different intervals 0 — 20%, 20 — 40%, 40 — 60%, and 60 — 100% of VOA multiplicity. More
specifically, the event class 0 — 20% corresponds to the 20% events with highest VOA multiplicities, and
60 — 100% corresponds to the 40% event with the lowest VOA multiplicities. This way, the dependence of
the neutral meson spectra on the event multiplicity can be tested. In Fig. 6.23 the invariant yield of the 7°
and 7 meson is shown for different multiplicity classes of p-Pb collisions at /syn = 5.02 TeV, in addition
to the MB 0 — 100% result. As these measurements are done on subsets of the MB dataset, the width of
the pr intervals are increased to have enough statistics for the extraction of the raw yields and calculation

of the various correction factors.
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FIGURE 6.23: The invariant yield of 7° (left) and n meson (right) for different centrality classes of p—
Pb collisions at /syn = 5.02 TeV, as measured with the ALICE detector.
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Multiplicity dependent nuclear modification of neutral mesons

The modification of the 7% and 7 meson invariant yields as function of the VOA multiplicity is studied
using the nuclear modification factor Qpa. This observable is explicitly labeled differently than R,4, as the
number of binary collisions may not be straightforward and the multiplicity selection can cause a bias that

could be partly responsible for the enhancements and suppressions at higher p. It is defined as

d2N/dprdy |[pA multclass
<TpA,multclass> d20'/dedy |pp 7

Qpal(pr) = (6.15)
where the difference with the observable R4 is the use of the invariant yield for a specific VOA multiplicity
class in the numerator. In addition, the values for T}, multclass are calculated using a Glauber model and
are specific to the multiplicity class. The multiplicity selection might introduce biases in the spectra, and
the calculation of T,A is potentially also biased in these cases. As was studied in detail in [112], the bias
is likely small for the use of the VOA multiplicity estimator. To make these possible biases explicit, this

quantity is given a different name to distinguish it from Rj4.

The results for the 7° and 7 meson Qpa(pr) for different VOA multiplicity classes are shown in Fig. 6.24,
and indicate a significant difference between the 0 — 20%, 60 — 100%, and the Rpa (pr). For the 60 — 100%
event class there is no strong pr dependence, but a strong overall suppression. For the 0 — 20% event class
there is a significant enhancement at pp ~ 2 GeV /¢, and a suppression for lower pp. This implies that
the VOA multiplicity classes are able to probe different magnitudes of the cold nuclear matter effects. For

the 1 meson the same behavior is seen, but the experimental uncertainties are too large to make concise

conclusions.
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FIGURE 6.24: The nuclear modification factor Q,pp of the 7° (left) and 7 meson (right), as measured with
the ALICE detector in p—Pb collisions at /syny = 5.02 TeV. The respective neutral meson spectrum in
pp collisions at /s = 5.02 TeV is used as reference.
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n/7° ratio

In Fig. 6.25 the n/7° ratio for MB and multiplicity dependent p—Pb collisions at VSnn = 5.02 TeV is shown.
Similar to the result for this ratio in pp collisions, the invariant yield of the 7° has been measured for the
same pr intervals as the n meson, such that the ratio is calculated by taking the point-by-point ratio, also
canceling the relevant systematic uncertainties. The high pr average of 0.485 4= 0.0155%" 4+ 0.031%Y® for the
MB result is consistent with high pt average found in pp collisions, and also shows qualitative the same

behavior for lower pr.

The DPMJet and HIJING event generators both overestimate the ratio for pp < 4 GeV/c by 10 — 50%,
which, as shown in Fig. 6.21, is mostly driven by the larger underestimation of the V. For pt > 4 GeV/c,
the generators are consistent with the experimental results. The low pp part is better described by the
EPOS3 and VISHNU models. At higher pt, the EPOS3 model predicts a ratio that is ~ 60% higher than
the data, which should be the region that is more easily described as particle masses no longer play a major

role.

To summarize the results of the n/7¥ ratio in p-Pb collisions, no significant changes are observed for the

multiplicity dependent 7/7° ratio, indicating a universal value of this ratio independent of multiplicity.
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FIGURE 6.25: The n/7" ratio for MB and multiplicity dependent p—Pb collisions at \/syy = 5.02 TeV,

as measured with the ALICE detector. The result for MB is compared with the prediction from the event
generators DPMJet and HIJING as well as the EPOS3 and VISHNU model.
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6.6 Neutral meson production in Pb—Pb collisions

In collaboration with Meike Danisch.
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FIGURE 6.26: An example of a typical Pb—Pb collision, recorded during the 2018 Pb—Pb run at \/syy =
5.02 TeV.

An example of a typical Pb—Pb collision is shown in Fig. 6.26, which was recorded during the 2018 Pb—
Pb run at \/syy = 5.02 TeV. The event display shows the extremely large particle multiplicities produced
in Pb—Pb collisions, which span a range of (dNg,/dn) = 52.7 for peripheral Pb—Pb collisions all the way to
(dNen/dn) = 1080 for central Pb—Pb collisions. The energy densities reached in this system are sufficient for
QGP formation, and allows for studying hot nuclear matter effects that were broadly discussed in Chapter
2.

This section will present the neutral meson measurements in Pb—Pb collisions at a center-of-mass energy
of \/snny = 5.02 TeV, where the pp-dependent invariant yield of the 7° and 1 meson is measured for
minimum bias data as well as different multiplicity classes. The results will be compared to theoretical

model calculations, with an overall discussion at the end of this chapter.
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6.6.1 Datasets

The neutral meson invariant yield measurements in Pb—Pb collisions at /sy = 5.02 TeV uses the datasets
obtained in LHC Run 2, taken in the years 2015 and 2018. It is the first analysis in ALICE that combines
the two Pb—Pb datasets to fully utilize the available statistics. Only data-taking runs with optimal detector
conditions are selected for the analysis. In Table 6.6 the used datasets and MC productions are listed,
showing that the INT7 trigger recorded 100 million MB collisions for both LHC150 and LHC18qr. The
two dedicated triggers kCentral and kSemiCentral were running in 2018, enhancing greatly the statistics of
the central and semi-central Pb—Pb collisions. In addition, pile-up events are rejected by making use of the

correlation between SPD tracklets and TPC clusters.

In Pb—Pb collisions, the highest VOA multiplicity class 0 — 10% is associated with the 10% most central
collisions, meaning that the impact parameter b is on average the lowest. For the lowest VOA multiplicity
class 50 — 90%, the Pb ions are assumed to hit each other peripherally, thereby coming closer to the

phenomenology of a pp collision.

V5NN (TeV)  Data Set Used triggers VOM mult. class  # events
5.02 Data LHC150 INT7 0-10%  7.36-106
INT7 10-30%  14.7-106

INT7 30-50%  14.8 - 106

INT7 50-90%  29.5- 106

5.02 HIJING (MC) LHC16h4 INT7 0-90% 1.6 - 106
5.02 HIJING (MC) LHC18el INT7 0-90% 1.5-106
5.02 HIJING (MC) LHC18el(a,b,c) INT7 0-90% 7.7-10°
5.02 Data LHC18qr INT7 & kCentral 0-10% 148.9-106
INT7 10-30%  17.6- 108

INT7 & kSemiCentral 30-50%  86.6 - 106

INT7 50-90%  34.1-10°

5.02 HIJING (MC) LHCI1818(a4,b2,c2) INT7 0-90% 5.1-10°
5.02 HIJING (MC) LHC19h3 INT7 0-90% 2.3-10°
5.02 HIJING (MC) LHC19h2(a,b,c) INT7 0-90% 6.3 - 106

TABLE 6.6: Datasets used for the neutral meson measurements in Pb-Pb collisions at a center-of-mass
energy of \/syny = 5.02 TeV.
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6.6.2 Results
Raw yield corrections

The challenge of measuring neutral mesons produced in Pb—Pb collisions is to deal with the large particle
multiplicities in the detector, which drastically increases the combinatorial background in the invariant mass
distributions. Furthermore, the reconstruction efficiency of photons gets significantly modified when the
density of tracks and clusters is such that the signals begin to overlap, which happens for the multiplicities

encountered in Pb—Pb collisions.

The neutral meson efficiency times acceptance (e) for the different reconstruction methods are shown in
Fig. 6.27 for the 0 — 10% and 50 — 90% VOA multiplicity class and in Fig. A.9 (Appendix A.2) for the
10 — 30% and 30 — 50% multiplicity class. It shows that € decreases for higher event multiplicities, with an

increased effect for lower meson pr. These observations hold for both the 7° and the 7.

Consistency of the reconstruction methods

The invariant yields as measured with the various reconstruction methods are compared to the combined
result, and is shown in Fig. 6.28 for the different VOA multiplicity classes. It shows that the methods are
compatible within the uncertainties for both the 7° and the n meson. The fluctuations for the n meson

measurements are larger, but this is in line with the increased statistical uncertainty.
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FIGURE 6.27: The acceptance times efficiency for the 7% (left), and the n meson (right), as measured for the
0 — 10% (top) and 50 — 90% (bottom) VOM multiplicity classes in Pb—Pb collisions at /sy = 5.02 TeV.
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FIGURE 6.28: The ratio of the invariant yield of a single reconstruction method to the fit through the
combined spectrum, for the 7% (left), and the 1 meson (right), as measured for the 0 — 10%, 10 — 30%,
30 — 50%, and 50 — 90% VOA multiplicity classes in Pb-Pb collisions at \/syny = 5.02 TeV. All measured
values are found to be consistent within uncertainties.
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Centrality dependent invariant yield

The invariant yield of the 7 and 7 meson in Pb-Pb collisions at V/snN = 5.02 TeV is shown in Fig. 6.29 for
the different VOA multiplicity classes, covering the most central to the most peripheral Pb—Pb collisions. As
expected, the overall production increases for event classes with larger particle multiplicities. In addition,
it is evident that the shape of the 7° and 1 meson invariant yields in Pb-Pb collisions are modified more
significantly for the more central collisions with respect to the yields measured in pp collisions. This
modification is associated to the hot nuclear matter, or in-medium effects. At low pt the production of
particles is possibly increased by thermal production of the medium, relative to intermediate meson pr.
The origin of the particles at high pr is mostly from the hard interactions of the constituents of the Pb ions

and the particles are affected by energy loss in the QGP.
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FIGURE 6.29: The invariant yield of 7% (left) and 7 meson (right) for different centrality classes in Pb—
Pb collisions at /syn = 5.02 TeV, as measured with the ALICE detector.
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Centrality dependent 7/7° ratio

The n/7 ratio for Pb-Pb collisions at \/syny = 5.02 TeV is shown in Fig. 6.30 (left) for each of the VOA
multiplicity classes as well as the results obtained in MB pp collisions at /s = 5.02 TeV. There is no
significant difference between the ratio measured in Pb—Pb 50 — 90% and in MB pp, indicating that there
are no strong medium effects in low multiplicity Pb—Pb events that are associated with peripherally hitting
nuclei. However for larger event multiplicities, the ratio significantly higher than the ratio in MB pp between
1.4 < pr < 4 GeV/c. This behavior is could possibly be attributed to the increase in radial flow which
affects heavier particles more, but has yet to be confirmed by model calculations. At higher pt values, the

ratio is again consistent with the ratio found in pp.

In Fig. 6.30 (right) the n/7" ratio for the 0 — 10% multiplicity class is shown. For 4 < pr < 10 GeV/c, the
average of the ratio is 0.465 £ 0.025%%% 4+ (0.065%Y®, which is compatible with the high pt average found in
both pp and p-Pb collisions at the same center-of-mass energy. The mr—scaled n/7% ratio, i.e. the ratio
where the invariant yield of the n meson is calculated from mr—scaling the 70 invariant yield, is unable
to describe the measurement for 2 < pp < 6 GeV/c, which is expected since radial flow effects are not
taken into account when mr—scaling the 7% spectrum. Similarly, the HIJING event generator also fails
to describe the data, as again no flow-like effects are included. The theory calculation from Paquet et al.,
which includes a full hydrodynamical description and also flow-like effects, quantitatively describes the data
up to 3 GeV/c. For higher pp this model is most likely dominated by statistical uncertainties. The SHM
(statistical hadronization model), which is aimed at explaining low—pr particle production, only predicts

the ratio for 0 < pr < 3 GeV/¢, and underestimates the data.
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FIGURE 6.30: The n/7° ratio for different centrality classes of Pb—Pb collisions at \/syx = 5.02 TeV, as
measured with the ALICE detector.
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Centrality dependent nuclear modification factor

The nuclear modification factors Ry of the 7% and 1 meson are shown in Fig. 6.31 for the different VOA
multiplicity classes in Pb-Pb collisions at \/syy = 5.02 TeV. The invariant yield and the corresponding Raa
of the 7% for a finer selection in VOA multiplicity is shown in Fig. 6.32. These results have been calculated
using the 70 and 7 meson invariant yields measured in Pb-Pb and pp collisions at VSNN = 5.02 TeV and
Vs = 5.02 TeV, respectively, as well as the nuclear overlap factor (Ths). For both mesons the overall

magnitude of the Raa is much below unity, indicating a large suppression of hadron production with respect

to <TAA> X Opp-

The 7° meson shows a significantly different Raa for the various VOA multiplicity classes, with more
suppression for the more central collisions. In addition, there is a stronger pt dependence observed for the
more central collisions. This is consistent with the picture that the size, and thus medium effects, increase
for the more central collisions. For the n meson, the same behavior is seen, although at low pt the results

are more dominated by experimental uncertainties.
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FIGURE 6.31: The nuclear modification factor Raa of the 70 (left) and 1 meson (right), as measured with
the ALICE detector in Pb—Pb collisions at /syny = 5.02 TeV, for wide intervals of VOM multiplicities. The
respective neutral meson spectrum in pp collisions at /s = 5.02 TeV is used as reference.
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6.7 Properties of the neutral pion invariant spectra

As presented in the earlier sections, the neutral pion invariant yield has been measured in pp, p—Pb , and
Pb—Pb collisions, all for various intervals of event multiplicity. One of the interesting questions to pose is
how the properties of the spectra change as function of particle multiplicity, i.e. with the mean number of
reconstructed charged particles in the central barrel per unit of pseudorapidity ({(dNchargea/dn)). In this
section the shape of the measured neutral pion invariant yields will be quantified in three different ways,

and these quantifications are then used to compare different collision systems at similar multiplicities.

First, the mean transverse momentum, (pt), has been calculated for the distributions shown in Fig. 6.13,
Fig. 6.23, and Fig. 6.32, in the range 0.8 < pr < 20 GeV/c. The approach of using a truncated spectrum
has been chosen over the more traditional method where the (pr) is calculated from a multi-component or
Tsallis fit, because these fits introduce additional uncertainties due to the extrapolation to ptr = 0. The
(pT) of a truncated spectrum does differ compared to its value for the full spectrum, but it is still useful
as long as the same pr range is used for all distributions. The result, as shown in Fig.6.33, indicates that
(pr) is much more dependent on (dNcharged/dn) in pp collisions than in p-Pb and Pb-Pb collisions. Also,
(pr) does not significantly increase with (dNcharged/dn) in Pb—Pb collisions, and show an indication of a
lower (pt) for the event multiplicities that are associated with the most central Pb—Pb collisions, which is

consistent with an increase in thermal pion production.
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FIGURE 6.33: Mean transverse momentum ({pr)) of the neutral pion invariant yield distributions as function
of the mean number of reconstructed charged particles in the central barrel per unit of pseudorapidity
((dNchargea/dn)). The (pr) has been calculated in the range 0.8 < pr < 20.0 GeV/ec.

Secondly, the distributions at low pp can be characterized by the slope parameter ¢, which is obtained by

fitting the spectra using

—x

f(x) =ae™, (6.16)
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where in this case x is the transverse momentum pr, and a is an overall scaling parameter of the fit, with
the fit performed in the range 0.6 < pp < 1.4 GeV/c. In this definition, the lower the slope parameter ¢, the
stronger the slope at low pr, and vice versa. The results are shown in Fig. 6.34 (left), and are again given
as function of (dNchargea/dn). It indicates that there is a gradual increase in ¢ for increasing multiplicities.
Furthermore, although the uncertainties are large, it seems that different collision systems with similar final

state multiplicities have similar slopes at lower pr.

Thirdly, the powerlaw exponent n can be used to characterize the distributions at higher pr, and is obtained
by fitting the neutral pion spectra using
f(z) =ax™", (6.17)

where again in this case x is the transverse momentum pr, and a is an overall scaling parameter of the fit.
The powerlaw exponent n then quantifies how steep the spectrum is over a given pr range, which is taken
to be 10.0 < pt < 16.0 GeV/c. The result is shown in Fig. 6.34 (right), and indicates that the slope at
high pr does not change significantly, although semi-central to central Pb—Pb does seem to have a harder
spectrum as the slope parameter is slightly lower. This observation is in line with the pr dependence of the

Rana.

These last two methods to characterize the neutral pion invariant yields show that although (dNcharged/dn)
spans multiple orders of magnitude, that the slopes at both low and high meson pr are relatively similar
and also do not show a large dependence on the collision system. However, the (p) indicates that especially
high multiplicity pp collisions are fundamentally different from the rest, as the p—Pb and Pb—Pb collision

system show a lower (pr) at similar multiplicities.
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FIGURE 6.34: Slope parameter ¢ and powerlaw exponent n as function of (chharged /dn), which are obtained
from fitting the neutral pion invariant yield distributions.
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6.8 Discussion

The invariant yield of 7% and 1 mesons has been measured for all collisions systems at a center-of-mass
energy of 5.02 TeV. The measurements are performed by calculating the invariant mass of all photons pairs
in the event, and counting the excess of candidates on top of a background. The quality of the measurement
mostly relies on the ability to reconstruct and select photons in a wide pt range, as well as a good description
of all the relevant distributions in the Monte Carlo simulations. The large increase in particle multiplicities
make the analysis more difficult in Pb—Pb collisions compared to pp and p—Pb collisions, as is indicated by
the mass peaks in Fig. 6.2 and Fig. 6.1, and the differences in meson reconstruction efficiencies. Overall,
the ALICE detector is very capable in handling the high multiplicities of central Pb—PDb collisions, although
the measurements using the EMCal do benefit from increased energy thresholds for the photon candidates.
Furthermore, for intermediate—pr mesons, the available statistics in the used data sets is sufficient to have
statistical uncertainties of the order of 2 — 5%, which is smaller than the systematic uncertainty of the order
of 5 — 10%, depending on the meson, collision system, and further event selections. This makes it possible
to measure the production of neutral mesons for various event characteristics with decent precision, and

make precise comparisons to model calculations.

For the neutral meson measurements in pp collisions at /s = 5.02 TeV, the neutral meson invariant
yield has been measured in minimum bias data, different event multiplicity classes, event shapes, and in-jet
production. Most notably, the ratio of the multiplicity dependent to the inclusive 7° and 7 invariant yields
show a qualitative different behavior as function of p1 compared to the ratio of the event-shape dependent
to the inclusive 7° and 7 invariant yields, i.e. comparing Fig. 6.14 and Fig. 6.17. This means that selecting
on the shape of the event is different from selecting on event multiplicity. Both trends are qualitatively
reproduced by the PYTHIA model calculations. Furthermore, the /7% ratio shows no large differences for
these different event selection criteria, but the neutral mesons that are produced in jets do show a striking
difference for this ratio, which again is captured by the model prediction. This also indicates that selecting
neutral mesons that are produced in jets is not the same as selecting neutral mesons produced in pencil-like
events. In literature, the pencil-like events have been associated to jet-like events, but these results clearly
indicate otherwise. Also the pr dependence shows that selecting on event multiplicity is different than
selecting spherical events, while there is a clear correlation between multiplicity and St. It is therefore
interesting to perform a dedicated model study to find out which physics mechanisms drive these event

characteristics, and will be discussed in chapter 8.

The neutral meson measurements in p-Pb are probing the cold nuclear matter effects using R,s for MB
collisions and QA for different VOA multiplicity classes, which are shown in Fig. 6.22 and Fig. 6.24. The
main conclusions are that at high meson pr, the nuclear modification factors are consistent with unity, and
thus agrees with no modification. Also, there seems to be a multiplicity dependent relative enhancement at
intermediate meson pr, consistent with a Cronin peak, and a large suppression at lower meson pr, consistent
with nuclear shadowing, both possibly in combination with other non-perturbative effects. Interestingly, for

the most central p—Pb collisions, the Cronin peak is significantly above unity, indicating an enhancement
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of mesons with these momenta compared to the spectrum in pp collisions. However, a possible multiplicity
bias of the 4 could remove this Cronin enhancement, which would be the case when the high momentum
mesons turn out to be significantly above unity as well. Furthermore, there is no indication of differences
for the 7% and 7, as the minimum bias and multiplicity dependent 7/7° ratio are consistent with one
another within experimental uncertainties. Here, it would be interesting to see whether the 7% and 7 in-jet
production is also modified like in pp, or perhaps even shows different behavior, which would indicate a

dependence on the nuclear PDFs.

In Pb—PDb collisions, the invariant yield of neutral mesons probe the hot nuclear matter effects, as we expect
for a QGP to be formed. Here, the nuclear modification factor R44, as shown in Fig. 6.31, clearly shows an
increasing suppression for increasing event multiplicities. At lower meson pr there is a relative increase in
Raa, which is attributed to the radial flow of the expanding medium. Unfortunately, the uncertainties of
the n meson are too large to see significant differences between the Raa of the 7° and 7. However, the n/7°
for the most central collisions show, for the first time, a significant enhancement for intermediate meson
pr with respect to the ratio in pp, p—Pb, and non-central Pb—Pb collisions. This is most likely the effect
from radial flow being stronger in central Pb—Pb collisions and indicates a different impact depending on
the mass of the particle. For this collision system it would be interesting to see how the in-jet production

is affected by the medium, and how well the latest model calculations agree with the experimental results.



Chapter 7

Event-mixing studies

In collaboration with Lizette Lamers.

7.1 Introduction

As explained before in this thesis, pair correlation analysis is a standard analysis technique in particle and
nuclear physics. One of the main examples is the study of two-body decays via the invariant mass spectrum
of potential decay daughters, where one can extract the yield of the mother particles from a correlated
peak in the pair distribution atop a broader background from random pairs, the so-called combinatorial
background. Another example is that of femtoscopy, the study of (most often identical) pair correlations
in momentum space, where quantum statistics and/or interactions cause a correlation, often at very small
relative momentum. In all of these cases one has to find a means to describe the background. Sometimes,
e.g. in invariant mass analysis, the correlation produces a prominent, distinct structure on a very smooth
background, which makes the description of the latter possible with simple analytical functions. There
are, however, many cases where high precision measurements require knowledge about the shape of the
background. This is important, when the phase space acceptance of the detector leads to a non-monotonous
shape of the background near the signal. A widely used method to estimate the shape of the combinatorial
background is that of event mixing, i.e. combining particle pairs from different events, which by construction
will not be correlated. Below, the example of photon-pair distributions is used, but our analysis should be
relevant also for the analysis of other pair-correlations.

The yield of light neutral mesons, such as the 7° and 1 meson, is calculated by integrating the signal
peak in the diphoton invariant mass distribution on top of a combinatorial background. The invariant mass
distribution can either be fitted simultaneously with a Gaussian describing the signal peak and a polynomial
describing the background, or the background can first be subtracted using the event-mixing method. Also,
for direct photon HBT measurements the correlator C'(Qinv) = A(Qinv)/B(Qiny) divides the same-event pair

distribution by the event-mixing distribution. For such measurements it is important that the combinatorial
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background which is present in same-event photon pairs is properly described by the distributions obtained
with the event-mixing method.

However, as demonstrated through an example shown in Fig. 7.1, the combinatorial background obtained
with the event-mixing method fails to describe the background of the same-event pair distribution. In
this case the residual background is subtracted via a linear fit, which only works well if the background
underneath the peak is well behaved. In fact, a qualitatively similar correlation effect has been observed in
femtoscopic analysis (see e.g. [163]).

In this chapter the photon pair distributions (0 < M, < 5 GeV/c?) are investigated, for three different pair
pr intervals below 10 GeV/c in simulated proton-proton collisions at /s = 13 TeV, using the PYTHIAS.2
[164] event generator, and discuss the performance of describing the background using the event-mixing
method also in more critical cases.

The chapter is divided into the following sections: In Sec. 7.2 the event-mixing method used to obtain the
results is defined. In Sec. 7.3 the diphoton invariant mass distributions and the estimated background using
the event-mixing method is presented. In Sec. 7.4 the performance of event-mixing when applying additional
detector constraints is discussed. In Sec. 7.5 the origin of the correlated background is investigated. In
Sec 7.6. it is attempted to improve the conventional way of event-mixing, i.e. to also capture the correlated
part of the combinatorial background. Sec 7.7. takes a closer look at higher invariant masses and Sec 7.8.

concludes with a with a summary.
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FIGURE 7.1: The diphoton M;,, distribution around the 7 meson mass for 7.0 < pr pair < 8.0 GeV/c, as
measured with the ALICE EMCal detector in pp collisions at /s = 8 TeV. It shows that the combinatorial
background is not described by the distribution obtained from event-mixing.
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7.2 Event-mixing method

Using the event-mixing method, the combinatorial background is estimated by combining photons exclu-
sively from different events. These photon pairs never share a common ancestor and thus make sure that
there are no resonances. The method can also describe non-trivial shapes of the combinatorial background
in the signal regions, which for a polynomial fit would be impossible. These non-trivial background shapes
are usually created by detector constraints and non-homogeneous acceptance, such as calorimeter module
sizes or dead calorimeter cells/modules. As can be seen in [165-168], this remains to be a challenge for
especially the n meson.

For the results presented in this chapter all current event photons are paired with all photons from all events
in the mixing-pool. The mixing-pool acts as a First-In-First-Out (FIFO) buffer storing the last 200 events.
After the current event is processed the event is added to the mixing-pool if it has at least two photons.
Also, it is customary to define multiple mixing-pools, each having distinct event characteristics, such as
charged /neutral particle multiplicity and z-vertex location. The photons from the current event are then
paired with the events from the pool which shares the same event characteristics. The z-vertex location is
only important to take into account for experimental data, since PYTHIA has a fixed z-vertex. In addition,
it is found that mixing events with different multiplicities is not changing the distribution, as long as the
buffer is large and the single particle energy spectra are the same. The latter would not be the case for
heavy-ion collisions, where the nuclear matter effects have shown to radically change the shapes for different

collision centralities. For this study it suffices to use a single mixing-pool of 200 events.

7.3 Diphoton invariant mass distributions

The presented results are based on PYTHIA-generated [164] proton-proton collisions at /s = 13 TeV, using
two data-sets; SoftQCD, and HardQCD with a minimum pp of 20 GeV/c. This enables us to study the
diphoton invariant mass distributions in minimum bias (MB) and high-pt jet type events. In the data-
set with HardQCD, the minimum pr of 20 GeV/c ensures that we have high-py partons, enhancing the

correlated part of the pair distributions. The diphoton invariant mass is calculated as

Miny = /2B, 1B, 5(1 — cos )

1—a?

=(Ey1+ E ,2)\/ 2 (1 —cos)

where £, is the energy of the photon, 1 is the opening angle between the two photons, and « is the energy

asymmetry with o = (Ey 1 — E52)/(E 1+ E2). For same-event pair combinations, the 7Y and n will create
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distinct peaks at Mi,, = 134.98 GeV/c? and Mi,, = 547.86 GeV/c?, respectively. Due to physics effects
such as jet production, the energy and opening angle distributions from the two combined photons are not
necessarily qualitatively the same for same-event and event-mixing pair distributions. This will then be

apparent from the comparison of the Mj,, distributions.
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FIGURE 7.2: The diphoton invariant mass distribution obtained from PYTHIA (SoftQCD), for 0 < M,y <

1.0 (top left) and 1.0 < M, < 3 GeV/c? (top right) for same event pairs (closed) and event-mixing (open),

for a diphoton pair momentum of 1 < pr < 2 GeV/c. The bottom panels show a ratio of the same-event
pair to the event-mixing distributions.

Figure 7.2 shows the diphoton invariant mass distribution obtained from PYTHIA (SoftQCD) for 0 <
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My < 1.0 GeV/c? and 1.0 < M, < 3.0 GeV/c?, for same-event pairs (filled markers) and for event-
mixing (open markers). The event-mixing distribution is scaled to match the same-event pair distributions,
at 0.35 GeV/c? for the upper left panel and at 1.5 GeV/c? for the upper right panel. The figure indicates
that event mixing is unable to describe the shape of the My, distribution around the 7% and 7 mass, and
more generally is unable to capture the background of photon pairs for 0 < M, < 3.0 GeV/c?. For
My, < 0.2 GeV/c?, the same-event pairs show a much steeper distribution compared to the event-mixing
distribution. Furthermore, the shape of the same-event pairs flattens for Mi,, > 0.3 GeV/c?, while the
event-mixing distribution continues to rise. The simulated PYTHIA events thus reproduce the observations

made from Fig. 7.1.
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FIGURE 7.3: The diphoton My, distributions for PYTHIA HardQCD (black) and SoftQCD (red), for

same-event pair distributions (filled) and event-mixing (open) symbols. The lower panels show the ratios of

same-event pairs to event-mixing pairs, for the My, energy asymmetry o = (Ey 1 — E,2)/(Ey1 + E5 2),
and opening angle 1 distributions.
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Next, the PYTHIA HardQCD is compared to PYTHIA SoftQCD. In SoftQCD the particle production is
not dominated by high-pp parton fragmentation as with HardQCD, but rather by the soft component or
underlying event. The results are shown in Fig. 7.3. There is a dominant correlation effect for Mi,, <
1.0 GeV/c?, which shows that event-mixing does not describe the same-event pair distributions. The effect
also increases with pair-pr, indicating that this is related to jet fragmentation. For Mi,, > 2.0 GeV/c?,
the shapes of the Mj,, distributions from same-event and event-mixing photon pairs for both SoftQCD
and HardQCD events match within about +2%, +5%, and £10% for pair-pr intervals of 0.5 < pp < 1
GeV/e, 1 < pr < 2 GeV/e, and 2 < py < 10 GeV /¢, respectively, and rapidly start to diverge for lower
M,y (also see Appendix Fig. 7.7). As can be seen in the ratio of the My, distributions, the same-event
and event-mixing distributions of SoftQCD events are more in agreement compared to distributions of the
HardQCD events. This is probably due to the decrease in correlated background in the same-event pair
distributions. Furthermore, the event-mixing pair distribution for HardQCD and SoftQCD production is
within uncertainties the same, showing that they both reproduce the combinatorial background to the same
extent, and are both unable to describe the same-event pair distributions especially at lower M;,,. The
explicit dependence of the energy asymmetry a = (Ey 1 — Ey2)/(E,1 + E,2) and opening angle ) on Mi,y

show a deviation that increases for lower values of « and ) in all pt bins.

7.4 Pseudorapidity and azimuthal angle restrictions

In experiments we have to deal with the actual size of the detector, and this constrains the pseudorapidity 7
and/or the azimuthal angle ¢ regions from which we can obtain the photons. This limits the opening angle
of the diphoton pair and changes the My, distributions in a non-trivial way. And since the average opening
angle of a 70 decay is pr dependent, detector constraints will affect low and high diphoton pt distributions
differently.

In Fig. 7.4, using the HardQCD dataset, the following detector constraints are introduced; |n| < 1, ¢ < 7/2,
and the combination of the two. The results for restricting the photons in 7 show a large improvement in
the «a distributions. Jet correlations show a constraint in An, which translates into a constraint in « for
correlated pairs, when pr is fixed. The true pairs are thus found more closely together in o compared to
pairs from event mixing, which can be more widespread in 7. In this way, an apparent correlation in the
energy difference shows up, even though the physical mechanism may introduce only a correlation in angle.
The difference disappears, if an artificial constraint in 7 is introduced for all pairs, and in this case the
correlation as a function of « also disappears. The restriction in ¢ shows similar results compared to the
unrestricted case, because a difference in ¢ does not change the relation between pr and F, opposite to a
difference in 7. Detector constraints do change the distributions, but the combinatorial background at low

M,y is still poorly described by the event-mixing method.
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FIGURE 7.4: Diphoton Mj,, distributions for same-event and event-mixing pairs, for the detector constraints;

In| <1, p <m/2, and |n| <1 & ¢ < m/2. The lower panels show the ratios of same-event pairs to the event-

mixing pair distributions, for the M., energy asymmetry o = (Ey 1 — E,2)/(Ey1 + E, 2), and opening
angle v distributions.

7.5 Diphoton pairs from same and different ancestors

The initial hard scatterings simulated by PYTHIA produce partons that fragment and give rise to final state
hadrons. These partons are the most dominant source for particle production and all final state particles
sharing the parton as common ancestor will thus have correlations in An and Ap. To investigate whether
this affects the diphoton mass for same-event pairs and event-mixing pairs, using the HardQCD dataset,
the following three cases are studied; 1. when the photon pair shares a common parton ancestor, 2. when
both photons do not share a common parton ancestor, and 3. when the photon pair does not originate

from one hadronic decay, such as the 7° or 7). In this last case the photons can still share a common parton
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ancestor. For all the three cases the event-mixing procedure is the same, namely all photons come from
different events and thus ancestors.

The results for the three different cases are shown in Fig. 7.5. First, photon pairs coming from the same
parton give qualitatively the same results compared to the earlier distributions. When compared to case
3, it is seen that except for the 7 and 7n peak being removed, there is no difference. For case 2, where
both photons do not share a common parton ancestor, it is shown that the event-mixing is now describing
the whole invariant mass distribution much better also at lower Mj,, (see also Appendix Fig. 7.8). Both
the observations at lower and higher M;,, are now shown to be related to the jet fragmentation, where the
effects at lower and higher M,,, are then related to the near- and away-side jet structures, respectively. A
qualitatively similar effect at low M;,, was already seen in studies at RHIC [169], but the jet correlations
observed were significantly weaker than what is found at LHC energy. The ratios of the energy asymmetry
«a and opening angle 1 are also individually much closer to unity. This indicates that the inability of
the event-mixing method to properly describe the combinatorial background is due to the fact that the
method does not conserve the particle to particle correlations of the parton shower. It should be noted, that
femtoscopy measurements also show a residual pair correlation at small momentum difference, which is in

that case attributed to mini-jets [163].

7.6 Modified diphoton event-mixing

The previous section showed that pairing photons from the same parton, even when the photons do not
come from the same hadronic decay, creates a broad correlated background in the region of the 7° and 7
meson mass. Pairing photons that originate from different partons do destroy this correlation, but would
make the neutral meson measurement practically impossible. In order to attempt to improve the event-
mixing, such that it describes the correlated background in the low Mj,, region, one can choose to only pair
photons if the parton ancestor from both photons are close in 7 and . This can partly preserve the a and
1 distributions of the same-event pairs with respect to the event-mixing pairs. Here, it is chosen to only
pair the photons if the parton ancestor is within || < 0.25 and |¢| < 0.25. The result in Fig. 7.6 shows
that the M,y distribution from the modified event-mixing has a qualitatively different shape and describes
the same-event pair distributions better. However, for the first two pt intervals, the modified event-mixing
overestimates the background in real events, while for 2.0 < pr < 10 GeV /¢, it underestimates the back-
ground. The behaviour at low pt could be due to the fact that not all photons in that case come from a
single jet, so the restriction on the particle from the direction of the parton in the event mixing is stronger
than in real data. On the other hand, at higher pt the correlation may be stronger in the same-event pair
distributions, because the uncertainty of the parton direction in 7 and ¢ is not negligible compared to the

width of a jet, and thus leads to a dilution of the correlation in mixed events.
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FI1GURE 7.5: The diphoton Mj,, mass and the ratios for same-event pairs and event mixing for the following

three cases; 1. when the photon pair for same-event-mixing shares a common parton ancestor, 2. when both

photons do not share a common parton ancestor, and 3. when the photon pair do not share the same mother-
or grandmother particle whenever it considers a hadronic decay.

7.7 Closer look at higher invariant mass

This chapter discusses mainly the behaviour of the relatively strong correlation seen in the continuous
background of the two-photon invariant mass spectra at low masses (M, < 2 GeV/c?), which leads to
a discrepancy between the background in real data and the event mixing. It was noted there that the
background description is reasonably good for larger masses. However, even at larger masses discrepancies
are observed, albeit on a much smaller level, which is briefly discussed here, even when they are not relevant
for the main analysis. In Fig. 7.7 and Fig. 7.8 the ratio panels are shown such that the discrepancies at

higher masses are visible. Figure 7.7 indicates that the shapes of the Mj,, distributions from same-event and
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FIGURE 7.6: The diphoton M, distributions for same-event pair distributions (filled circle), event-mixing

(open circle), and modified event-mixing (open square). For the modified event-mixing, photon are only

paired when the parton ancestor is within |n| < 0.25 and |¢| < 0.25. The lower panels show the ratios of

same-event pairs to event-mixing pairs, for the Mi,,, energy asymmetry o = (Ey 1 — Ey2)/(Ey1 + E5 2),
and opening angle 1 distributions.

event-mixing photon pairs for both SoftQCD and HardQCD events match within +2%, +5%, and +£10%
for pair-pr intervals of 0.5 < pr < 1 GeV/e, 1 < pr < 2 GeV/c, and 2 < pr < 10 GeV /¢, respectively.
However, within these limits one observes interesting characteristic structures: In particular for the two
lower pt bins there is a minimum in the ratio at intermediate mass, and a maximum at M., =~ 1.5 and =~ 3
GeV/c, respectively. Most likely, this structure is due to away-side jet-like correlations, as the mass values
are close to twice the average energy of the two photons used. For the highest pt bin, a similar maximum
would be outside of the mass range and thus not be visible. Figure 7.8 shows that for higher masses all the
different cases are described similarly well by the event-mixing method. The main feature here, as described

in the main text, is the fact that the distribution obtained by pairing photons that originate from a different
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parton do not have the large enhancement found at lower M;,,. In the ratio plot it shows that the same-
event distribution decreases significantly for lower M, for the first two pp-intervals. The combination of
the two cases, the pairs from the same parton, which show the strong enhancement at low mass, and the
pairs from different partons, which show a depletion, most likely leads to the characteristic structure in Fig.

7.7. A further study of this additional correlation phenomenon is beyond the scope of the chapter.
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FicUre 7.7: The diphoton Mj,, distributions for PYTHIA8 HardQCD, for same-event pair distributions

(filled) and event-mixing (open) symbols. The lower panels show the ratios of same-event pairs to event-

mixing pairs over a wide mass range. The distributions from the PYTHIA8 SoftQCD dataset has been
omitted as it doesn’t have the appropriate statistical precision.

7.8 Conclusions

In this chapter the diphoton invariant mass distributions are investigated for simulated PYTHIA HardQCD
and SoftQCD events. It is shown that for both lower and higher M, the same-event pair distributions are
not fully described by the distributions obtained by the event-mixing technique. For lower invariant masses
typically around the 7% and 7 meson mass, as shown in Fig. 7.3, the event-mixing method completely fails
to describe the distribution as it gives a qualitatively different shape. In addition, detector constraints do
change the My, distributions, but the same-event pairs are similarly (un)described by the event-mixing, as
can be seen in Fig. 7.4.

In Fig. 7.5, three cases are studied; 1. when the photon pair shares a common parton ancestor, 2. when
both photons do not share a common parton ancestor, and 3. when the photon pair do not share the same
mother- or grandmother particle whenever it considers an hadronic decay. From this it is concluded that
the correlations at lower My, is not caused by decay kinematics, but rather by the parton fragmentation

into final state hadrons.
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range for the following three cases; 1. when the photon pair for same-event-mixing shares a common parton

ancestor, 2. when both photons do not share a common parton ancestor, and 3. when the photon pair do
not share the same mother- or grandmother particle whenever it considers a hadronic decay.

In Fig. 7.6, it is attempted to improve the quality of event-mixing by pairing photons only when the parton
ancestor is within |n| < 0.25 and |¢| < 0.25, preserving the a and 1 distributions of the same-event pairs
with respect to the event-mixing pairs. This improves the description of the combinatorial background by
a factor of 2-10 in the region of the 7° and 1 meson mass. Experimentally this approach is more difficult
to implement, but jet-finding algorithms with a low minimum jet pt can approximate the direction of the
parton that produces the photon. In [169] the qualitatively similar residual correlations were described with
a simple jet-aligned mixing, however for the much stronger effect we see, a similarly simple approach was
unfortunately not successful.

These observations have implications for the ability to describe the correlated and uncorrelated part of the
diphoton invariant mass background using the event-mixing method, which is used for neutral meson as well
as for direct photon HBT measurements. Both these measurements rely on either subtracting or dividing
out the background from wrong-pair combinations, and it would be interesting to see whether jet-aligned

mixing can improve the background description also for experiments.



Chapter 8

On event shapes and jets

In collaboration with Jonno Schoppink.

8.1 Introduction

Transverse sphericity is an event shape observable that has been used throughout the particle physics
community as a way to characterize the configuration of the momentum vectors of the final state particles
as either pencil-, sphere-like, or anything in between. Pencil-like events are typically associated with events
that have a di-jet structure, and sphere-like events with those containing mostly soft processes and an

absence of jets [170, 171].

Historically, quantifying the shape of the event involved calculating the thrust axis, i.e. the axis which
maximizes the inner product of the final-state particle momentum vectors. The thrust axis thus aligns with
the average momentum of the particles and is a good approximation for the main production axis of the
event, especially for eTe™ collisions [172-176], where to leading order there are two partons produced with
opposite momenta. For this collision system pencil-like events should correspond to a di-jet structure, and

spherical events to multi-jet topologies [177-180].

This paper addresses whether this holds for pp collisions at RHIC and top LHC energies, where there
are more sub-leading processes in addition to the initial hard scattering [181, 182]. This paper presents
the results of an investigation on how the transverse sphericity (St) correlates with jet production, using
simulated eTe™ and pp collisions. In addition, correlations between (St) and other event characteristics,

such as leading parton pr, particle multiplicity, and number of multi-parton interactions are studied.

123
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8.2 Analysis method

The analysis presented in this paper is performed using simulated ete™ and pp collisions, using the
PYTHIAS.1 event generator [164], with the settings listed in Table 8.1. The center-of-mass energy of
the ete™ dataset corresponds to the mass of the Z boson, which is also the energy at which the LEP col-
lider operated. For the pp datasets the beam energies are chosen to be the same as the nominal operating
energy at the RHIC and the LHC in Run 2, both using the Monash 2013 tune. Furthermore, the pp datasets
are generated twice, once with multi-parton interactions (MPI) turned on, and once with MPI turned off.
This will be used to study the sphericity distributions with and without MPI in pp collisions. Tracks with
pr > 100 MeV/c and || < 1 are selected for the analysis, and in the case of the ete™ dataset only the

hadronic final states are considered.

The transverse sphericity is calculated, as also discussed in section 4.3.5, using

o 2)
Y

St (8.1)

where A1 and A9, with A1 > Ao, are the two eigenvalues of the transverse momentum matrix S:fy, which is

given by

st . 1 ' 1' [ oy px,;py,i] | 8.2)
iPTi =7 PTi | pyiPzi Py

where pr;, psi, and p,;, are the components of the momentum vectors of particle ¢ in transverse, x, and y

direction, respectively.

These equations essentially project all the particles of the event onto the z — y plane and determine the

eigenbasis of the transverse momentum matrix. As such, St is sensitive to the relative orientation of the

momentum vectors, where Ao = 0 is for pencil-like events, i.e. ST ~ 0, and Ay ~ A9 for sphere-like events,

i.e. ST ~ 1.

Furthermore, the number of jets contained in each event is obtained by employing the FastJet package [121].
We chose to use the anti—k; algorithm with a jet radius of R = 0.4 and minimum jet energy of £ = 10 GeV.
As this study is purely based on model calculations, it is chosen to only include statistical uncertainties that
are proportional to the number of events as generated in the respective dataset. In all cases the datasets

are large enough to lead to statistically significant conclusions.

System | /s PYTHIAS.1 settings
ete” 91 GeV | Z decay to quarks

PP 200 GeV | Monash tune, MPI-ON

PP 200 GeV | Monash tune, MPI-OFF
PP 13 TeV | Monash tune, MPI-ON

PP 13 TeV | Monash tune, MPI-OFF

TABLE 8.1: Data sets used.
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8.3 Results

The distributions of the transverse sphericity St for the respective datasets as well as for events with
different numbers of reconstructed mid-rapidity jets are shown in Fig. 8.1. The top left figure shows first of
all that the St distribution for ete™ collisions has a maximum around St ~ 0.1, with a long tail towards
higher values. This is consistent with the picture that lepton collisions, to leading order, produce two
outgoing quarks that fragment into final state particles. The St distributions for the pp datasets have a
mean around St ~ 0.75 for MPI-ON, and St ~ 0.6 for MPI-OFF. Clearly, pp collisions produce a much
broader distribution with a larger mean. There is no abundance of events with a pencil-like configuration,
which is consistent with the idea that pp collisions involve many more processes compared to the “cleaner”

_l’_

e"e” collisions, tending to be more spherical due to the overall higher particle multiplicities produced by a

larger number of independent processes.

Figure 8.1 shows the St distributions for the number of mid-rapidity jets reconstructed in the events, for
Niets = 0,1,2,3+. In the top right figure, the simulated e*e™ collisions are dominated by 2-jet events at
lower St. For slightly higher values, Njets = 3+ contributes the most, after which for St > 0.5 the events
with Njets = 0 take over and dominate the contribution to the inclusive sample. Single jet events exhibit a
broad distribution that have a maximum at lower values of St. For pp collisions, strikingly, the entire sample
is dominated by events that do not have a jet that passes the selection criteria. This is consistent with the
notion that, even though the collision energy is much higher, pp collisions have on average significantly fewer
high momentum jets in the final state compared to eTe™ collisions, as the rapidity distribution is wider and
tracks with |n| < 1 are selected. For the pp dataset with MPI-ON at /s = 13 TeV, contrary to the same
distributions found at /s = 200 GeV, the single and multi-jet events are more pronounced for higher values
of ST, while for the datasets with MPI-OFF the events containing a jet have a lower sphericity value. This

indicates that multi-parton interactions do not play a major role at RHIC energies.

To better quantify the effect of making a selection in St on the number of jets in the sample, the respective
distributions for the highest 10% of the most pencil- and sphere-like events are integrated and the fraction
of each to the inclusive distribution is calculated. The results of this calculation are given in Table 8.2.
First, it shows that eTe™ collisions have jets in all but 16.1% of the events, while this fraction of non-jet
events rises to 85.5% and 93.3% for pp collisions at /s = 13 TeV with MPI-ON and MPI-OFF, respectively.
Most of the eTe™ collisions contain 2 jets, followed by 3+ jets. For pp collisions the majority of events
do not contain a jet, followed by single-jet events. These events are most likely events where one of the
two jets is outside of the detector acceptance, i.e. the majority of the higher pr constituent tracks have
In| > 1. In ete™ collisions the fraction of events containing Njes = 2 increases from 44.9% for all events to
83.3% for the 10% most pencil-like events. It decreases from 3.2% to 1.3% for pp collisions at /s = 13 TeV
with MPI-ON and slightly increases for the case with MPI-OFF. For the 10% most sphere-like events, the
fraction of events without a jet in eTe™ collisions increases from 16.1% for all events to 58.8% in the most
spherical-like events, followed by a sizeable contribution from Njets = 3+. Selecting on spherical events in

pp collisions doesn’t change the fractions of events that have a jet like it does for eTe™ collisions, but shows
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an increase in Njets = 2 from 3.2% to 4.4% for pp collisions at /s = 13 TeV with MPI-ON. As jets are so
rare in pp collisions at /s = 200 GeV, none of the selections have a significant effect on the Njets fractions.
These results indicate that for eTe™ collisions a selection on the sphericity is able to enhance a specific

amount of jets within that sample, while for pp collisions there is no such strong correlation.

Niets(%), All Niets(%), pencil-like Niets(%), sphere-like
Data Set | energy MPI 0 1 2 3+ 0 1 2 3+ 0 1 2 3+
ete 91 GeV — 16.1 11.8 44.9 27.2 1.9 5.9 83.8 8.4 58.8 11.0 10.4 19.8
PP 200 GeV | ON >9099 <001 <001 <001|>999 <0.01 <001 <0.01]>999 <0.01 <0.01 <0.01
PP 200 GeV | OFF | >99.9 < 0.01 <0.01 <0.01]|>0999 0.02 <0.01 <0.01|>999 <0.01 <0.01 <0.01
PP 13 TeV ON 85.5 9.2 3.2 2.1 93.1 5.5 1.3 0.2 83.9 8.7 4.4 3.0
PP 13 TeV OFF 93.9 5.2 0.8 0.1 83.6 13.9 2.2 0.3 99.2 0.6 0.1 0.1

TABLE 8.2: Percentage of events containing Njeis = 0,1,2,34 jets with £ > 10 GeV, for ensembles of all
events, the 10% most pencil-like events, and 10% most sphere-like events as calculated using the transverse
sphericity St.

Now, since the correlation between the shape of the event and the number of reconstructed jets in pp collisions
is rather weak, it would be interesting to establish if there is another event characteristic that correlates
well with the event shape. The distributions of the pr of the leading parton within the event for pencil-like
and sphere-like events for ete™, pp (MPI-OFF), and pp (MPI-ON) collisions are shown in Fig. 8.2. Similar
to the previous results, the 10% most pencil-like events (low St) and 10% most sphere-like events (high
St) are used to obtain the results. It indicates that selecting pencil- rather than sphere-like events leads
to an increase of the mean pr of the leading parton of ~ 100% for eTe™ collisions. This is consistent
with the previous results presented in Fig. 8.1, as multi-jet topologies correlate with higher values of St.
Interestingly, for pp collisions, the mean pr of the leading parton is larger for sphere-like events compared
to pencil-like events for the case with MPI-ON, while it is not the case with MPI-OFF. This observation is

consistent with the conclusions taken from Table &.2.

The distributions for the number of multi-parton interactions for pp collisions (MPI-ON) are shown in Fig.
8.3, for pencil- and sphere-like events (left), as well as for the events with the 10% lowest and highest
final state particle multiplicities (right). It shows that events with higher sphericity and higher multiplicity
both increase the mean number of multi-parton interactions, which can be understood from the idea that
sphericity correlates with multiplicity. Moreover, Nypr increases more when selecting the events with
highest multiplicity instead of the most sphere-like configuration, and also more strongly excludes lower
Nypr. Thus, the multiplicity of the event is found to be a better observable to select events with a larger

number of multi-parton interactions in pp collisions.
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St) events, as calculated for each respective dataset. The mean of each distribution is given in the figure.
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8.4 Conclusions

The analysis presented in this paper investigates the relationship between the shape of the event, the number
of reconstructed jets, and other event characteristics such as the particle multiplicity, pr of the leading
parton, and the number of multi-parton interactions. In Fig. 8.1 it is shown that the St distributions are
qualitatively different for eTe™ and pp collisions, as most eTe™ collisions produce a pencil-like shape, while
the particles produced in a pp collisions are on average in a more sphere-like configuration. Also, it turns
out that a large percentage of eTe™ collisions contain a reconstructed jet, while this is not the case for
pp collisions. The correlation between the transverse sphericity St and the number of reconstructed jets
in eTe™ collisions enables the use of this observable to discriminate between di-jet and multi-jet topologies.
Surprisingly, it turns out that in pp collisions (MPI-ON) St is not strongly correlated to Njets, as any
selection in St results in a sample dominated by Njets = 0. Thus, these results suggest that pp collisions

with a pencil-like shape are by no means more jet-like compared to events without a selection on their shape.

Furthermore, the results shown in Fig. 8.3 indicate a strong correlation between St and the number of multi-
parton interactions. The average number of these interactions increases relatively more for pp collisions at
/s = 13 TeV compared to pp collisions at /s = 200 GeV. However, as Fig. 8.3 (right) shows, the mean
number of multi-parton interactions increase even more between events with low and high multiplicities.
These observations are consistent with the idea that St correlates with the particle multiplicity, i.e. a large
number of multi-parton interactions lead to a more sphere-like configuration with increased multiplicity. As
it is experimentally impossible to directly measure the Nypr, it would be very interesting to use St, as well
as the event multiplicity, to explore pp collisions with small and large amounts of multi-parton interactions
and compare them to model predictions. This study cannot fully explain the different features observed in

the neutral meson yield for selected sphericity and multiplicity intervals.
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Direct photon flow

In collaboration with Dmitri Peressounko and Klaus Reygers.

9.1 Introduction

Unique insights into the properties of the quark gluon plasma that is created in collisions of heavy-ions can
be obtained by studying direct photons. As explained in detail in chapter 3, direct photons are the photons
not coming from hadronic decays, and as such originate either from interactions between the constituents
of the colliding nuclei, or by interactions between the constituents of the QGP. Since the mean free path
of photons in a QGP is much larger than its typical size, they escape unaffected and carry information on
the temperature and space-time evolution of the system. Experimentally this information is obtained by

measuring the invariant yield and anisotropic flow of direct photons.

The invariant yield of direct photons has been measured by the ALICE collaboration [183] and got published
in 2015. It uses the Pb—Pb dataset at 2.76 TeV obtained in the fall of 2010, which is analysed for three
classes of collision centrality; central, semi-central, and peripheral collisions. The photons are reconstructed
with the photon conversion method as well as the PHOS calorimeter, and are combined into a single result.
The main results of this paper, which are the excess and invariant yield of direct photons as function of
transverse momentum, are shown in Fig. 9.1. It shows that the R, is either consistent or larger than
unity for all the measured collision centralities and printervals, and agrees rather well with various model

calculations.

The PHENIX collaboration at RHIC measured both a large direct photon yield and elliptic flow in 2012 [79],
leading to the direct photon puzzle. The main point of the puzzle is the inability of theoretical calculations
to describe both measurements with the same medium properties, as explained in more detail in section
3.2. Tt still remains to be one of the larger puzzles of heavy-ion physics to this day. This thesis will present

the analysis and results of the direct photon elliptic flow measurement done with the ALICE experiment at
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FIGURE 9.1: Direct photon invariant yield and R, , as measured in 2015 by the ALICE collaboration.

LHC energies, and can potentially find out if the same puzzle exists at the LHC. The findings are published
in [87].

9.2 Analysis method

9.2.1 Datasets

The analysis is performed for Pb—Pb collisions with a center-of-mass energy of 2.76 TeV, using the ALICE
data collected in the heavy-ion run of 2010. The minimum bias interaction trigger is used to activate the
detector readout. This trigger requires a simultaneous signal in the VO—A and V0-C, as well as at least one
hit in the SPD detectors, resulting in an efficiency to trigger on a Pb-Pb hadronic interaction between 98.4%
and 99.7%. The events are divided into the central and semi-central centrality classes 0-20% and 20-40%,
respectively, according to the VO-A and V0-C summed amplitudes [111]. To study various detector related
effects, such as efficiency and purity of the inclusive photon sample, a Monte Carlo simulation is used. The
simulated Pb—Pb collisions are produced by the HIJING event generator, and the particles in each event
are propagated through the ALICE detector using the GEANT3 [184, 185] framework to simulate the full

detector response.

Careful run by run quality assurance (QA) has been performed to only include data taking runs where the

central barrel and calorimeters have nominal running conditions. Furthermore, events are accepted only if
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a primary vertex is reconstructed within £10 cm from the nominal interaction point along the beam line
(z-direction). This ensures a uniform pseudorapidity (n) distribution of tracks within the acceptance of the
detector. These event selection criteria result in 13.6 x 105 events that are available for the analysis using

the central barrel, and 18.8 x 10 events for the analysis using the PHOS calorimeter.

System | /syny TeV | Data set | Centrality | Neyents

Pb-Pb | 2.76 LHC10h | 0-20% 3.29 - 10°
20-40% 3.30-106

Pb-Pb | 2.76 LHC13d2 | 0-20% 1.17- 109
20-40% 6.28 - 10°

TABLE 9.1: Used data sets.

9.2.2 Flow method

The inclusive photon yield is defined as the sum of direct and decay photons (Nyinc = Nydir + Ny.dec ),
such that the direct photon yield is obtained by measuring the yield of inclusive and decay photons and
computing the difference. The direct-photon elliptic flow is obtained in a similar way; the direct-photon
elliptic flow is extracted by subtracting the elliptic flow of photons from hadron decays from the inclusive
photon elliptic flow. Since the value of the anisotropic flow coefficients is the weighted average of the
measured particles, the inclusive photon flow can be decomposed as

~,inc Nydir  ~.dir

ogt"® = A A

Nv dec  ~,dec
— 0y’ 9.1
N’y,inc ( )

2 )
N'y,inc

where again the inclusive photon yield is decomposed into the contributions of direct and decay photons.
The vz’mc , v;’dir and v;’dec are the corresponding elliptic flow coefficients. Using the direct photon

excess ratio Ry = Ny inc /Ny dec , the direct photon flow can be written as:

~,inc _7.dec
Ry —wv,

7,dir Uy

) = 9.2

2 R’y 1 ( )
The ratio R, was previously measured in the same dataset [183], and is used as input for this analysis. The
vg’inc is measured using all the events that pass the event selection criteria, and the v2’dec is calculated

with a simulation of photons from hadronic decays.

The photon elliptic flow vy is calculated with a two-particle correlation method [186], more specifically
the Scalar Product (SP) method. The main characteristic and advantage of this method is the usage of
a pseudorapidity gap of |An| > 0.9 between the particle of interest, in this case the inclusive photon, and
the reference flow particles. The applied gap reduces the so called non—flow contributions, which are the
correlations arising from resonance decays and jets. The SP method uses the reference flow particles (RFP)

to calculate the Q)-vector that is valid for every event as well as sub-events within the event, which is defined
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Qn=>_ wie"?, (9.3)

iCRFP
where ¢; is the azimuthal angle of the i-th RFP, n is the order of the harmonic and w; is a weight applied for
every RFP. The RFPs are taken from the VO-A and VO-C detectors. Since these detectors do not provide
tracking information, the RFP particles are assumed to point to the centers of VOA/VOC cells, while the
amplitudes of the signal from each cell, which are proportional to the number of particles that cause a hit,
are used as a weight w;. The non-uniformity of the detector is taken into account in the SP method by
applying the inverse of the event-averaged amplitudes as a weight for each of the VO segments, together with
a recentering procedure to correct for variations of the beam crossing position and vertex location [104, 110].

Furthermore, the unit flow vector for the particles of interest, the inclusive photons, is defined by:

iy = 2% (9.4)

The elliptic flow v9 is then calculated by computing the inner product between the unit flow vectors of all

particles of interest with the two @-vectors of the sub-events:

A SCx*
({2 - S2 ) ({2 - )
<J\TA " Mc >

Vo = (9.5)

where the two pairs of brackets in the numerator indicate an average over all photons and over all events.
Mpa and Mc are the estimates of multiplicity from the VO-A and VO-C detectors, respectively; and QQ*,

Qg* are the complex conjugates of the flow vector calculated in sub-event A and C, respectively.

9.2.3 Inclusive photon purity correction

The photons used in this analysis are reconstructed using the Photon Conversion Method (PCM) and the

PHOS calorimeter. The inclusive photons measured with PCM are relevant for this thesis, as the PHOS

measurement has been carried out by a collaborator. The overall reconstruction and selection of conversion
v,inc

photons is described in chapter 5 and is identical for this analysis. However, vy is sensitive to impurities

of the inclusive photon sample, and an additional correction is required.

Photons candidates that are reconstructed with the photon conversion method are not exclusively converted
photons from the process v — ete™, mainly because the selection criteria for electrons and positrons are
not perfect. It is possible that, for example, a 7+ is identified as e* and still pass all other photon selection
criteria. This results in a fake photon in the inclusive photon sample. More specifically, for photons
reconstructed from conversions into electron-positron pairs one expects a combinatorial background from

misidentified pairs (ete™,7Fet, KTet pTet,..). These background sources potentially carry elliptic flow
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,inc

and thus may affect the measured vy . To be able to correct for the impurities one needs to know the

size and the vy of the various background sources.

A way to investigate the purity of the inclusive photon sample is by using the energy loss of the daughter
particles in the TPC. Charged particles traversing the TPC have a characteristic energy loss dependent on
momentum and type of particle, as shown in figure 9.2 (left). This quantity can be related to the average
response of the electron in the TPC, by calculating the number of standard deviations the response of the
candidate is separated from the fitted electron response. This is labeled as no.+. The no.+ for secondary
particles is shown in figure 9.2 (right). For certain momentum ranges the energy loss can become similar

for different particles, which shows that there are background sources in the electron sample.

10

et

10

no_ . dE/dx

10° 10°

10°® 10°®

107 107

108 10

10" 1

o (Gdvic) o (Gévic)

FIGURE 9.2: The energy loss per unit distance (left) and the number of standard deviations from the average
electron response (right) of a particle traversing the TPC as function of transverse momentum.

To identify an et and e~ pair, the specific energy loss in the TPC [104] of both daughters is combined to

calculate the dimensionless quantity K, which is defined as

+ —
K= % +20kT 4 K0), (9.6)
where dE dE
K',:t _ dr |candidate _<H ‘electv"on) . (97)

O-< % |elect'ron>

True electrons and positrons will be centered around x* ~ 0 with a width equal to the spread in % lTPC.
Fake photons reconstructed using a real pion and electron will have displaced peaks since the response of
a pion in the TPC is different, on average. As can be seen in figure 9.3 and figure 9.4, each background
source has a response that can be discriminated from the others. There are two main background sources;

Vfake = 7*+7F and Vfake — n% +eF. Furthermore, it has been chosen to combine all the other background
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sources intoysqre — remaining, which results in a total of nine background sources for Fig. 9.3 and three
background sources for 9.4, where the latter is done to stabilize the template fitting procedure in both
experimental and simulated data. Real ete™ pairs are centered around K ~ 0 with a slightly longer tail
to positive values of K. vfqre — 7+ + eF are centered around K ~ —8 because of the average response of
the pion. vrqre — 7F + 77 are centered around K ~ —16 because of the response of two pions. Yfake —

remaining is reasonably flat in K because it consists of many different particles with different TPC responses.

x10° 0-20 % PbPb, {s=2.76TeV MC LHC13d2

30— 0.9 < P(GeV/c) < 1.1

— total ]
real e'e’ ]
remaining
hadronic 7
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Ficure 9.3: K distributions conversion photon candidates where MC information is used to classify the
conversion daughters.

The vy of the different contributions in the (dFE/dz) distributions is measured and subtracted from the
main signal region using the purity, which is obtained by fitting using Monte Carlo templates to data. The
purity of the inclusive photon sample is estimated by fitting the four MC templates(figure 9.3) to the total

response of data and calculating:

Nsignal
)
Nsignal + Nbackground

p:
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FIGURE 9.4: K distributions for signal and background sources for conversion photon candidates using 4 MC

templates. The distributions in the left plot are obtained by using MC information to classify the source of

the reconstructed photon. These distributions are the MC templates used for the fit on data and are different

for each prbin. The distributions on the right are obtained by fitting the MC templates on data in which all
templates are scaled to best fit the data.

where N; is obtained by counting bins in a region in K. The purity can be enhanced by selecting regions in
% lrpc. —3 < K < 5 is optimal for selecting signal and has a purity of p > 86% for all centrality classes.
The amount of contamination in the inclusive photon sample is then obtained with ¢ = 1 — p. The results
for the purity of the inclusive photon sample are shown in figure 9.5, for centralities 0 — 20% and 20 — 40%.
The template fits for higher pr have been constrained to be within 1.2 and 1.3 of the MC prediction for

centralities 0 — 20% and 20 — 40%, respectively. This is done to stabilize the fitting process.
The effect of background contaminating vg’inc depends on the purity of the inclusive photon sample and

,bck

the strength of the background flow vy . The measured v9 contains contributions from both signal and

background sources and is given by:

candidate  v,candidate __ inc, . Y,inc bek . 7v,bck
N vg = N30y 4+ NyTvg ™ (9.9)

bck

There is no direct way of measuring vg””“* in the main signal region (—3 < K < 5). However, as shown in

figure 9.3, the background sources extent further in K and each dominate in a certain region. It is therefore

bck . . : . bck
“ in different regions and calculate v5*™, vI™ and v]¢, from which the vy can

possible to measure vy’
be reconstructed. This is under the assumption that vy is not K dependent for one given component. The
three background regions are defined as; Region 1: —18 < K < —13, Region 2: —11 < K < —6, Region 3:
11 < K < 20, which, as shown in figure 9.6 with the ratio Niyg i/Npkg tot, are each dominated by a different

background source. Measurements of vy for region 1, 2 and 3 can be related to v5°", v3™ and v3¢ by knowing
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FIGURE 9.5: Purity of the inclusive photon sample for centralities 0 — 20% and 20 — 40%. The purity is
obtained by fitting MC templates of the K distributions on data and integrating the resulting distribution
in the region —3 < K < 5.

the relative contributions of all background sources in each region. The relative contribution of a background

source to the total background in a specific region is defined by n; = Z]Y évj’ with N; = {Nyem, Nar, Nre -
J

This also implies >, n; = 1 as required. The results for v5“7"”"", v3;*""* and 057" are shown in figure

9.7 for centralities 0 — 20% and 20 — 40%.
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FIGURE 9.6: Ratio of background sources to the total background as function of K for centralities 0 — 20%
(left) and 20 — 40% (right) for two selected pr intervals.
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Region 1 is mostly dominated by vrqre — 77T, and there is an additional background contribution from

regionl

Vfake — Temaining. Therefore, the measured v, consists of:

jonl
v = 0T A+ Ny U5 (9.10)

2 .
Region 2 contains contributions from all three background sources. Therefore, the measured vregwn consists
of:
region2 __ T Te rem
Uy = NprVy " + NreVy° + NpemVy° . (9.11)

Region 3 is completely dominated by 7.k — remaining. As shown in figure 9.6, it is reasonable to assume
that:

heatons — yrem. (9.12)

This set of equations can be solved to calculate v2’bCk :
vg’bCk = NprVy " + NreVy° + NpemVy© . (9.13)
The results for v3™, v3¢, v5*™, and vQ’bCk are shown in figure 9.8, for centralities 0 — 20% and 20 — 40%.

The v2’bCk and the purity obtained with the template fits are used to correct the measured inclusive photon
flow, and the results are shown in figure 9.9 and figure 9.10. For both centrality intervals the uncorrected

and background vy are significantly different, especially for higher photon pt. The impact on the corrected
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inclusive photon flow depends on the purity which has a minimum at intermediate pr. The corrected v2’inc ,

inc , increases for low pr, and decreases for high pp. A contribution to

with respect to the uncorrected vy
the systematic uncertainty due to this correction has been estimated to be 1.6% and 1.3% for centralities
0 — 20% and 20 — 40%, respectively, and is determined from the difference in purity between the data and

MC driven approaches at high photon pr.
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FIGURE 9.8: The v, of the different background sources with the resulting v Pk i) the signal region for the

centrality classes 0 — 20% (left) and 20 — 40% (right).
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FIGURE 9.9: Overview of the magnitude of the background flow correction that is applied on the inclusive
photon sample for collision centrality 0 — 20%. It shows the uncorrected v3™¢ and v]"** (top left), the

purity of the photon sample (top right), the uncorrected and corrected vz’inc (bottom left), and the ratio
between the latter two (bottom right).
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purity of the photon sample (top right), the uncorrected and corrected vz’inc (bottom left), and the ratio
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9.3 Systematic uncertainties

9.3.1 Photon selection

The conversion photon selection cuts are varied to study the effect on the inclusive photon flow. All variations
are chosen such that a reasonable deviation is obtained. The variations are done one at a time with respect

to the standard selection cuts. For each variation the following quantity is calculated:

Alpr) = (v3™ (pr) = (03 ) (9.14)

) . ) (pr
modified standard

Which quantifies the deviation from UQ’inC with standard selection cuts for each prbin. If the photon
selection cut is varied more than once, the assigned systematic is taken from the variation with the largest

A(pt). The total systematic error on v2’inC is assumed to be symmetrically distributed and is defined as:

Tsyst(pr) = | Y _(Ailpr))?, (9.15)

i

with ¢ representing all quantities that are varied. Table 9.2 shows the default cut values and the correspond-

ing variations.

Quantity Standard | Cut variation 1 | Cut variation 2
9] <09 < 0.75

(Rumins Rmaz) | (5,180) cm | (5,70) cm (10, 180) cm

min pr 50 MeV/c | 40 MeV/c 100 MeV/c

4T maz 0.05 GeV/c | 0.03 GeV/c 0.1 GeV/c

X2 /ndf <30 <20 < 50

W pair < 0.1 < 0.05 < 0.2

cos (Op.a.) > 0.85 > 0.9 > 0.75

TABLE 9.2: Variations of the inclusive photon selection cuts to evaluate the systematic uncertainty of v;’im

9.3.2 Other sources

Apart from the systematic uncertainties arising from photon selection criteria there are contributions from
three other sources; the purity of the inclusive photon sample, smearing of the photon energy due to detector
effects, and changes in photon reconstruction efficiency in and out of plane. The contribution from the purity
of the photons sample has been discussed in the preceding section. The smearing of the photon energy is
due to fact that the conversion daughters lose energy with bremsstrahlung, which is lost in reconstruction.
A toy model approach has been used to estimate this effect, by unfolding the reconstructed to the true
vg’inc . Because of the high energy resolution of the ITS and TPC, the change to v;’inc due to energy
smearing is not statistically significant, and it is chosen to apply a relative systematic error of 1% to the

measured vy
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In a vy measurement one does not correct for reconstruction efficiency (e), as it doesn’t matter if you
reconstruct half or all of your particles of interest, as long as it is not ¢ dependent. However, there can be
a small effect on the measured vs if the reconstruction efficiency is different in and out of plane, i.e. for
€in 7 €out- Lhis can be the case if the particle density is different in and out of plane. More specifically, the

measured vy is split in the contribution v ¢y and wo;

V2, measured = V2, true — W2, (916)

where wo is the modification due to €;, — €oyt. The reconstruction efficiency e is defined as:

e=<e€e>(1—2wycos(2¢p)), (9.17)

with the average reconstruction efficiency < € >. Considering the equation above for the cases of in and out

plane we get the expression

o |€m - 6out|

= 1
w2 4<e> (9.18)

With a vy ~ 0.1, the photon multiplicity in and out of plane is modified by +10%. Then, |€;, — €| is
calculated by using < € >= 0.55 at 0-20% centrality and < € >= 0.58 at 40-80% centrality, and using linear
interpolation with the corresponding track multiplicities. For 0-20% this results in |€;, — €out| = 0.007 and
as such wy = 0.003. For 20-40% this results in |€;, — €ou¢| = 0.0043 and as such wy = 0.0019. The magnitude
of wso is rather small compared to the typical v2’inc values, and the relative systematic uncertainty to
the measured UQ’mC has been determined to be 3% and 1.9%, for 0-20% and 20-40% collision centrality,

respectively.

9.3.3 Total systematic uncertainty

The total systematic error with its different contributions are shown in figure 9.11 for the centrality classes
0 — 20% and 20 — 40%. The systematic error increases for increasing prand is not very dependent on the

centrality class. This is expected since the systematic error is not driven by the multiplicity of the event.
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FIGURE 9.11: The total systematic error and the different contributions for the centrality classes 0 — 20%

(left) and 20 — 40% (right), given in relative %.
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9.4 Results

In the combination of the inclusive photon vs results from PCM and PHOS, both measurements are treated
as independent. Possible correlations due to the use of the same VOA and VOC event plane vectors are found
to be negligible. To take into account correlations of the individual measurements in bins of transverse
momentum, we describe the measured inclusive photon flows as vectors ine,PCM. vy e, PHOS © oo ere the
vector components correspond to the measured pr bins, and the correlations of the total uncertainties
are described by covariance matrices V,, pcm and Vi, pros, respectively. The elements of the covariance
matrix are calculated assuming uncorrelated statistical uncertainties and fully correlated (p = 1) systematic
uncertainties; Vij = Vitat,ij + Veyst,ij» where Viyetij = pOsyst,iOsyst,j> for pr bin ¢ and j. Then, the combined
inclusive photon flow is the vector

®7inc _ (‘/U;IPCM n v;lpHos)il(VU;IPCM@JHQPCM I v;lpHOSﬁ(Qy,inc,PHOS). (9.19)
The inclusive photon vo measured with PCM and PHOS are compared in Fig. 9.12, which shows the ratio of
the individual values to the combined flow. The PCM and PHOS measurements are found to be consistent

with each other with p-values of 0.93 and 0.43 for the centrality classes 0-20% and 20-40%, respectively.
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FIGURE 9.12: (Color online) Comparison of the measured inclusive photon flow (v3"™¢ ) to the individual
PCM and PHOS measurements (07"™%) in the 0-20% (left) and 20-40% (right) centrality classes. The

individual results are divided by the combined vg’inc . The vertical bars on each data point indicate the

statistical uncertainties and the boxes indicate the systematic uncertainties.

The decay photon flow is estimated using a cocktail simulation. Decays that contribute more than 1% of
the total decay photon yield are taken into account: 70 — 2v, n — 27y, w — y7%, K0 — 27° — 4~. Other
contributions are negligible compared to the systematic uncertainties of the cocktail. In decays of n and

w mesons only photons produced directly in decays are accounted, while those coming from daughter 7"
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FIGURE 9.13: (Color online) Elliptic flow of decay photons from 7, 7, w, and the total cocktail simulation
as a function of transverse momentum in the 0-20% (left) and 20-40% (right) centrality classes. The band
represents the total uncertainty of the total cocktail simulation.

decays are already accounted for in the 7¥ contribution. The K decay does not contribute significantly to
the photon sample measured with the PCM approach. Therefore, we correct the PHOS measurement for
this contribution before combining the PHOS and PCM measurements. Here we use the same approach
as in the direct-photon spectrum analysis [183], but this time the simulation of the elliptic flow is added.
To estimate the elliptic flow of neutral pions, a parametrization has been made of the charged pion flow
measured under the same conditions, i.e., charged pions measured in the TPC and reference particles in
the VO-A and V0-C detectors [187, 188] are used. To estimate the contribution of 7 and w mesons, the
measured elliptic flow of charged and neutral kaons [187] is scaled, assuming scaling with the transverse
kinetic energy K B+ = mt —m. The comparison of different contributions and overall decay photon flow is
shown in Fig. 9.13. The vy contributions were added with weights, proportional to the relative decay photon
yield of a meson in the total decay yield [183]. The width of the colored band represents the systematic

,dec

uncertainties of the decay photon elliptic flow vy The decay photon flow is mainly determined by
the 7° flow, while other contributions make relatively small corrections: the 7 and w contributions slightly
reduce the decay photon elliptic flow at pt < 2 GeV/c and increase it compared to the ¥ contribution at

higher pr.

dec

The vz’inc measured in two centrality classes together with the vy’ are shown in Fig. 9.14. The elliptic
flow coefficients of inclusive photons and decay photons are very similar over the full range 0.9 < pp <
6.2 GeV/c. As the fraction of direct photon over the inclusive photon yield is relatively small, ~ 10% in
our pr range [183], the collective flow of inclusive photons is dominated by the decay photon flow. For
both centrality classes the model calculations are overshooting the experimental data. In models based

on relativistic hydrodynamics the medium is assumed to be in or close to local thermal equilibrium. An
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FIGURE 9.14: (Color online) Elliptic flow of inclusive photons and decay photons, compared to hydrodynamic

[192] and transport PHSD [193] model predictions in the 0-20% (left) and 20-40% (right) centrality classes.

The vertical bars on each data point indicate the statistical uncertainties and the boxes indicate the sizes of
the total uncertainties.

equation of state is used to relate thermodynamic quantities like temperature, energy density, and pressure.
Photon production is modeled by folding the space-time evolution of a collision with temperature-dependent
photon production rates in the QGP and the hadron gas. Another approach is taken, e.g., in the PHSD
transport model in which the QGP degrees of freedom are modeled as massive strongly-interacting quasi-
particles [189]. For both classes of models the development of a strong early elliptic flow, necessary to
reproduce the observed direct-photon flow, gives rise to a large pion elliptic flow at freeze-out and therefore
to a large inclusive photon elliptic flow. It is therefore an important test to check whether a model can
describe both the inclusive and the direct-photon elliptic flow. The prediction of the hydrodynamic model
described in [190] for the inclusive photon vz in the range 1 < pp < 3 GeV/c is about 40% above the data,
though the magnitude of the elliptic flow of unidentified hadrons is reproduced within 10-20% accuracy
in this pr range [191]. The PHSD model [189] also predicts an ~ 40% higher inclusive photon flow, even

though it reproduces the unidentified hadron flow well. This discrepancy is not resolved.

The direct-photon vs is calculated from the combined PCM and PHOS photon excess R, [183], the combined
inclusive vy, and the calculated decay photon vs. In the propagation of uncertainties, the relatively small
significance of the photon excess of about 1-3 standard deviations (depending on the centrality class and pr
interval) requires special attention. This is illustrated for a selected pr interval in the left panel of Fig. 9.15
which shows the obtained vy A and its uncertainty as a function of the photon excess I, . The Gaussian
function in this panel represents the measured value of R, in this pr interval (dashed line) and its 1o total

uncertainty (dark blue shaded area). For R, < 1.05 one loses the sensitivity to v;’dir as the uncertainties,
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indicated by the red shaded band, increase drastically. With the current uncertainties on R, we cannot

rule out completely that R, < 1.05.
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FIGURE 9.15: (Color online) Left: Central value (solid red line) and uncertainty of the direct-photon vy for
a selected pr interval. The upper and lower edges of the red shaded area correspond to the total uncertainty
of v] ™ as obtained from linear Gaussian propagation of the uncertainties o(v]"™¢ ) and o(v]'% ). The
Gaussian (with arbitrary normalization) reflects the measured value of R, in this pr interval (blue dashed
line) and its +1c uncertainty (dark-blue shaded interval). Right: Posterior distribution of the true value of
vy AT £5r the same interval in the Bayesian approach. Note that the distribution has a non-Gaussian shape,
implying that the +20 interval typically corresponds to a probability of less than 95.45% as would be the

case for a Gaussian.

We address the limited significance of the direct-photon excess by employing a Bayesian approach. The

7,inc,t v,dec,t
9 U2

parameters R, ¢, vq denoting the true values carry the index “t” and the measured quantities

Ry, v39°9™ 029%™ the index “m”. Note that R is restricted to its physically allowed range (R, > 1),
while the measured value R, , can fluctuate below unity. The posterior distribution of the true parameters

can be written as
P(|m) o< P(mi|0)m(d), 7(0) =n(Rys) = O(Rys1— 1,y Ryim — 1), (9.20)

where in m = (R’%m,{)g’inc’m, @’dec’m), J = (R'%t,ﬁg’inc’t, @’dec’t). Here we use the notation introduced in
Eq. (9.19): vectors represent sets of measurements in different pr bins and n is the number of these bins. The
function W(R’%t) encodes the prior knowledge about R,. The multivariate Heaviside © function corresponds
to a constant (improper) prior for R, > 1. The probability to observe a certain set of measured values
given the true values is modeled with multivariate Gaussians G(&; i, V) (where (i is the vector of mean

values and V' is the covariance matrix):

P(m|d) = 11 G(Zm; Ty, V). (9.21)

_ v,inc  ~v,dec
=Ry, vy , Vs
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By sampling the posterior distribution P(J]i), we obtain triplets (Ry ,vg oine ,v;’dec ) for each pr bin

v,dir ,dir

from which we calculate v, according to Eq. 9.2. An example of the resulting distribution for v,
is shown in Fig. 9.15 (right panel). The medians of the fu;’dir distributions are taken as central values.
The lower and upper edges of the error bars correspond to values of vgir at which the integral of the wvg
distribution is 15.87% and 84.13% of the total integral. In case of a Gaussian distribution this corresponds

to 1o uncertainties.

The results for the direct-photon elliptic flow for the two centrality classes, 0-20% and 20-40%, are shown
in Fig. 9.16. The total uncertainties, reflecting the Bayesian posterior distributions, are shown as boxes,
and the error bars represent statistical uncertainties. The correlation of vg g, points for different pr bins as
quantified by the correlation matrix is strong at low pp < 2 GeV/c (correlation coefficients typically in the
range 0.6-0.75) whereas the uncertainties at high pr are dominated by statistical uncertainties. We compare
our results to measurements made at RHIC energies by the PHENIX collaboration [194]. The inclusive
photon vy was measured by PHENIX through the reconstruction of eTe™ pairs from photon conversions
and with an electromagnetic calorimeter. The direct-photon elliptic flow in Au—Au collisions at RHIC and
in Pb—Pb collisions at the LHC are found to be compatible within uncertainties. A simple explanation of
the large and similar direct-photon elliptic flow for pp < 2 GeV/c at RHIC and the LHC is that the bulk
of the thermal direct photons is produced late at temperatures close to the transition temperature 1. This
is interesting as naively one would expect the 72 temperature dependence of the photon emission rate to

make the early hot QGP phase after thermalization also the brightest phase.
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FIGURE 9.16: (Color online) Elliptic flow of direct photons compared with PHENIX results [194] for the 0
20% (left) and 20-40% (right) centrality classes. The vertical bars on each data point indicate the statistical
uncertainties and the boxes the total uncertainty.

v,dir

Figure 9.17 compares the measured direct-photon elliptic flow v, to the estimated decay photon elliptic
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FIGURE 9.17: (Color online) Elliptic flow of direct photons compared to model calculations in the 0-20%
(left) and 20-40% (right) centrality classes. The vertical bars on each data point indicate the statistical
uncertainties and the boxes the total uncertainty.

flow vy dec

, marked as cocktail, and to the predictions of several theoretical models. Similarly to mea-
surements at RHIC energies [195], we find that the direct and decay photon elliptic flow are similar. We
compare our measurements to state-of-the-art hydrodynamic model calculations [192, 196] and the PHSD
transport model [189]. The measured direct-photon elliptic flow is systematically higher than theoretical

predictions, but is still compatible.

In order to quantify the deviation of the direct-photon vy measurement from a certain hypothesis with a
frequentist p-value or, equivalently, the corresponding number of standard deviations, we use a Bayesian-
inspired method [197]. In this approach, the likelihood L(™™[5]%"™") serves as a test statistic and
is obtained by integrating over the nuisance parameters vy deet and ]:Z’%t using their Bayesian posterior
distributions as weights. We focus on the interval 0.9 < pr < 2.1 GeV/c in which the contribution of thermal
photons is expected to be important. The significance of the deviation from the hypothesis v, ANt g for
individual pr bins is in the range 1.8-2.1¢ for the 0-20% class and 0.9-1.50 for the 20-40% class. We also

go a step further and estimate the combined significance of the deviation from the hypothesis v2’dir =0

for this pr interval. This tests in addition how well the shape of v nem as a function of pr agrees with

d . . . di
vy “““™/R,, ie., with the expectation for v] "

= (0. We estimate the covariance matrix describing the
correlation by characterizing the different sources of systematic uncertainties of R, the inclusive, and the
decay photon flow as either fully uncorrelated or fully correlated in pr. Varying the assumptions about the
correlation of the data points we obtain significances of typically less than 1o for both centrality classes.
While the applied method is essential for a meaningful comparison of the vz’dir data with different model

predictions, the methods to estimate the covariance matrix can be improved in future analyses.
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9.5 Discussion

In summary, we report the first measurement of elliptic flow of inclusive and direct photons as a function
of transverse momentum in the range 0.9 < pr < 6.2 GeV/c for central and semi-central Pb-Pb collisions
at /Sy = 2.76 TeV. The elliptic flow of inclusive photons was measured with the scalar product method,
independently in the electromagnetic calorimeter PHOS and with the photon conversion method where the
reference particles in both cases were measured by the VO-A and V0-C detectors. The combined inclu-

dec

sive photon v2’inc , together with the calculated decay photon vy’ and the previously measured R,

are used to calculate the elliptic flow of direct photons. The measured direct-photon flow vJ dir appears
to be close to the decay photon flow for both centrality classes, similar to observations at lower collision
energies. Moreover, the measured v, A4 similar to the measurements by the PHENIX collaboration at
RHIC. The considered hydrodynamic and transport models predict a larger inclusive photon elliptic flow
(by approximately 40%) and a smaller direct-photon elliptic flow than observed. With current uncertainties,
however, these models are consistent with the presented direct-photon elliptic flow data. Future measure-
ments using a larger statistics dataset will greatly increase the precision of this measurement and allow us to
extend the measurement to higher pr, since the statistical uncertainty is dominating the total uncertainty
for pr > 2.0 GeV/c and pr > 3.0 GeV/c for the PHOS and PCM inclusive photon flow measurement,
respectively. In addition, a larger statistics dataset will also help to constrain the systematic uncertainties
on the inclusive and decay photon flow, as well as the measurement of R, over the whole pt range. A
further reduction of the systematic uncertainties is expected from improved detector knowledge. For in-
stance, in case of PCM the largest systematic uncertainty in the measurement of R, is related to modeling
the material in which the photons convert. Calibrating regions of the detector with less well known mate-
rial budget based on regions with very well known material might significantly reduce the overall material
budget uncertainty. The R, measurement can be improved further by measuring neutral pion and eta

meson spectra in a combined PCM-calorimeter approach in which one decay photon is measured through

conversion and the other with a calorimeter.
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Direct photon HBT

10.1 Introduction

HBT correlations, as explained in chapter 2, are able to probe the space-time evolution of the QGP by
measuring the two particle correlation function C(Qiny), as it is sensitive to the size of the emitting source
[17, 61, 62, 198, 199]. As direct photons escape the medium when they are produced, they are not affected by
rescattering and hadronization effects, which makes direct photon HBT uniquely suited to access information

of the early stage of the collision [200, 201].

In contrast to Pb—Pb collisions, it is expected that there is no significant contribution to the HBT signal
from a thermal source in pp collisions, as the yield of direct photons in this system is at lower pr is very
small [202]. There could still be a small HBT signal in pp collisions as there are prompt photons produced
in the hard interactions. A strong correlation signal would indicate an origin that is unrelated to the HBT
effect, but e.g. relates to effects like jet fragmentation. In Pb—Pb collisions the magnitude of this effect is

expected to be diminished, due to the large particle multiplicities of the bulk.

In this chapter, the results of the direct photon HBT correlations in both pp and Pb—Pb collisions at a
center-of-mass energy of 5.02 TeV will be presented. The results for pp collisions are rather surprising, and
lead to experimental limitations for results obtained in Pb—Pb collisions. This will now be discussed in

detail.

153
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10.2 Analysis method
The HBT correlation of direct photons is measured using

A(O:

CQun) = FraS. (10,1
where for massless particles, such as photons, the relative momentum of one of the particles relative to
the pair momentum (Qiny) is equal to the invariant mass of the two-particle system, i.e. Qinv = Miny.
The terms A(Qinv) and B(Qiny) are the same-event and mixed-event pair distributions, respectively. The
method to obtain C'(Qiny) has many similarities to obtaining the yield of neutral mesons as presented in
an earlier chapter, e.g. A(Qiny) is equivalent to the same-event photon pair distribution of the neutral
mesons and B(Qiny) is equivalent to the photon pair distributions obtained with the event-mixing method
(see chapter 6). To obtain the HBT correlation of direct photons, the invariant mass distribution of photon
pairs is divided by the distribution obtained by the event-mixing method, and this is done in intervals of

pair momentum Akt = pr pair/2.

Assuming a Gaussian source of the emitted photons, the HBT signal can be approximated by fitting C(Qiny)
with

f(Qinv) = 14+ Xexp (—R*Q%,) (10.2)

where ) is a free parameter of the fit, and R the size of the source [203]. Furthermore, the photons coming
from hadronic decays are effectively uncorrelated with each other and with the direct photons, as the decay
photons from for example the 7° meson come from a source with ¢r = 25 nm. This would create a signal
with a width on the order of Qi,, = 10 €V, and this is unresolvable by the detector. Then, X is proportional

to the excess of direct photons r, via

Ndir
)]
Ninc

(10.3)

A= 51”,%, and 7, =
where Ny and Nj,. equal the amount of direct and inclusive photons. As an example, for a direct photon
excess of 8%, r, = 0.08 defining A = 0.003. Typical source sizes are 4 — 8 fm. This means that for Qi,y = 0,
f(Qinv) = 1+ XA ~ 1.003. This gives a good estimate for the typical HBT-like signal for Qj,, ~ 0 in
Pb-PDb collisions [204].

As the HBT correlation is the strongest for small values of Q;,,, which increases with the photon energies
and the opening angle between the correlated particles, it is important to use a photon reconstruction
method which is able to resolve photons that are close in space, as well as having low energy thresholds. To

accommodate this, the photons are reconstructed using the PCM-PHOS reconstruction method, meaning
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that the converted photons that are reconstructed in the central barrel (ITS and TPC) are paired with the
photons reconstructed by the PHOS calorimeter. This has the advantage that the magnetic field curves the
path of the electrons of the converted photon, making it possible to pair photons with very small opening
angles, as well as avoiding correlations from detector effects such as shower overlaps. Furthermore, the
standard procedure of only selecting PHOS clusters that do not have a charged track pointing to the cluster

removes the correlations between the converted photon and its electron daughters.

All the reconstruction and selection criteria for the photons used in this analysis are exactly the same as
in the PCM-PHOS analysis of the neutral meson invariant yield (chapter 6), and their description will be
omitted in this section to avoid repetition. In addition, the implementation of the event-mixing method
is identical to the one used for the neutral meson invariant yield, i.e. using multiple FIFO buffers storing
the last 80 photons with the event characteristics listed in Table 6.1. The analysis uses the minimum bias
pp and central and semi-central Pb—Pb data recorded in 2017 and 2018, respectively. The datasets are listed
in Table 6.3 and Table 6.6.

10.3 Uncertainties

The analysis presented in this chapter will only include statistical uncertainties, as its magnitude is too large
to even determine whether an HBT effect is observed. This also hinders the calculation of the source size of
the QGP, for now making the calculation of systematic uncertainties obsolete. The statistical uncertainties
of the same-event and event-mixed pair distributions are equal to ogat = VN , where IV is the contents of the
interval in Qiny. This statistical uncertainty of C(Qiny) is calculated assuming uncorrelated uncertainties.
This is strictly speaking not true, as both A(Qiny) and B(Qiny) use the same data, and in particular, B(Qiny)
uses the same data multiple times. But as the statistical uncertainties of B(Qiny) are so small, it is safe to

neglect this.

10.4 Results

10.4.1 Photon correlations in pp collisions

As explained in the previous section, the correlation function C'(Qiny) is calculated by dividing the same-
event pair distributions by the uncorrelated pair distributions obtained with the event-mixed method. These
distributions as measured in pp collisions at /s = 5.02 TeV are shown in Fig. 10.1 for 250 < kr <
500 MeV /¢, for photons reconstructed in experimental data, Monte Carlo data on reconstructed photon
level, and Monte Carlo data on generator level. The difference between the Monte Carlo reconstructed and
generator level data is that it either includes or excludes the detector part of the simulation. First, in all

cases it shows that the uncorrelated background from the event-mixing method is correctly describing the
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FIGURE 10.1: Photon pair distributions as function of Qi,, (top) and the correlation function C(Qiny)
(bottom) for pairs with a relative momentum of 250 < kt < 500 MeV /¢, as measured with PCM-PHOS in
pp collisions at /s = 5.02 TeV.

same-event pair distributions at higher Qin,. The distributions of the Monte Carlo data on generator level
shows the 7° mass peak as a single bin peak in the same-event distribution, as the reconstructed width
is only due to detector effects. Most notably, as shown in the bottom row of Fig. 10.1, there is a strong
increase in C'(Qiny) for Qiny < 20 MeV /¢, which is even present on generator level. This indicates a strong
correlation or enhancement of same-event pairs with respect to the uncorrelated pairs, most probably due
to small angle radiation of additional photons. The more broad enhancement, or slope, that is present for
the entire range of @i,y and that increases with kr, is due to correlations of photons coming from the same
parton shower, and this was previously investigated in Chapter 7. Both these enhancements are not HBT

effects, and are also much larger in magnitude than what is expected from an HBT signal.
To unfold the detector effects from the data in a simple manner, one can calculate the corrected data by

C(Qinv ) MC,generated

C(Qinv)a a4 = C(Qinv)a :
( 1nv) ata,correcte ( 1nv) ataC(Qinv)MC,reconstructed

(10.4)

The correlation function C(Qiny) for data, corrected data, MC reconstructed data, and MC generator
level data is shown in Fig. 10.2 (left) and Fig. 10.3 (left), for 250 < kr < 500 MeV/c and 0.5 <
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kr < 1.1 GeV/c, respectively. Then, to further explore the differences between data and MC, the ratio
C(Qinv)data,corrected / C(Qinv )MC generated 15 calculated and is shown in Fig. 10.2 (right) and Fig. 10.3 (right),
for 250 < kr < 500 MeV/c and 0.5 < kp < 1.0 GeV /¢, respectively. The main conclusion is that the
amplitude of the correlations found in data are about ~ 10% stronger with respect to MC, and the strength
of the correlation increases with k1. To emphasize, the magnitude of the observed correlations are too large
to be an HBT-like effect, as A ~ 0.003, which is about 30 times smaller than what is seen here. A large
part of this effect is likely related to jet-like correlations as discussed in Chapter 7, which are also for this

particular measurement not perfectly described in the simulated data.
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FIGURE 10.2: Photon pair correlations C(Qiny) as function of Qi for experimental and simulated data (left),
and the ratio C(Qinv)data,corrected / C (Qinv ) MC,generated as function of Qiny (right), both for pairs with a relative
momentum of 250 < kt < 500 MeV /¢, as measured with PCM-PHOS in pp collisions at /s = 5.02 TeV.

10.4.2 Photon correlations in Pb—Pb collisions

The same direct photon HBT measurements as presented in the previous section for pp collisions have been
performed for central and semi-central Pb—Pb collisions. The results for the photon pair distributions as
function of Qiny and the correlation function C'(Qiny) for pairs with a relative momentum of 250 < kp <
500 MeV/c are shown in Fig. 10.4. The main difference is the amount of combinatorial background present
in the same-event pair distributions, which makes the 7" peak hard to distinguish from the rest. The
pair distributions obtained with the event-mixing method describes the same-event pair distributions much
better, both for experimental and simulated data. The ratio, shown in the bottom row plots, again shows
qualitatively the same features as the distribution obtained for pp collisions, although, the amplitude of the
correlation function C'(Qiny) is now much smaller. This is most likely due to the large particle multiplicities,

which reduce the importance of jet-related correlations in both signal and background.
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FIGURE 10.3: Photon pair correlations C(Qiny) as function of Qi for experimental and simulated data (left),
and the ratio C(Qinv)data,corrected / C (Qinv ) MC,generated as function of Qiny (right), both for pairs with a relative
momentum of 0.5 < kr < 1.0 GeV/c, as measured with PCM-PHOS in pp collisions at /s = 5.02 TeV.

In Fig. 10.5 the photon pair correlations C(Qiny) as function of Qi for experimental and simulated data
(left) and the ratio C(Qinv)data,corrected/ C(Qinv)MC generated @s function of Qiny (right), are shown for central
Pb—PDb collisions for pairs with a relative momentum of 250 < k1 < 500 MeV/c and 0.5 < kt < 1.0 GeV/c,
respectively. The same results are shown in Fig. 10.6 for semi-central Pb—Pb collisions. There is again a
strong enhancement of C(Qiny) < 20 MeV /¢, similar to the results in pp collisions, although also with a
diminished magnitude. Furthermore, the ratio plots (right) include as a black line the theoretical prediction
for a Gaussian source emitting direct photons with A = 0.003 and R = 6 fm, which would be a typical
direct photon HBT-like correlation from a QGP. The results are consistent with this particular choice of
parameter values, although the uncertainties are too large to exclude also other values and notably also a

null effect.

10.5 Discussion

The direct photon HBT effect is studied by calculating the correlation C(Qiny) as function of Qiny, where
photons candidates are paired to obtain the same-event and mixed-event pair distributions. The results
from pp collisions show a large increase in C(Qiny) for lower Qiny and higher kr, which is most likely
associated to correlated particle production from parton fragmentations. Furthermore, these correlations
are reproduced to a large extent by the MC simulations, and therefore provide information on dynamical

photon correlations at small relative momentum rather than an HBT-like effect.
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FIGURE 10.4: Photon pair distributions as function of Qi,, (top) and the correlation function C(Qiny)
(bottom) for pairs with a relative momentum of 250 < kt < 500 MeV /¢, as measured with PCM-PHOS in
central Pb—Pb collisions at /syny = 5.02 TeV.

In Pb—Pb collisions, the magnitude of the correlation function is much smaller, but still too large to originate
from an HBT-like effect. Most likely this signal is again dominated by the same effect as what has been
found in the results for pp collisions. However, after dividing out the correlations found in MC simulations,
which again are not HBT-like effects, there is a residual correlation that is consistent with the expected
signal from a QGP with a size of 6 fm and a direct photon excess r, = 0.08. The uncertainties, especially

from the MC simulation, are too large to reasonably constrain these parameters.

Interestingly, these results are qualitatively consistent with the earlier results found by WA98 experiment
[59], which subscribed the enhancement at very low Qiny possibly to distortions of the photon pairs due to
detector effects. It is probable that these effects also play a role for the measurements presented in this
chapter, but it seems most important to understand the correlations due to parton fragmentations which
are more broad in Qi,y. The observation of the jet-related correlation effects is interesting in itself and
can possibly shed light on the particle production mechanisms. An understanding of this will be needed to

extract a direct photon HBT signal.
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FIGURE 10.5: Photon pair correlations C'(Qiny) as function of Qi for experimental and simulated data

(left), and the ratio C(Qinv)data,corrected /C (Qinv)MC,generated s function of Qiny (right), both for pairs with

a relative momentum of 250 < kr < 500 MeV/c (top) and 0.5 < kt < 1.0 GeV/c (bottom), as measured
with PCM-PHOS in central Pb-Pb collisions at \/syny = 5.02 TeV.
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FiGUurE 10.6: Photon pair correlations

|nv

C(Qinv) as function of @i,y for experimental and simulated data

(left), and the ratio C(Qinv)data,corrected /C (Qinv)MC,generated s function of Qiny (right), both for pairs with
a relative momentum of 250 < kr < 500 MeV/c (top) and 0.5 < kt < 1.0 GeV/c (bottom), as measured
with PCM-PHOS in semi-central Pb—Pb collisions at /syx = 5.02 TeV.






Chapter 11

Photon yield modifications in pp and
Pb—Pb collisions

11.1 Introduction

The energy of the photons that are produced in pp and Pb—Pb collisions vary event by event and depend on
the physical processes that happen in the respective collision. For example, pp collisions that have a highly
energetic jet in the final state will produce on average more high energy photons compared to pp collisions
with predominantly soft processes. As a consequence, events that contain a high pt particle in the event
should have a different photon spectrum compared to events without a high—pr particle. This should
also be the case in Pb—Pb collisions, although there are the hot nuclear matter effects such as energy loss
(jet-quenching) and thermal production by the QGP, which will modify the behavior. In addition, if high
momentum particles produced in a Pb—Pb collisions are largely uncorrelated with the bulk, there should be
a smaller relative modification of the photon yield in Pb—Pb collisions compared to pp collisions. Also, it is
expected that more peripheral Pb—Pb collisions are more “pp-like”, as the average number of participants
at some point equal that of a single pp collision. To this extent it could be interesting to study photon yield
modifications due to the presence of a high momentum charged particle in both pp and Pb—Pb collisions.
It is to be noted that most of the inclusive photons are produced from hadronic decays, with the 7° playing

the dominant role, meaning that this analysis implicitly studies neutral mesons in addition.

This chapter presents the results on an exploratory study of photon production with and without the
presence of a high momentum charged particle, for both pp and Pb—Pb collisions at a center of mass energy
of 5.02 TeV. The comparison between the results obtained in both collision systems are able to show how
the presence of a high pr particle modifies the photon yield. The analysis method will be discussed first,

followed by the results and a discussion.
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11.2 Analysis method

The pp and Pb-Pb datasets that are used for the results presented in this chapter are recorded at /s =
5.02 TeV and /syn = 5.02 TeV, respectively, and are the same datasets as used for the neutral meson
analysis (chapter 6), with their details listed in Table 6.3 and Table 6.6. The pp dataset LHC15n has been
excluded for this exploratory study as LHC17p and LHC17q have a sufficient amount of events. The MC
productions LHC18j2 and LHC18I8a4 are used to calculate the predictions from PYTHIA and HIJING,

respectively. Events are only selected if they satisfy the event selection criteria listed in section 4.3.1.

The photons are reconstructed using the photon conversion method, which is explained in detail in section
5.2. The selection criteria for the converted photons are also the same as for the previous analyses, and
are listed in Table 5.3. The charged tracks are reconstructed as explained in section 4.3.3, and the events
containing one or multiple primary charged tracks with pp > 10 GeV/c are labeled as “with trigger”,
whereas events that do not contain any primary charged tracks above this threshold are labeled as “no
trigger”. The yield of photons (dN,/dpr) is measured as function of pt with 0.2 < pr, < 25 GeV/c, for

events with and without the trigger, and are normalized to the amount of events in the respective sample.

There are no corrections applied to the measured photon yields, using the assumption that acceptance,

efficiency, and purity corrections cancel in the ratio

< dN, /dpr, trigger ) (11.1)

dN,/dpr,no trigger

which is a rather safe assumption in the case where the trigger particle does not greatly influence the
overall multiplicity of the event. Even for the large multiplicity variations between central and semi-central
collisions the reconstruction efficiency of PCM changes by roughly 5 — 10%, which is far smaller than the
effects that are studied in this analysis. Furthermore, the uncertainties only include statistical uncertainties

since this is a purely exploratory study, with ogtat = /IV,.

11.3 Results

In Fig. 11.1 (left) the uncorrected photon yield as function of py is shown for pp collisions at /s =5 TeV
with and without trigger, i.e. with and without a charged particle with py > 10 GeV/c within the detector
acceptance. The experimental data is shown in blue and the simulated MC data in red. Even though
the distributions are uncorrected, they clearly indicate an increase of high—prt photons for events with
the trigger, as the spectrum is much harder compared to the spectrum without the trigger. In addition,
the experimental data shows a qualitatively similar behavior as the simulated MC data, indicating that
PYTHIA correctly reproduces the photon spectrum in the case where a high momentum charged particle

is either present or not. In Fig. 11.1 (right), the ratio between the triggered and non-triggered events are



Chapter 11 Photon yield modifications in pp and Pb—Pb collisions 165

shown for experimental and simulated MC data. The main observation is that for pp collisions, the ratio

changes by 3 orders of magnitude for photons with 0.2 < pt ., < 25 GeV/c.
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FIGURE 11.1: The uncorrected yield of photons as function of pr, as measured with PCM in pp collisions

at /s =5 TeV for events with and without a charged particle with pr > 10 GeV/c¢ within the detector

acceptance (left) and the ratio (right). The analysis is performed for experimental (blue) and simulated (red)
data.

The same analysis has been performed for Pb-Pb collisions at \/syy = 5.02 TeV, and the results are
shown in Fig. 11.2. It shows the uncorrected photon yield as function of pp with and without trigger
for central (top) and peripheral (bottom) Pb-Pb collisions. The experimental data is shown in green
and the simulated MC data in red. One of the observations is that, compared to the results obtained
in pp collisions, the photon yields with the trigger are modified much less and are closer to the photon
yields without trigger, especially for central Pb—Pb collisions. Also, the simulated MC data seems unable to
describe the centrality dependence of this observable. For experimental data the ratio changes by 1 order
of magnitude for central Pb—Pb collisions and by 2 orders of magnitude for peripheral Pb—Pb collisions,
which is clearly less modification compared to the results in pp collisions. There is still a hardening of the

spectrum, but below ~ 2 — 3 GeV/c there seems to be almost no modification.

For the next result, the ratio of the yield of photons with and without the trigger for central and semi-central
Pb—Pb collisions are divided by the same ratio measured in pp collisions. This double ratio is shown in Fig.
11.3, for experimental data in black and simulated MC in red. It indicates that high photon pr, relative
to low photon pr, is more strongly modified for central compared to peripheral Pb—Pb collisions when
taking the ratio to the result of pp collisions. Also, a stronger overall suppression is observed for the central
collisions. This is consistent with the interpretation that peripheral Pb—Pb collisions are more pp -like, and

that the photon production in central Pb—Pb collisions is much more dominated by production from the
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FIGURE 11.2: The uncorrected yield of photons as function of pr, as measured with PCM in central (top)
and peripheral (bottom) Pb—Pb collisions at \/syy =5 TeV for events with and without a charged particle
with pr > 10 GeV/c within the detector acceptance (left) and the ratio (right). The analysis is performed

for experimental (green) and simulated (red) data.

bulk. Although the simulated MC data qualitatively describes the data, there is an increasing difference for

higher photon pt which is driven by the Pb—Pb results.

Furthermore, it is interesting to test whether the ratios for central and peripheral Pb—Pb , as shown in

Fig. 11.3 (right), can be approximated by superimposing a combination of photon yields (dN,/dpr) as

measured in pp collisions. The superposition of photon yields is defined as
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FIGURE 11.3: The double ratio of the yield of photons with and without trigger, using central (left) and
peripheral (right) Pb-Pb collisions at /syny = 5.02 TeV, as well as pp collisions at /s = 5.02 TeV. The
results are calculated for experimental (black) and simulated (red) data using the photon conversion method.

N, _dNy Ay

= , (1 1 .2)
dpr modified dpr trigger dpr no trigger

where A is an integer that defines the number of superimposed photon yield spectra without the presence
of the trigger particle. It has been chosen to leave dN,/dpr, trigger unscaled, i.e. the ratio of the photon
yields in Pb—Pb collisions will be approximated using a single triggered spectrum summed with A spectra

without trigger. The modified ratio then reads

dN, /dpr, modified (11.3)
(A+1) x dN,/dpr, no trigger /| ' |

where dN,,/dpr, modified is defined in Eq. 11.2. The results for different choices of A are shown in Fig. 11.4,
for central (left) and peripheral (right) Pb—Pb collisions, using the modified ratio as defined in Eq. 11.3. It
turns out that to approximate the photon yield ratio as measured in central Pb—Pb collisions, A needs to
be higher than 100, as at higher pt the modified ratio gets too large compared to the ratio as measured
in Pb—Pb collisions, and A needs to be smaller than 400, as the modified ratio gets too small compared to
the ratio as measured in Pb—Pb collisions. For A ~ 250, the double ratio remains relatively flat with values

close to 1. For peripheral collisions the value of A ~ 40 achieves also a flat ratio, although the absolute

magnitude is larger.
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FIGURE 11.4: The double ratio of the yield of photons with and without trigger, using central (left) and
peripheral (right) Pb-Pb collisions at \/syny = 5.02 TeV, as well as pp collisions at /s = 5.02 TeV. The
results are calculated using the modified ratio in pp collisions as given in Eq. 11.3.
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11.4 Discussion

This chapter presented an exploratory study of the modification of the photon yields due to the presence of
a high momentum charged particle. A hardening of the spectrum in triggered events is expected due to the
fact that high momentum charged particles are associated with high momentum transfer processes between
the constituents of the collision, which on average also produce more high momentum photons. This effect
is clearly seen in Fig. 11.1. However, Fig. 11.2 shows that there is much less modification for the photon

yields in Pb—Pb collisions.

One way to interpret these results is to approximate a pp collision as a single emission source of particles,
while the a Pb—Pb collision produces a larger collection of such sources. This would imply that the presence
of a high momentum particle in a Pb—Pb collision only relates back to a single source, while all other
sources still produce particles according to the unmodified spectrum. Since peripheral Pb—Pb collisions have
fewer number of participants compared to central Pb—Pb collisions, its modification should be more like a
pp collision, which is confirmed in Fig. 11.2. Interestingly, while HIJING [162] simulates events by multiple
minijet production and includes a simple jet quenching mechanism, it shows much less modification than
the experimental data. This indicates that in data there is an increased correlation between the presence of
a high momentum charged particle and the yield of photons, and is not simply a collection of independent

particle production sources.

This interpretation is tested more in depth by superimposing multiple photon yields as defined in Eq. 11.2
and Eq. 11.3, with the full result given in Fig. 11.4. In the limit of A going to infinity, the shape of
the resulting photon yield will be that of the photon yield without trigger particle. Both for central and
peripheral Pb—Pb collisions the results show that for the higher values of A the double ratio increases
strongly with photon pr, indicating that the triggered source from the Pb—Pb collisions produce a much
harder spectrum. The other way around, when A is too small, the double ratio decreases strongly with

photon pr, now indicating that the modified photon spectrum is too hard.

It turns out that this is an interesting way to study the effects of a high—pr trigger on the photon yields,
and is able to give new interpretations of particle production mechanisms that connects small and large
collisions systems. It would be interesting to repeat these measurements for other identified particles, as

well as for p—Pb collisions. More work is needed to understand this in detail.
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Chapter 12

Summary

We want to know what it all means. What is the universe made of? What is space and time? How do
the fundamental forces work? What is the nature of reality? Driven by pure curiosity we are trying to
answer these questions, and thereby expanding the boundary of knowledge further and further. While we
are learning more about what makes the universe tick, there is one thing we know for sure. We didn’t
discover everything there is to discover, and there is still a vast amount of knowledge beyond the horizon.
What we do know is carefully formulated in theories that get tested by experimental observations, using

the process of the scientific method.

According to our current understanding, the universe around us is made of indivisible building blocks that
interact with each other via the fundamental forces, which is formulated in the Standard Model of particle
physics using an elegant mathematical framework. And even though we recently discovered the Higgs
boson, confirming a long-hypothesized piece of the puzzle, there are still many remaining areas of high-
energy particle physics that have their own puzzles that are known to be incomplete. One of these areas is

heavy-ion physics, which studies the intricate details of nuclear matter under extreme conditions.

Under normal conditions we find that quarks are always tightly bound together by gluons into colorless
objects that we call hadrons, such as the proton and neutron. However, there is a temperature at which
a phase transition occurs that transforms confined nuclear matter into a deconfined medium of strongly
coupled quarks and gluons. This state of matter is referred to as the quark gluon plasma (QGP) and is
also the type of matter that filled the universe just microseconds after the big bang. Even though we are
unable to probe this primordial matter directly, since as the universe expanded it cooled down and formed
the matter that we find around us today, we are able to create the QGP in the laboratory by colliding heavy

ions using large scale accelerator experiments.

In a simplified view, the QGP is formed by the overlapping nucleons of two colliding nuclei. In this region the
thermodynamic properties of the matter, such as temperature, pressure, and energy density, are sufficient

for the phase transition to occur. Then after its creation the QGP will expand, cool down, and reach the
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temperature at which the system hadronizes back into hadronic matter, all within about 10722 seconds. It
is via the aftermath of the heavy-ion collision that we infer information about this extraordinary state of

matter, i.e. by measuring properties of the particles that originate from this collision.

One of the most insightful methods to study the QGP is by measuring, as precise as possible, the proper-
ties of all the particles that are produced in the heavy-ion collisions. These measurements provides great
constraining power between various theoretical model calculations that can incorporate different particle
production mechanisms and underlying assumptions. Additional insights are obtained by making compar-
isons with similar measurements in proton proton (pp) and proton nucleus (pA) collisions. It was found that
the particles that are produced in processes with a high momentum transfer are affected by the presence of
the plasma in the form of energy loss by traversing the medium, as well as receiving additional momentum
due to its expansion. The plasma turns out to be so extremely hot that it is able to thermally produce
quarks and gluons, which result in additional final state particles. Also, two-particle correlations revealed
that the QGP is an almost perfect fluid, i.e. a fluid with an extremely low shear viscosity, and that it
can be described using relativistic hydrodynamics. While many properties of the QGP are more and more
understood, there are still many open questions that are also of interest to the wider field of high energy

particle physics.

This thesis presents results on neutral meson measurements to uncover details on light flavor particle pro-
duction mechanisms in pp, pA and AA collisions, as well as direct photon correlation measurements that
are sensitive to the space-time evolution of the QGP. Photons are unique due to the fact that their mean
free path in a QGP is much larger than the size of the QGP, such that thermal photons that are emitted
leave the medium unaffected. This means that, in contrast to other particles that continue to interact and
participate in the expansion, the thermal photons are providing valuable input about the early space-time
dynamics of the QGP, and are able to constrain its effective temperature. Experimentally it is very chal-
lenging to measure direct photons, as almost all photons are produced by the decay of neutral mesons.
This makes it important to study and measure neutral mesons as precise as possible, which in itself can
lead to insights into particle production mechanisms. Hence, direct photon measurements are promising in

providing answers to open questions.

The analyses that are presented in this work use experimental data collected by the ALICE detector, which
is one of the four large experiments at CERN which is optimized to handle the high particles multiplicities
produced by heavy-ion collisions, and is installed at the 2nd interaction point of the 27 km long Large Hadron
Collider. The detector consists of numerous subsystems that all work together to provide information about
the production point, energy, momentum, and identity of the charged and neutral particles produced in the
collisions. More specifically, in this thesis the central barrel is used to reconstruct photons converting in the
detector material, which enables photons measurements down to very low momentum, and the calorimeters

EMCal, DCal, and PHOS are used to reconstruct the photons with large efficiencies to higher momentum.

The invariant yield of the 7% and n meson is measured in both pp, p-Pb , and Pb-Pb collisions at /syn =
5.02 TeV, utilizing all the photon reconstruction methods and trigger capabilities the ALICE detector has to
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offer. For the results in pp collisions, it is the first time that an identified particle spectrum has been measured
using the full Run 2 dataset. Due to the large amount of statistics, the invariant yield of both mesons are also
measured more differentially, i.e. as function of event multiplicity, its event shape, as well as their production
inside jets. One of the main findings is that the in-jet n/7° is heavily suppressed compared to the same
ratio found in MB collisions. The p—Pb results present the neutral meson invariant yield in MB collisions,
as well as for the first time its dependence on the event multiplicity, which enables studying the multiplicity
dependent nuclear modification factor Qpa. It is found that the results for high event multiplicity has a
significant enhancement compared to the ()4 in MB and to low event multiplicity, which is consistent with a
multiplicity dependent Cronin peak. The Pb-Pb results present the invariant yield of the 7% and 7 meson for
the combined Run 2 dataset, achieving an unprecedented precision measurement for these mesons over a wide
range of transverse momentum. The n/7" ratio shows a significant enhancement for central Pb-Pb collisions,
which is attributed to the radial flow of the plasma. Furthermore, the nuclear modification factor Raa shows
a centrality dependent suppression, where central collisions are more suppressed than peripheral collisions,
in line with what is expected. These results are in addition a stepping stone towards the extraction of direct
photons, for which the decay of the 7 and 1 meson are the most dominant backgrounds. For all these
results in pp, p—Pb , and Pb—Pb collisions it is safe to say that the production of neutral mesons has never
before been studied under so many different event conditions, posing many constraints on theoretical model

calculations.

One of the observations from the neutral meson measurements is that the combinatorial background present
in the diphoton invariant mass distributions is not well reproduced by the event-mixing method alone, and
requires additional constraints on the background to remove also the correlated background. This thesis
presents a dedicated model study that shows that the correlations at lower Mj,, are not due to decay
kinematics, but rather by correlations present in the parton shower. While it is difficult to capture these
effects in data, a modified event-mixing method is proposed that mixes photons only for the case where
their originating parton points in a similar direction. These finding are important for both neutral meson

and direct photon HBT measurements.

Another model study dives into the correlations between the shape of an event and the probability to find
jet objects. In the current literature it is stated that pencil-like events are jet-like, and that sphere-like
events are dominated by soft particle production from the underlying event. The results presented in this
thesis show that this is indeed the case for eTe™ collisions, where the event-shape observable St can be used
to efficiently select di-jet and multi-jet topologies. For pp collisions it is found that this completely breaks
down, and selections on St are unable to significantly increase the number of jets found in the sample.
Rather, it is shown that the average number of multi-parton interactions for the 10% most spherical-like
events are almost 10 times higher than the 10% most pencil-like events. This insight could pave the way for

more detailed studies related to multi-parton interactions.

Furthermore, this thesis presents the first measurement of direct photon elliptic low at LHC energies at

VSNN = 2.76 TeV. It presents the results that are obtained using the photon conversion method, for which
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a novel way of correcting for inclusive photon impurities has been developed. After combining the inclusive
photon measurement of PCM and PHOS, of which the latter is obtained by a collaborator, the direct photon
flow is calculated by using a decay photon cocktail and the previously measured direct photon excess R, ,
using a Bayesian approach. It is found that the flow coefficient vo of direct photons is consistent with
the decay photon flow, as well as the results obtained at RHIC. The model calculations underestimate the
measured v, and struggle to simultaneously describe the yield and flow of direct photons also at LHC
energies. However, the experimental uncertainties are too large to claim that there is a puzzle at LHC
energies. A future measurement of this observable with higher precision is one of the most anticipated

measurements of the field.

In addition, this thesis presents the first measurement of photon-pair correlations in search of direct photon
HBT at the LHC, for both pp and central and peripheral Pb-Pb collisions at /syny = 5.02 TeV. The
results for pp collisions show a large increase in the correlation function C'(Qjipny) for lower Qi and increasing
relative pair momentum kr, which most likely is associated to correlated particle production from the parton
showers, which is not an HBT-like effect. This effect is also present in the result obtained for Pb—Pb results,
although smaller in magnitude due to the large particle multiplicities. After correcting for these effects, the
results in Pb—Pb collisions are consistent with an HBT-like signal that one might expect from a QGP, but

the uncertainties are still too large to make conclusions.

Last but not least, this thesis presents the results on an exploratory study of photon production with and
without the presence of a high momentum charged particle, for both pp and Pb—Pb collisions at a center of
mass energy of \/syy = 5.02 TeV. The comparison between the results obtained in both collision systems
shows how the presence of a high pt particle hardens the photon spectra, and indicate that low pr photon
production in Pb—Pb collisions is dominated by the bulk. Using the crude assumption that a Pb—Pb collision
is a superposition of pp-like production sources, it is found that central Pb—Pb collisions require about five

times as many sources than peripheral Pb—Pb collisions.

Altogether, the work presented in this thesis is a journey through the field of relativistic heavy-ion physics,
using the photon as the main experimental object. Nearly all the existing experimental observables and
probes have been utilized to learn more about all the different collision systems that the ALICE data has
to offer. Additional studies have been undertaken that attempt to give additional insights into hot and cold

nuclear matter effects.
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Outlook

Exciting times are ahead for the field of heavy-ion physics, and even though this statement is true nearly
at every point in time, as technology is driving the amount and precision of the data that is collected by
orders, it might now be more true than ever. As this is written, the ALICE detector is being upgraded to
be able to accommodate the higher interaction rates available in the Run 3 LHC running schedule [205],
which will increase the data taking rate by about a factor 50. In addition, the central barrel will be home
to a new ITS with great improvements to tracking precision and vertex reconstruction, and the TPC will
be improved by renewed readout. In light of the analyses presented in this thesis this will have, in my view,

a strong impact.

First, the measurements that already have proven to give insights in the physics that we study, will, when
repeated for the new datasets, give unprecedented constraints and discriminating power for theoretical model
calculations. This will advance heavy-ion physics, as well as delivering high precision QCD measurements
at lower particle energies, for which the ALICE detector is a highly capable device. One highly anticipated
analysis is the search for thermal direct photons in high multiplicity pp and p—Pb events, which could
indicate the formation of a QGP droplet in smaller systems. In addition, the data from Run 3 will be
capable of finding out whether there is a direct photon puzzle at the LHC, which, whatever the answer

might be, will give valuable insights in the space-time dynamics of the QGP.

Secondly, the increased statistics of the newly acquired datasets will enable us to study in great detail various
rare processes that are currently out of reach, and that have very promising prospects. An example of this
is the case where a back-to-back photon-jet object is created via a hard process in a heavy-ion collision, such
that the photon escaped unaffected and the jet is quenched by the plasma. This rare process will have the
unique feature that the absolute energy that is lost by the jet traversing the medium is known by measuring
the photon energy, and thereby unambiguously probe the plasma with a calibrated probe. A selection of

ideas for future measurements are discussed in the next chapter.
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As the ALICE Collaboration is also preparing for beyond Run 3 with a even more improved detector, it
would also be good to reflect and think about the calorimetric setup of a future detector. In my view, the
calorimetric setup of the ALICE detector has become too much of a patchwork that can be done better with
less resources, i.e. there should have been a single 27 calorimeter enclosing the nominal interaction point.
The current setup requires unnecessary hassle from the analysis point of view, as it is just more difficult to
combine photon candidates from multiple detector systems, each with their own area in 1 and ¢. I would
therefor advocate for a rebuilt or new calorimeter, with updated hardware and triggering capabilities, that
would be installed in one of the next long shutdowns where also again the rest of the ALICE detector is
getting major upgrades. The advantages are numerous, from being able to reconstruct full jets in a larger
acceptance, to greatly increasing the statistics for photon and jet related studies, all without the hassle of

dealing with limited acceptance in ¢.

Also, we as a field can, and in my view should, seek further connections with other fields. Omne of the
most interesting ones, which is already coming to fruition, is the connection between heavy-ion physics
and gravitational wave physics. Currently it is hypothesized that the QGP that is created only briefly in
heavy-ion collisions is also the state of matter at the core of a neutron star. So the equation of state that
is parametrized by measurements at the LHC constrain model calculations of the matter found deep inside
these extremely dense stars that are light years away. The gravitation wave detectors are now precise enough
to measure the gravitational waves emitted by neutron star mergers, and as such benefit greatly from the
input from the heavy-ion physics community. A strengthened collaboration between these two fields could

lead to large discoveries, that affects both our understanding of the very small and the very large.

I also firmly believe that we should keep reminding ourselves about the big picture. Think about if our short
and mid term goals are in line with the large questions we want to answer about the universe, which in many
cases resonate more broadly with society. Science is there to serve society, and it is becoming even more
important to have strong connections with the general public, as the acceptance of scientific knowledge
sometimes seems to erode. As scientists I believe we have the mandate of advancing the knowledge of

humankind, creating new technologies, and sharing our passion to try to answer what it all means.



Chapter 14

Ideas for future measurements

The purpose of this chapter is to collect my ideas for future measurements that are in my view high priority
to pursue and are at the same time related to the work presented in this thesis. Some of them could be
done on existing data, and others would require substantial detector upgrades or modifications to the LHC

running schedule, of which some are already in process. They are now discussed in no particular order.

Direct thermal photons in small systems

One of the most interesting findings of the last decade within the field of heavy-ion physics is that also the
smaller collision systems, i.e. pp or p—Pb collisions, are showing QGP-like behavior. While the potential
signatures of the QGP, such as long range correlations, anisotropic flow, and enhanced production of multi-
strange particles, were thought to be exclusive to the formation of the QGP, the measurements in smaller
systems indicated otherwise. Both in pp and p—Pb collisions there is significant elliptic flow as well as the
enhancement of strange particle production for high-multiplicity events. However, jet-quenching is so far
not observed in the smaller systems, which would be expected if there would be a QGP. Cutting to the
main point, it is the question whether there is a QGP droplet produced in small systems, or that these

observations have a different origin altogether.

This is where a precise measurement of a direct photons in high multiplicity pp and p—Pb collisions would
provide unique input. If there is such a thing as the formation of a QGP droplet in small collision systems,
it must radiate thermal photons proportionally to the temperature of the system, thereby creating an excess
of direct photons over photons coming from hadronic decays at lower transverse momentum (pr < 3 GeV/c.
The other way around, if the measurement is precise enough to rule out the existence of a significant direct

photon excess, the previous observations have to be explained without invoking QGP physics.

So far, the available ALICE datasets are insufficient to get a statistically significant measurement of the

direct photon excess R, in pp and p-Pb collisions at 5 TeV. The other limiting factor is the systematic
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uncertainty of the material budget of the ITS and TPC, which amount to about 5% uncertainty for the
measurement of converted photons. This uncertainty is of similar magnitude as the expected excess in
case of a small radiating QGP droplet. As such, it is highly likely that analysis on run 1 and run 2 will
give inconclusive results. Fortunately, ALICE is installing incredible detector upgrades for LHC run 3,
completely replacing the ITS with a new inner tracker and also improving the readout of the TPC. With
these upgrades, improved statistics, and understanding the reduced material budget of the inner detectors,
it will be possible to either confirm or debunk the existence of a small QGP droplet to be formed in small
systems, which is a high impact measurement for the field of heavy-ion physics, as well as particle physics

as a whole.

High precision fragmentation functions of identified particles

As has been presented in this thesis, the invariant yield of the 7° and 7 meson in pp collisions deviates from
the PYTHIA model prediction and the NLO calculations by 10 — 100%. It would be valuable to measure
the fragmentation functions of these particles with high precision, such that these model calculations are
improved, also in terms of their relative uncertainties, to a level where there is discriminating power between
the models and the data. This is even more the case for multi-differential measurements of the invariant

yield, such as multiplicity and event-shape dependence.

The fragmentation function is obtained by measuring the neutral mesons as function of 2 = pr meson/PTjet s
the momentum fraction of the meson compared to the total jet momentum in which it is reconstructed.
There are many similarities to the analysis presented in section 6.4.2, except that the z distribution needs
to be corrected for background. This can be done measuring the fragmentation function z in the main
signal peak of the meson, as well as in the sidebands near the respective neutral meson and calculating the

corrections using the relative counts in the main signal area and the sidebands.

Since this measurement requires reconstructed jets above a pp > 10 GeV/c, which occur in roughly 1% of
minimum bias events, it favors the dataset collected at 13 TeV above 5 TeV, as it has about double the
statistics in the minimum bias sample. In contrast to other possible measurements, this measurement has
less potential to provide a large impact on the field, but it would pave the way for many other measurements
to have discriminating power with model calculations. In a rather straightforward way, this analysis can
be extended to other identified particles, such as charged pions, kaons, protons, and even multi-strange

particles, where there are possible surprises waiting to be discovered.
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Direct photon flow revisited

Direct photons are unique in probing the QGP, as they are able to escape the medium unaffected due to
the fact that their mean free path is larger than the size of the system. This results in a sensitivity to
the early stage dynamics of the QGP, when it is extremely hot and most of the flow of the medium still
has to develop. As the abundance of direct photons is proportional to the temperature of the system, and
their anisotropy is driven by the particles that emit them, the combination of the yield and flow is able to
heavily constrain the space-time evolution of the system. These measurements performed at the Relativistic

Heavy-Ion Collider led to the direct photon puzzle which remains unsolved.

The puzzle, in short, is the inability of model calculations to describe both the yield and flow of direct
photons in heavy-ion collisions at the same time. When models rightly tune the parameters to describe
the yield, it significantly underestimates the flow. While increasing the initial temperature of the system,
the yield increases, but simultaneously also lowers their elliptic flow as the majority gets emitted at earlier

times when the anisotropy of the system is still small.

Chapter 9 presented the first published direct photon elliptic flow measurement in Pb—Pb collisions at LHC
energies, showing a significant v for two collision centralities using the previously measured 12, in the same
dataset. This vy is consistent with the flow of charged particles that hadronize at the end of the evolution

of the QGP, but the uncertainties are too large to claim a puzzle at LHC energies.

It would therefore be interesting and also straightforward to repeat both the direct photon yield and flow
measurements using the ALICE Pb-Pb data collected at \/syny = 5 TeV. More specifically, in these datasets
there are triggers used to enhance the statistics for collision centralities 0 — 10% and 30 — 50%, resulting in
about 10 times more statistics compared to the dataset collected at /syny = 2.76 TeV. This measurement
would significantly improve the precision of the direct photon excess (R, ), which in turn also increases the
precision of the direct photon flow measurement as it is highly sensitive to the uncertainty on R, . There
is a high probability that this measurement can show that the puzzle either does or does not exist at LHC

energies, providing important information on the understanding of the QGP physics.

Thinking further ahead, the new I'TS that is installed for run 3 together with the large increase in integrated
luminosity of the run 3 datasets would dramatically improve both the statistical and systematic uncertainty
of the measured R, and v,. This can potentially extent the v, measurement to also include n = 3 and

n = 4, which are important constraints for the hydrodynamic phase of the QGP.
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Photon-jet measurements, the golden probe of the QGP

The main goal of studying heavy-ion collisions is the characterization of the Quark Gluon Plasma that
is created in these collisions. Important properties such as the transport coefficients of this QGP can be
inferred by studying the energy that is lost by highly energetic particles traversing the medium. More
specifically, experimentally it is possible to measure the energy imbalance of di-jets that are produced from
the initial hard scatterings, and show that the sub-leading jet loses significantly more energy than the leading
jet. This is explained by the fact that the parton energy loss is proportional to the distance traveled in the
medium and thus depends on the di-jet production point inside the medium. This means that with this
approach, even if it was one of the first smoking-gun signatures of the QGP, the energy lost by the leading

jet is still unknown.

However, the fact that photons have no further interactions with the medium once they are produced and
escape unaffected, there is an approach that does not obscure the energy loss of a single parton. This is by
measuring v—jet production in heavy-ion collisions, and using the energy of the photon as the initial parton
energy. Simply put, the energy loss AE = E, — Fj., exploiting the conservation of energy and momentum.
This measurement can be done dependent on collision centrality and more importantly intervals of photon
energy. Obtaining the AFE distributions for photons in the range of 1 < £, < 100 would give strong
constraints on the energy loss of the parton traversing the medium, especially when comparing to the same
observable obtained in pp collisions. Here, ALICE has an advantage because of the low pr reconstruction
capabilities of the detector, in contrast to for example the ATLAS detector, with which a y—jet measurement
as function of =7, = pr jet/Pr<~y Was performed in the range of 63.1 < pr, < 200 GeV [ref 1809.07280].
The ATLAS measurement shows that for central Pb-Pb collisions the x ;, distribution shifts to lower values
compared to peripheral Pb—Pb collisions as well as pp collisions, clearly indicating parton energy loss which

also puts strong constraints on model calculations.

In addition to providing the same measurement down to lower photon energies, it is possible to tag the
events that contain an heavily quenched y—jet, i.e. with large AE or small x ., and within this sample,
measure the direct photon excess within the cone of the jet. The idea behind this is that the electromagnetic
interactions of charged constituents within the plasma are largely unknown, and there are several ideas that
talk about a wake being generated by a highly energetic probe penetrating the plasma. Furthermore, this
would also be a first direct measurement of the direct photons produced from jet-fragmentation in heavy-ion
collisions, and can likewise be performed in pp collisions. In this analysis, it would be necessary to simulate
the contribution from decay photons, similar to the cocktail simulations used in this thesis. It would be
worthwhile to investigate whether the existing ALICE 2018 Pb—Pb datasets would already be sufficient for

a first measurement.
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Multi-dimensional event properties

Measuring high energy particle collisions mostly involves calculating a single observable at a time, as function
of some other quantity such as particle momentum and for a certain selection of events. Plenty of examples
are presented in this thesis, such as the invariant yield of neutral mesons in pp collisions as function of meson
pr for different event multiplicity classes, for different event shapes, and in-jet production. However, using
this example, it was previously never verified if pencil-like events correlate with the presence of jets, and
was just assumed from earlier studies performed in e*e™ collisions, as presented in Chapter 8. In this case
it turns out that it is invalid to label low sphericity events as jet-like events, showing that measurements can
be very capable of making model comparisons, but at the same time can be misleading and lead to wrong
conclusions due to previously made assumptions and not using all the available information. This is where

a multi-dimensional analysis of event properties comes in.

Here it is proposed to simultaneously study a large number of event properties and information, such as
charged and neutral particle multiplicities, the number and energy of the jets contained in the event including
their orientation, momentum of the leading and sub-leading particles, mean pt of the reconstructed particles,
shape of the event as calculated using the sphericity observable, flow coefficients, and so on. It is important
to preserves the information to which event these properties belong, such that correlations between them
can be accessed. In simulated data even more event properties can be stored which can be model specific
such as the number of multi-parton interactions in PYTHIA. With N properties there are already N (/N —1)
two-dimensional correlations to be calculated, increasing rapidly for higher dimensional correlations. Here,
the main idea is to perform a wide search for large discrepancies between event property correlations in
experimental and simulated data, as well as understanding the correlations that are already simulated

qualitatively.

It is only possible to speculate what this analysis is able to find, but could possibly find a multi-dimensional
selection of event properties for which there are no equivalent events in simulated data, or the other way
around. Technically it would be interesting to investigate using the pattern recognition tools of machine
learning for quick and powerful classification of the multi-dimensional variables. Using this analysis scheme,
it would be extremely easy to expose the shortcomings of state-of-the-art model calculations. The ob-
servations could potentially lead to large discoveries and increased understanding of particle production

mechanisms in both small and large systems.






Appendix A

Additional neutral meson plots

A.1 Invariant mass distributions of the neutral mesons in pp collisions

This appendix lists the invariant mass distributions of all neutral meson reconstruction methods in pp collisions

at /s = 5.02 TeV, as presented in chapter 6.
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FIGURE A.1: Invariant mass distribution of photon pairs around the nominal value of the 7° mass before(top)

and after(bottom) subtraction of the combinatorial background, as measured with the ALICE detector in pp

collisions at a center-of-mass energy of /s = 5.02 TeV. The meson candidates are reconstructed using PCM,
covering 0.3 < pt < 10.0 GeV/c.
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FIGURE A.2: Invariant mass distribution of photon pairs around the nominal value of the 7 mass before(top)
and after(bottom) subtraction of the combinatorial background, as measured with the ALICE detector in pp
collisions at a center-of-mass energy of /s = 5.02 TeV. The meson candidates are reconstructed using PCM,
covering 0.4 < pt < 10.0 GeV/c.
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FIGURE A.3: Invariant mass distribution of photon pairs around the nominal value of the 7° mass before(top)

and after(bottom) subtraction of the combinatorial background, as measured with the ALICE detector in pp

collisions at a center-of-mass energy of /s = 5.02 TeV. The meson candidates are reconstructed using EMC,
covering 1.4 < pt < 18.0 GeV/c.
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FIGURE A.4: Invariant mass distribution of photon pairs around the nominal value of the 7 mass before(top)

and after(bottom) subtraction of the combinatorial background, as measured with the ALICE detector in pp

collisions at a center-of-mass energy of \/s = 5.02 TeV. The meson candidates are reconstructed using EMC,
covering 2.0 < pt < 20.0 GeV/c.
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FIGURE A.5: Invariant mass distribution of photon pairs around the nominal value of the 7° mass before(top)

and after(bottom) subtraction of the combinatorial background, as measured with the ALICE detector in

pp collisions at a center-of-mass energy of /s = 5.02 TeV. The meson candidates are reconstructed using
PHOS, covering 0.6 < pr < 16.0 GeV/c.
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FIGURE A.6: Invariant mass distribution of photon pairs around the nominal value of the 7 mass before(top)
and after(bottom) subtraction of the combinatorial background, as measured with the ALICE detector in
pp collisions at a center-of-mass energy of /s = 5.02 TeV. The meson candidates are reconstructed using

PHOS, covering 2.8 < pr < 8.0 GeV/c.
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FIGURE A.7: Invariant mass distribution of photon pairs around the nominal value of the 7° mass before(top)

and after(bottom) subtraction of the combinatorial background, as measured with the ALICE detector in

pp collisions at a center-of-mass energy of /s = 5.02 TeV. The meson candidates are reconstructed using
PCM-PHOS, covering 0.4 < pr < 9.0 GeV/c.
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FIGURE A.8: Invariant mass distribution of photon pairs around the nominal value of the 7 mass before(top)
and after(bottom) subtraction of the combinatorial background, as measured with the ALICE detector in
pp collisions at a center-of-mass energy of /s = 5.02 TeV. The meson candidates are reconstructed using

PCM-PHOS, covering 1.2 < pr < 4.5 GeV/c.
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A.2 Neutral meson raw yield correction in Pb—Pb collisions
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FIGURE A.9: The acceptance times efficiency for the 7° (left), and the 7 meson (right), as measured for the
10 — 30% (top) and 30 — 50% (bottom) VOM multiplicity classes in Pb—Pb collisions at /syy = 5.02 TeV.
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A.3 Systematic uncertainties of the neutral meson invariant yield

This appendix lists the systematic uncertainties of all neutral meson reconstruction methods in pp collisions
at /s = 5.02 TeV, for the EMCal reconstruction method in p—Pb collisions at /syy = 5.02 TeV, and
again for all neutral meson reconstruction methods in Pb—Pb collisions at \/syny = 5.02 TeV, as presented

in chapter 6.
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FIGURE A.10: The systematic uncertainties of the 7° (top) and n (middle) invariant yield, as well as the
n/pi® ratio (bottom), as measured with EMCal in pp collisions at /s = 5.02 TeV.
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FIGURE A.11: The systematic uncertainties of the 7° (top) and n (middle) invariant yield, as well as the
n/pi® ratio (bottom), as measured with PHOS in pp collisions at /s = 5.02 TeV.
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n/pi® ratio (bottom), as measured with PCM in pp collisions at /s = 5.02 TeV.
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FIGURE A.13: The systematic uncertainties of the 7° (top) and n (middle) invariant yield, as well as the
n/pi® ratio (bottom), as measured with PCM-EMC in pp collisions at /s = 5.02 TeV.
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FIGURE A.14: The systematic uncertainties of the 7° (top) and n (middle) invariant yield, as well as the
n/pi® ratio (bottom), as measured with PCM-PHOS in pp collisions at y/s = 5.02 TeV.
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FIGURE A.15: The systematic uncertainties of the 7° (top) and n (middle) invariant yield, as well as the
n/pi® ratio (bottom), as measured with EMCal in p-Pb collisions at /syn = 5.02 TeV.
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FIGURE A.16: The systematic uncertainties of the 7° (top) and n (middle) invariant yield, as well as the
n/pi® ratio (bottom), as measured with EMCal in semi-central Pb-Pb collisions at /s = 5.02 TeV.
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FIGURE A.17: The systematic uncertainties of the 7°

(top) and 1 (middle) invariant yield, as well as the

n/pi® ratio (bottom), as measured with PHOS in semi-central Pb-Pb collisions at /s = 5.02 TeV.
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FIGURE A.18: The systematic uncertainties of the 7° (top) and n (middle) invariant yield, as well as the
n/pi® ratio (bottom), as measured with PCM in semi-central Pb-Pb collisions at /s = 5.02 TeV.
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FIGURE A.19: The systematic uncertainties of the 7° (top) and n (middle) invariant yield, as well as the
n/pi® ratio (bottom), as measured with PCM-EMC in semi-central Pb-Pb collisions at /s = 5.02 TeV.
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FIGURE A.20: The systematic uncertainties of the 7° (top) and n (middle) invariant yield, as well as the
n/pi® ratio (bottom), as measured with PCM-PHOS in Pb-Pb collisions at /s = 5.02 TeV.
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Samenvatting in het nederlands

We willen weten wat het allemaal betekent. Waaruit bestaat het universum? Wat is ruimte en tijd?
Hoe werken de fundamentele krachten? Gedreven door pure nieuwsgierigheid proberen wij deze vragen te
beantwoorden, waardoor de grens van kennis beetje bij beetje uitgebreid wordt. Terwijl we meer leren over
hoe het universum in elkaar steekt, is er een ding dat we zeker weten. We hebben niet alles ontdekt wat
we kunnen ontdekken, en er is nog steeds een grote hoeveelheid kennis dat ons te wachten staat. Wat we
wel weten is nauwkeurig geformuleerd in theorieén die getest worden door experimentele observaties, met

de wetenschappelijke methode als basis.

Voor zover wij het weten is het universum om ons heen opgebouwd uit ondeelbare bouwstenen die via
de fundamentele krachten met elkaar interacteren, welke geformuleerd is in het standaardmodel van de
deeltjesfysica door middel van een elegant wiskundig raamwerk. En ook al hebben we reeds het Higgs
deeltje gevonden, wat al lang een voorspelling was van de theorie, zijn er nog veel overgebleven gebieden
binnen de hoge-energie fysica die hun eigen puzzels hebben waarvan we weten dat ze incompleet zijn. Een
van deze gebieden is zware-ionen fysica, dat de gecompliceerde details van nucleaire materie onder extreme

condities bestudeerd.

Onder normale omstandigheden worden quarks altijd sterk met elkaar verbonden door gluonen in wat we
kleurloze objecten of hadronen noemen, zoals het proton of neutron. Echter, er is een temperatuur waarbij
er een fasetransitie optreedt die de bouwstenen van nucleaire materie bevrijdt zodat er een ongebonden
medium van sterk gekoppelde quarks en gluonen ontstaat. Deze toestand van materie wordt het quark
gluon plasma (QGP) genoemd en was ook de toestand van de materie dat het universum vulde net na de
oerknal. En ook al kunnen we deze oersoep niet direct waarnemen, omdat het universum na de oerknal is
uitgedeid en afgekoelt, waardoor er de materie gevormd is die we om ons heen zien, kunnen we toch een

QGP maken in het laboratorium door zware ionen te laten botsen in grote deeltjesversneller experimenten.

In een versimpeld beeld wordt het QGP gevormd door de overlappende nucleonen van de twee botsende
kernen. In deze regio zijn de thermodynamische grootheden, zoals temperatuur, druk, en energiedichtheid,
voldoende om een faseovergang te veroorzaken. Nadat het QGP gemaakt is expandeert het, koelt het af,
en bereikt het een temperatuur waarbij het systeem weer overschakelt naar hadronische materie, allemaal

binnen 1022

s. Het is door de nasleep van deze zware-ionen botsing, dus door het meten van de eigen-
schappen van alle deeltjes die in de botsing geproduceerd worden, dat we informatie kunnen afleiden over

deze uitzonderlijke toestand van materie.

FEen van de meest inzichtgevende methodes om het QGP te bestuderen is door zo precies mogelijk de
eigenschappen te meten van de deeltjes die geproduceerd worden in de zware-ionen botsingen. Deze metingen
geven een goed onderscheidingsvermogen tussen verschillende theoretische model berekeningen, die ieder
andere deeltjes productie mechanismes en onderliggen aannames bevatten. Bijkomende inzichten kunnen

verkregen worden door het vergelijk met pp en pA botsingen te maken. Zo was het ontdekt dat de deeltjes
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die in harde processen geproduceerd beinvloed kunnen worden door de aanwezigheid van het plasma, dat
zich dan uit in de vorm van energieverlies als het het plasma doorkruist, als mede dat het impuls kan
toenemen door de expansie van het medium. Het is gebleken dat het plasma zo extreem heet is dat het
thermisch quarks en gluonen kan produceren, wat resulteert in additionele deeltjes. Ook hebben de twee-
deeltjes correlaties laten zien dat het QGP een bijna perfecte vloeistof is, dus een vloeistof met een extreem
lage viscositeit, dat zich laat beschrijven door relativistische hydrodynamica. Terwijl er veel eigenschappen
van het QGP meer en meer begrepen worden, zijn er nog steeds veel open vraagstukken die ook van belang

zijn voor het bredere onderzoeksveld van de hoge-energie fysica.

Deze thesis presenteert de resultaten van neutrale mesonen metingen in pp, pA, en AA botsingen die details
van deeltjes productie blootleggen, als mede de resultaten van directe foton correlatie metingen die gevoelig
zijn voor de ruimte-tijd evolutie van het QGP. Fotonen zijn uniek omdat ze een gemiddelde vrije weglengte
in het QGP hebben die veel groter is dan de grootte van het systeem, zodat de thermisch geproduceerde
fotonen onaangetast het systeem verlaten. Dit betekent, in contrast met dat andere deeltjes continu met het
systeem interacteren en deelnemen in de expansie, dat thermische fotonen waardevolle input geven over de
vroege-tijds dynamica van het QGP, en kunnen de effectieve temperatuur afbakenen. Experimenteel is het
zeer uitdagend om directe fotonen te meten, omdat bijna alle fotonen geproduceerd worden in het verval van
neutrale mesonen. Dit maakt het belangrijk om neutrale mesonen zo nauwkeurig mogelijk te bestuderen
en te meten, wat in zichzelf kan leiden tot inzichten in deeltjes productie mechanismen voor alle botsing

systemen evenals het afbakenen van model calculaties.

De analyses die gepresenteerd worden in dit werk gebruiken experimentele data die met de ALICE detector
verzameld zijn, wat een van de vier grote detector experimenten is op CERN dat geoptimaliseerd is om hoge
deeltjes multipliciteiten te hanteren dat geproduceerd wordt in zware-ionen botsingen, en is geinstalleerd
in het tweede interactiepunt van de 27 km lange Large Hadron Collider (LHC). De detector bestaat uit
vele subsystemen die allemaal samenwerken om informatie te verzamelen over het productiepunt, energie,
impuls, en identiteit van de geladen en neutrale deeltjes die geproduceerd worden in de botsingen. Voor
deze thesis wordt het centrale gedeelte van de detector gebruikt om fotonen te reconstrueren die converteren
in de detector materiaal, wat zorgt voor foton metingen tot zeer lage impuls, evenals dat de EMCal, DCal,

en PHOS calorimeters gebruikt worden om fotonen te meten met hoge efficiéntie en hoge impulsen.

De invariante productie van 7°

en 7 mesonen is gemeten in pp, p—Pb , en Pb—Pb botsingen bij /syy =
5.02 TeV, waarbij alle foton reconstructie methodes en trigger mogelijkheden van de ALICE detector ge-
bruikt worden. Voor de resultaten van pp botsingen is het de eerste keer dat een geidentificeerde deeltjes
spectrum is gemeten voor de volledige Run 2 dataset. Door de grote hoeveelheid statistieck wordt de in-
variantie productie van beide mesonen meer differentieel gemeten, zoals als functie van event multipliciteit,
vorm van het event, en de productie in jets. Een van de hoofdzakelijke bevindingen is dat de in-jet 7/m"
ratio zwaar gedempt is ten opzichte van dezelfde ratio in MB botsingen. De p—Pb resultaten presenteren
de neutrale mesonen productie in MB botsingen, als ook voor het eerste de afhankelijkheid naar event

multipliciteit, waardoor multipliciteit afhankelijke nucleaire modificatiefactor Qp,a bestudeerd kan worden.



Hier is het gevonden dat de Qpa voor hoge multipliciteiten botsingen significant groter is vergeleken met
de resultaten in lage multipliciteiten inclusieve botsingen, wat consistent is met een multipliciteit afhanke-

lijke Cronin piek. De Pb-Pb resultaten presenteren een invariante productie van m°

en 7 mesonen voor de
gecombineerde Run 2 dataset, wat een ongeévenaarde precisie meting oplevert voor deze mesonen over een
groot interval van transverse impuls. De n/7 ratio is significant hoger voor centrale Pb-Pb botsingen, wat
toegekend wordt aan de radiale flow van het plasma. De nucleaire modificatiefactor Raa laat een centraliteit
afhankelijke demping zien, waar centrale botsingen meer gedempt zijn dan perifere botsingen, wat in lijn is
met de verwachting. Deze resultaten zijn een stap richting de meting van directe fotonen, voor welke het

verval van ¥

en 717 mesonen de meest voornamelijke achtergrond is. Voor al deze resultaten in pp, p—Pb ,
en Pb—Pb botsingen is het goed om te benadrukken dat de productie van neutrale mesonen nog niet eerder

voor zoveel verschillende event condities bestudeerd is, wat de theoretische modellen goed kan afbakenen.

Een van de observaties van de neutrale mesonen metingen is dat de combinatorische achtergrond van de
foton paar distributies niet goed gereproduceerd wordt door enkel de event-mixing methode, waardoor er
additionele stappen nodig zijn om ook de gecorreleerde achtergrond te verwijderen. Deze thesis presenteert
een model studie dat laat zien dat de correlaties voor lagere Mi,, niet door verval kinematica komt, maar
door correlaties in de parton regen. Een gemodificeerde event-mixing methode wordt voorgesteld waarbij
fotonen enkel gecombineerd worden als de oorspronkelijke partonen bij elkaar in de buurt zitten. Deze

bevindingen zijn belangrijk voor beide de neutrale mesonen en directe foton HBT metingen.

Fen andere model studie duikt in de correlaties tussen de vorm van het event en de waarschijnlijkheid
om een jet te vinden. In de huidige literatuur wordt vaak de connectie gelegd dat potlood-achtige events
jets bevatten, en dat bolvormige-events gedomineerd worden door zachte deeltjes productie door het on-
derliggende event. De resultaten laten zien dat dit inderdaad het geval is voor ete™ botsingen, waar de
event-vorm observabele St gebruikt kan worden om efficiént een bepaalde jet topologie te selecteren. Voor
pp botsingen klopt dit niet, en selecties op St zorgen onder geen enkele omstandigheid voor een significante
verandering in de samenstelling van de hoeveelheid jets in het sample. Echter, de resultaten laten zien dat
de gemiddelde hoeveelheid parton parton interacties voor de 10% meest bolvormige events bijna 10 keer
hoger zijn ten opzichte van de 10% meest potlood-achtige events. Dit inzicht kan een nieuw pad inslaan

voor het gedetailleerd bestuderen van parton parton interacties.

Tevens presenteert deze thesis de eerste meting van directe foton elliptische flow bij LHC energieén van
VSNN = 2.76 TeV. Voor dit werk worden de fotonen gemeten via de foton conversie methode (PCM),
waarvoor een nieuwe methode ontwikkeld is voor het corrigeren van foton onzuiverheden. Na het combineren
van de inclusieve foton metingen van PCM en PHOS, van welke de laatste is gedaan door een collega, wordt
de directe foton flow berekent door het gebruik van een foton cocktail en de eerder gemeten R, . Het is
vernomen dat de flow coefficient vo consistent is met de vervalsfoton flow, evenals de resultaten verkregen
bij RHIC. De model calculaties onderschatten de gemeten vs, en het blijkt lastig om beide de productie en

flow van de directe fotonen te beschrijven. De experimentele onzekerheden zijn te groot om een direct foton



puzzel te claimen bij LHC energieén. Een toekomstige meting van deze observabele met hogere precisie is

een van de meest geanticipeerde metingen van het onderzoeksveld.

Ook presenteert deze thesis de eerste meting van directe foton HBT bij de LHC, voor beide pp en Pb—
Pb botsingen van /sy n = 5.02 TeV. De resultaten voor pp botsingen laten een grote toename in de correlatie
functie C(Qiny) zien voor lagere Qiny en hogere relatieve paar impuls kp, wat waarschijnlijk geassocieerd
is met de gecorreleerde deeltjes productie in parton regens, wat geen HBT-achtig effect is. Dit effect is
ook te zien in de resultaten in Pb—Pb botsingen, enkel is het kleiner door de hoge event multipliciteit. Na
het corrigeren voor dit effect zijn de resultaten in Pb—Pb botsingen consistent met een HBT-achtig signaal
dat we zouden verwachten van een QGP, alleen zijn de onzekerheden nog te groot om conclusies aan te

verbinden.

Tenslotte wordt er een verkennende studie gepresenteerd over foton productie met en zonder de aanwezigheid
van een geladen deeltje met hoog impuls, in beide pp en Pb—Pb botsingen met een botsingsenergie van
Vsny = 5.02 TeV. Het vergelijk tussen de resultaten die verkregen zijn in deze systemen laten zien hoe
de aanwezigheid van een dergelijk deeltje het spectrum verhard, met een indicatie dat lage impuls fotonen
productie in Pb—Pb botsingen gedomineerd is door de bulk. Als we de brede aanname maken dat een Pb—
Pb botsing een superpositie is van pp-achtige productie bronnen, vinden we dat centrale Pb—Pb botsingen

ongeveer vijf keer meer bronnen nodig hebben vergeleken met perifere Pb—Pb botsingen.

In samenvatting is dit werk een reis door het veld van zware-ionen fysica, waarbij het foton het centrale
experimentele object is. Bijna alle bestaande experimentele observabelen zijn gebruikt om meer te leren over
de verschillende botsing systemen die beschikbaar zijn in de ALICE data. Meerdere studies zijn ondernomen

die inzichten geven in hete en koude nucleaire materie effecten.
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