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Abstract

The Standard Model of Particle Physics (SM) is able to describe almost all measurements in
particle physics with extraordinary precision. However, few phenomena within the greater scope
of particle physics lack an explanation by the SM. Although there have been many searches for
all kinds of new particles at the Large Hadron Collider (LHC), to the surprise of many physicists,
no beyond Standard Model particle has been discovered to date. Most measurements focus
on the search for heavy, centrally produced particles from interactions of two protons. As new
particles do not have to be heavy but could be very light, these experiments cover only a fraction
of the yet unexplored parameter space. In this thesis, two different approaches are presented
to search for a group of light particles summarized under the term Axion-Like-Particles (ALPs).

The first approach utilizes the LHC as a photon collider to probe for the resonant production
of an Axion-Like-Particle (ALP) in photon-photon scattering within the ATLAS detector. This
measurement not only results in the first direct observation of the light-by-light scattering
process, but also to the most stringent limits on the ALP to photon coupling in a mass range of
m,=6-100GeV.

The second search is based on a new experiment at the LHC called the FASER experiment. The
experiment was installed in March 2021. Data taking will start once the LHC resumes operations
in 2022. In this thesis, the contributions to the design and commissioning of the FASER detector
are presented. This includes the development of a dedicated calibration system for the calor-
imeter and commissioning of various sub-systems. In addition, a possible design for a future
detector upgrade is evaluated. Its realization will improve the sensitivity for ALP to di-photon
decay signatures.

Kurzzusammenfassung

Das Standardmodell der Teilchenphysik (SM) kann nahezu alle Messungen in der Teilchenphysik
exakt berechnen und vorhersagen. Es gibt allerdings noch immer Beobachtungen, die sich nicht
mit dem Modell beschreiben lassen und darauf hindeuten, dass das SM noch nicht vollstandig
ist. Zur Uberraschung vieler Physiker konnten auch nach groken Bemihungen und der Unter-
suchung verschiedenster Modelle am Large Hadron Collider (LHC) bisher keine lber das SM
hinausgehenden Teilchen nachgewiesen werden. Die meisten Messungen konzentrieren sich
dabei jedoch auf die Suche nach schweren, zentral produzierten Teilchen, die bei der Wechsel-
wirkungen von zwei Protonen entstehen. In dieser Arbeit werden zwei verschiedene Ansatze fur
die Suche nach leichten Teilchen vorgestellt, die unter dem Begriff Axion-Like-Particles (ALPs)
zusammengefasst werden.

Der erste Ansatz nutzt dazu den LHC als Photonenbeschleuniger und sucht nach der resonanten
Produktion eines Axion-Like-Particle (ALP) in der Photon-Photon-Streuung mit Hilfe des ATLAS-
Experiments. Diese Messung fuhrt nicht nur zur ersten direkten Beobachtung der Streuung
von Licht an Licht, sondern auch zu den strengsten Grenzwerten fur die Kopplung von ALP mit
Photonen in einem Massenbereich von m, =6 - 100 GeV.

Die zweite Suche basiert auf einem neuen Experiment am LHC, dem FASER-Experiment. Das
Experiment wurde im Marz 2021 installiert, allerdings beginnt die Datennahme erst, wenn der
LHC im Jahr 2022 den Betrieb wieder aufnimmt. In dieser Arbeit werden die Beitrage zum Design
und zur Inbetriebnahme des FASER-Detektors vorgestellt. Dazu gehoren die Entwicklung eines
speziellen Kalibrierungssystems fur das Kalorimeter und die Inbetriebnahme verschiedener
Subsysteme. Daruber hinaus wird ein Design fur ein zukunftiges Detektor-Upgrade vorgestellt,
welches die Messempfindlichkeit fur Zerfalle von ALP in zwei Photonen verbessert.
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1.1 Introduction

To date the Standard Model of Particle Physics (SM) is the best theory available describing
fundamental particles and their interactions. However, from various observations it becomes
obvious that the SM in its current formulation is not complete. This motivates a range of ex-
tensions which aim to build upon the SM. Most of those extensions are based on the existence
of one or multiple new particles, of which have not yet been observed. This thesis focusses on
a set of models, which all postulate a particle with similar properties which are summarized
under the term Axion-Like-Particles (ALPs). All of these models share the fact that the ALP is a
scalar or pseudo-scalar Boson with relatively low mass and couples to two photons.

The search for ALPs is conducted using the A Toroidal LHC ApparatuS (ATLAS) detector at the
Large Hadron Collider (LHC) in photon-photon scattering events. The initial state photons stem
from the strong magnetic field produced by the charged beam particles moving at relativistic
velocities. The measurements are performed using runs with Lead ions rather than protons as
the photon flux increases with Z*.

However, the established LHC experiments are not the only option to search for new physics. In
the recent years, more small-scale experiments are proposed and built with the goal to quickly
and relatively cheaply probe for a limited set of new models [1]. One of those new experiments
is the FASER experiment. It is a detector located approximately 480 m away from the ATLAS
Interaction Point (IP) on the line of sight of the collision axis. It is searching for light, weakly
interacting particles like dark photons or with direct relevance to this thesis ALPs.

The thesis opens in chapter 2 with an introduction into the theoretical background of the relev-
ant topics focussing on the SM and ALPs. As both analysis strategies involve the use of artificial
neural networks, chapter 3 explains the basics of machine learning. The general introduction
is concluded with a description of the European Organization for Nuclear Research (CERN) re-
search laboratory, with attention on the overall accelerator complex and the LHC.

The main part of the thesis is divided into two parts. The first part deals with the measurement
of light-by-light scattering and the search for ALPs. This part is opened with a description of
the ATLAS experiment in chapter 5. It is followed by chapter 6 focussing on the measurement
of light-by-light scattering.

The second part shifts the focus away from ATLAS towards the FASER experiment. It opens with
an introduction of the experiment and the physics motivation in chapter 7. Chapter 8 gives
a description of the FASER detector, including a summary of the contributions to the detector
supportstructure. Itis followed by the commissioning of the tracker and calorimeterin chapters
9 and 10. Chapter 11 outlines the development and testing of an optical system for calibrating
the calorimeter energy response. Finally, a possible upgrade for the FASER detector is presented
aiming to improve the detection capabilities for ALPs in chapter 12.

The closing chapter 13 gives a summary of the most important aspects presented in this thesis
and comments on possible future studies based on the results presented.

Parts of this thesis have been published in [2], [3] and [4] where | was among the lead authors.






2. ‘ Theoretical background

The Standard Model

211

The SMis a quantum field theory which describes the elementary particles and the fundamental
forces except for the gravitational force. It can be used to predict the interactions between the
elementary particles which form all matter. While all predictions to this day meet the measured
values, there are phenomena which cannot be explained by the SM as it stands right now. One
large problem is that the SM cannot explain the matter-antimatter-asymmetry in the universe.
Another open question is how dark matter can fit into the model. Therefore, a multitude of
extensions to the SM are postulated which can explain one or more of those open questions.
So far, there is no clear evidence for any of such models being correct, but it is rather an open
field of research.

In this chapter, the SM as it is formulated as of today is explained along with the elementary
particles known so far. This section is based on [5]. It is followed by possible extensions with
the focus on Axion-Like-Particle (ALP) models.

Elementary particles

The SMincludes only a limited number of elementary particles and forces. Elementary particles
are the smallest building blocks and cannot be broken down any further. All other particles,
such as protons or neutrons, are combinations of these elementary particles. The particles are
grouped into multiple categories based on their fundamental properties. The main separation
is done with regard of the spin and splits the particles into fermions with a spin of 1/2 and
bosons with a spin of 1. The fermions thereby are the particles which are combined to form
larger particles making up the visible matter in the universe. They interact with each other by
exchanging bosons, which are also called force carriers. The SM includes all but one of the
four fundamental forces with only the gravity missing in the model. However, the interaction
strength of the gravitational force is much weaker than the one of the other three fundamental
forces and has negligible influence on interactions at the scale of elementary particles. In
Figure 2.1 an overview of all particles and force carriers is given.

Fermions

The fermions can be further grouped into six quarks and six leptons. In addition, each fermion
has a corresponding anti-particle, which features the same properties as the particle, except
for all charges being inverted. The fermions exist in three generations with each generation
being made up from two quarks and two leptons as shown in Figure 21. The composition and
properties of the generations are the same except for the mass of the particles which for each
generation is larger with respect to the corresponding particle in the lower generation. Only the
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fermions in the first generation are stable while the ones in the second and third generation
have limited lifetimes and decay into particles from the lower generations. All fermions carry
the charge of the weak interaction called weak isospin and therefore, couple together by means
of the weak interaction, which is also responsible for the decay into other generations.

Quarks carry, in addition, a colour charge and an electric charge. As quarks and gluons are
the only fundamental particles having colour charge, they are the only particles interacting via
the strong interaction by the exchange of gluons. Regarding the electric charge there are three
up-type quarks with a charge of 2/3 being the up, charm and top quark and three down-type
quarks with a charge of -1/3 being the down, strange and bottom quark.

The leptons are composed out of three pairs of one charged particle called electron, muon
and tau and one corresponding neutral particle called neutrino (Ve'Ver)- The electron, muon
and tau carry an electric charge of -1 and therefore, interact both electromagnetically and
weakly. As stated, neutrinos are neutral and therefore, carry no electric charge. Hence, the
only interaction neutrinos take part in is via the weak interaction. One speciality of neutrinos
is their extremely small mass. It is so small that in the SM they are considered massless. As of
today the masses of the neutrinos are still not exactly known, but only upper limits are found
experimentally.

Bosons

In addition to the fermions, the SM includes five bosons mediating the fundamental forces.
Gauge bosons have a spin of 1 and each boson is responsible for a corresponding force. The
gluon (g) mediates colour charges and hence, couples only to particles carrying colour charge
themselves. As gluons carry a colour charge as well, they couple not only to quarks but also
among themselves. The photon (y) does not carry any charge or mass and mediates the elec-
tromagnetic force. Hence, it only couples to charged particles, i.e. quarks, charged leptons and
the W* boson.

The two bosons associated with the weak interaction are called the W*- and Z-boson. As the
name W* suggests there are two “versions” of the W-boson where one carries positive electric
charge and one carries negative electric charge. The W-boson always changes the flavour. The
Z boson on the other hand is not charged. Both the W- and Z-boson couple to all fermions
while the W* can only couple together different flavours which differ by one electric charge due
to charge conservation. For leptons the W-boson only couples together the charged lepton with
its corresponding neutrino: (e,v,), (”"Vu) and (t,v,). Opposite to the gluon and photon the
W*- and Z-boson are massive which explains the limited range of the interaction. They have a
mass of m,,. = 80.379 GeV and m, = 91.188 GeV respectively [7].

The last boson in the SM is the Higgs boson. It is a massive particle with a mass of m, =
125.10 GeV [7] and has a spin of 0. Its existence is a consequence of the Higgs-field which gives
massive fundamental particles their mass. Being measured for the first time in 2012 by both the
ATLAS and the Compact Muon Solenoid (CMS) experiment [8, 9] it was the last missing particle
in the current formulation of the SM to be discovered.

Mathematical formulation of interactions

In the previous section, the elementary particles in the SM were introduced. In this section,
the interactions between them and their mathematical representation is explained in more
detail. In the SM, each fundamental force is described by a Quantum Field Theory (QFT). The

Search for Axions at the LHC
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Figure 21: Diagram showing the elementary particles within the Standard Model of particle
physics. The particles are grouped by particle type. The grey boxes indicate to which force the
fermions are coupling. The graphic is based on [6].
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symmetries of the SM are described by the unitary product group of
SU(3) x SU(2), x U(1),. (21)

Theindices Cand Yindicate the conservation quantities of the symmetry groups while L is indic-
ating that it only applies to left-handed particles. The fundamental particles are not modelled
by discrete points but rather are described by excitations in the corresponding quantum field.
These quantum fields can interact and thereby implement the interaction between particles.
Hereby fermions are described as Dirac-spinors W(x) while bosons are represented by vector
fields A“(x). The Lagrangian density £ determines the dynamics of the quantum state and
fundamental fields. Using the principle of least action the Euler-Lagrange equations describ-
ing the motion of particles can be obtained from the Lagrangian. The Lagrangian itself holds
the symmetries given in Equation 21 and hence, is invariant under some types of field vari-
ations. Following the Noether-theorem each of the symmetries gives rise to conserved quant-
ities respectively the various charges in the SM. Hereby, the SU(3) . group represents the strong
interaction as described by Quantum Chromodynamics (QCD). The accompanying conserved
quantity is the colour charge C. It is invariant under SU(2), x U(1), which is the unification of
the electromagnetic and weak force. The gauge fields give rise to the gauge bosons mediating
the force in interactions. Gauge bosons are required to be massless, however, the W and Z
bosons are observed to be massive. In the SM, they are considered generated bosons which
receive their mass by the Higgs mechanism which implies the electroweak symmetry breaking.

Electroweak interactions

While originally being formulated independently, the SM includes a unification of the electro-
magnetic and weak interaction into the electroweak interaction. Itis an SU(2), x U(1), group.
One feature of the weak force is that it allows parity violation in the charged weak force and
hence, the coupling depends on the handedness of particles. In particular the charged weak
force is only coupling to left-handed fermions and right-handed anti-fermions. To differenti-
ate the handedness, also called chirality, the spinors are extended by the so-called chirality
operators:

1 .1

W= S (1-ys)¥ W= S (2.2)
1 .1

Wp=5(1+y,)W Wp=5(1-v5)¥, (2.3)

where W is the Dirac spinor of a particle and ¥’ the spinor of an anti-particle. It is then W =
W, + W,

In the SU(2) the left-handed fermions are expressed as doublets of the neutrino and the cor-
responding charged lepton, e.g.

0, = <g€> . (2.4)

For left-handed quarks, the weak isospin doublets are constructed from the weak eigenstates
which accounts for the mixing in the Cabibbo-Kobayashi-Maskawa (CKM) matrix. The quark
doublets are therefore written as:
u
(PL = (d/) ) (25)

Search for Axions at the LHC
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where d’ is the flavour mixed quark as described by:

d: Vud Vus Vub d
S l={Vy Voo Volls]. (2.6)
b th Vts th b

The left- and right-handed fermion fields are differentiated by their weak isospin I,. For the
doublet (v, e7) the total weak isospin is 1/2 with the third component being /\ﬁ)(ve) = +% and

I\E\f)(e‘) = —%. As the W bosons carry a weak isospin of 1, they couple to these weak isospin

doublets. To express that right-handed particles and left-handed anti-particles do not interact
with the W they are placed in weak isospin singlets with a weak isospin of I, = l\f\, =0.

The gauge bosons of the electroweak group are the W, with i = 1,2,3 and the B. The photon y
and the Z-boson are expressed by

y\ _[cosb, sin6,\(B
(Z) B (—sin 0, cosb,)\W, @7)
with 6/, being the weak mixing angle which is also called Weinberg angle. The W, and W, on
the other hand combine to produce the charged massive W*-bosons:

W* = — (W, % W,). (2.8)

The weak mixing angle also gives a relationship between the masses of the W- and Z boson:

w
m, = . 29
2 cos6,, (29)

Strong interaction

The strong interaction is formulated by Quantum Chromodynamics (QCD) and described the
interaction between particles which carry colour charges which are only quarks and gluons. It
is based on an SU(3) gauge symmetry resulting in eight massless gauge bosons called gluons.
Each gluon carries a combination of a colour and anti-colour charge, which with three colours
explains the necessity for introducing eight gluons. Due to the gluons only carrying two colour
charges, each gluon has a net colour charge which in turn enables the gluons to interact with
each other.

This self-interaction of the quarks is believed to give rise to the observation that quarks or
gluons are never found as free particles, but always in a coupled state of two or more quarks.
When trying to separate two quarks from each other, the self-interaction of the gluons ex-
changed between the quarks leads to the colour field being squeezed in a thin tube between
the quarks. At large distances the energy density in this field is constant and therefore an
infinite amount of energy would be required to separate two free quarks to infinity. As a con-
sequence, coloured objects always form colourless objects with no colour field in between. This
phenomenon is called colour confinement or just confinement.

Depending on the number of quarks in a particle it is called either a meson for particles con-
sisting out of a quark-anti-quark pair (gg) or baryon for a combination of three quarks (qqq).

Since gluons which mediate the strong force carry colour charge as well, they cannot travel

Search for Axions at the LHC
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macroscopic distances and consequently, the strong force only has a short effective range of
10 - 107 m which is less than the radius of a proton.

Another process related to confinement is the so-called hadronization. While the SM allows de-
cays leading to free quarks or gluons these free colour charged particles instantly form hadrons
by combining with other quarks e.g. created due to vacuum fluctuations.

Feynman diagrams

A common way of describing the particle interactions is using Feynman diagrams. Those dia-
grams were introduced by Richard Feynman back in 1949 [10]. The diagrams can be translated
into the required math to calculate the corresponding interaction cross section by following a
few simple rules. The diagrams have a time and a spatial axis which are rarely shown in the
diagram. The most common convention is to have the time on the horizontal and the spatial
dimension on the vertical. An example for a Feynman diagram showing the electron-positron
annihilation and pair-production is given in Figure 2.2. As can be seen there, particles are trav-
elling forward in time as denoted by the small arrow and anti-particles travel backward in time.
In addition, some basic vertices are shown exemplary in Figure 2.3. For more details on Feynman
diagrams and rules refer to [5].

Figure 2.2: Feynman diagram for the electron-positron annihilation and subsequent pair-
production. The time axis is oriented horizontally. The initial state is on the left and the final
state on the right.

Electromagnetism Strong Interaction Weak interaction
g % | 9 g 0 I g, Y I g
Y g w i Z
All charged particles Only quarks All fermions i All fermions
Never changes flavour | Never changes flavour | Always changes flavour | Never changes flavour
1 1

a=— O{Sz'l

137 iz ® 39

Figure 2.3: Diagrams showing the vertices described by the Standard Model of particle physics.
The graphic is based on [5].
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2. Theoretical background 9

Physics beyond the Standard Model

While the Standard Model can explain most of the results observed in particle physics there
are some phenomena and experimental results which cannot be explained by it. One obvious
phenomenon is the gravitational force which currently is not included in the SM at all. To
include gravity one would need to describe gravity by a QFT which so far was not achieved.
The addition of gravity to the SM, thus forming a theoretical model being able to describe
everything, is also called Grand Unified Theory (GUT). While different models were postulated,
so far no strong evidence has been found for any of the models.

Another observation not explainable with the SM to day is the asymmetry between matter and
anti-matter. If, as expected, in the early beginning of the universe matter and anti-matter exis-
ted in equal parts, the two should have annihilated nearly completely. In the SM this holds true
even when taking into account CP violation. However, the observable universe today consists
mostly of matter.

Observations in cosmology also gave rise to another open question. It was observed already
back in 1933 by F. Zwicky that the velocity dispersion in the Coma galaxy cluster is so high that
with the mass density observed the system would be unstable and hence, some kind of invisible
matter must exist in the galaxy cluster [11]. Even though other researchers found similar be-
haviour it was not before the 1970s when more and more examples for this phenomenon were
observed that this missing matter was considered problematic [12]. In addition to the hints for
the existence of dark matter from observing the rotational velocity of galaxies similar effects
are seen in gravitational lensing where the lensing effect is stronger than expected from the
visible matter. With those two observations alone, one could also come to the conclusion that
dark matter may not be the only explanation. Instead, the problem might arise from errors in
general relativity and that general relativity requires modifications to explain the phenomenon.
However, the observation of the so-called Bullet Cluster [13] which was created in a collision
between two galaxies is favouring the existence of dark matter. This is due to the reconstructed
centre of mass being offset from the centre of mass of the observed baryonic mass by 8c [14].
While this can be easily explained by the vast majority of dark matter models it cannot be
explained by adjustments to the general relativity. Today the amount of regular matter is ex-
pected to account only for 5% of the energy in the universe. Another 27 % is accounted for by
dark matter. The remaining 68 % are made up by what is called dark energy [15]. Dark energy
is needed to account for the accelerated expansion of the universe.

This, however, does not yet explain what dark matter is actually made out of. The fact that dark
matter is invisible implies that it is not interacting via the strong or electromagnetic force, with
only the weak interaction remaining in the SM. Neutrinos are already ruled out as candidates
for dark matter by an experiment showing that the measured number of neutrinos is much
lower than what is required to explain dark matter. Henceforth, it must be made up from a yet
unknown kind of particle outside the SM.

An unpleasant aspect of the SM is found in the strong interaction and is called the strong CP
problem. Naively, one would expect an additional parameter 6 in the QCD-Lagrangian giving
rise to CP violation in the strong force [16, 17]:

2

93 Ga gav (210)

[’6:932”2 pv-a !

where 6 is an angular parameter with 8 € [0,2m]. However, in case there were CP violation in
QCD, the electric dipole moment of the neutron would be in the magnitude of 10 - 10 em. Ex-
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perimentally though an upper limit of 3.0 - 1072° e cm is found [18] and no hints on CP violation
were found in other measurements. While 8 in principle could take any value within [0, 2rr] the
measured upper limit constrains the value of 8 to 8 < 107°. While this is not a problem in itself,
it would be favourable to have an explanation to why this parameter must be so small.

A vast amount of possible extensions to the SM exist tackling one or multiple of the open
questions listed above. As this thesis is focussed on the search for ALPs, the following section
will present the properties of ALPs as well as how it could solve the strong CP problem.

The axion

As mentioned before CP is not broken in QCD without a conclusive argument for that beha-
viour. In 1977 Peccei and Quinn proposed a theory which extends the QCD Lagrangian with an
additional global chiral U(1) symmetry, now often denoted as U(1),,. This dynamic field hereby
cancels out the CP violating term instead of requiring 6 to be a constant close to 0 [19]. The
QCD Lagrangian would then be:

2 2
L=Lqy,+ 932;2 vava _ %auaaua + L+ Z%%GEVG(@W’ (211)
with a being the axion field, £;,, being the interaction term and f, the order parameter of the
symmetrie breaking. The last term represents an effective potential for the axion field with a
minimum at (a) = -f,/{ 6. At this minimum it becomes obvious that the term is cancelling the
B-term and hence, provides a dynamical solution to the CP problem. This global U(1) symmetry
would be spontaneously broken by the vacuum expectation value obtained by this scalar field.
As every broken symmetry gives rise to a massless Goldstone-boson, this introduces a new
particle called the axion.

While in the original model, f, was postulated to be coincident with the electroweak breaking,
sof,= V. This though is long ruled out by measurements of the Branching Ratio (BR) of K* -
m* +a for which an upper bound is found to be magnitudes smaller than the prediction from
the axion theory [20, 21]. However, invisible axion models are still viable which introduce scalar
fields which carry PQ charge but are SU(2) x U(1) singlets. Therefore, the vacuum expectation
value can be much higher than for the weak interaction f, » V. Two such models, both named
after the original authors, are the KSVZ- [22, 23] and the DFSZ-model [24, 25] which both allow
fo > Ve and therefore, arise a very light axion. The axion mass m_ in those models can be

expressed in terms of f, ":

(212)

with m_and f_ being the pion mass and the pion decay constant and z the ratio of the light
quark masses z=m,/m,.

All models have in common that the axion is coupling to two photons with [27]:

9ayy .
,Cayy = TOFHVFUV, (213)

TFollowing from [26] after applying some relations
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where Gayy is the coupling strength and FH' the electromagnetic field strength tensor. The
axion-photon coupling Dayy is inversely proportional to the symmetry breaking scale f, and as
fq > v, this results in a very weakly coupled axion. This a - yy channel is the predominantly
used channel to search for axions and is also used in both experiments studied in the scope
of this thesis.

Axion-Like Particles

Many extensions of the SM rely on the introduction of additional global symmetries which are
spontaneously broken similar to the theory of the axion. These symmetries in turn predict light
particles with weak couplings such as the axion and hence, are commonly summarized under
the term Axion-Like-Particles (ALPs).

In addition to being a solution for the strong CP problem, the ALP is also a candidate for the cold
dark matter of the universe as it fulfils both requirements for cold dark matter: The universe
could be full of invisible ALPs with a population sufficiently large to constitute the expected
dark matter energy density and they are effectively collisionless [28, 29].

Another model relevant in the scope of this thesis is a low-energy effective theory in which
an ALP a couples to vector bosons through dimension-5 interactions. The Lagrangian for this
model is given by

1 ~
int = _ZgaBBaBuvBW

c awsh WA, (2:14)

1
- Zgaww

where B, and W:‘V are the U(1), and SU(2), field strength tensors and g4, and g, the

associated coupling constants [30]. For physics generated with a coupling o integrated out at
some heavy scale f one expects for the couplings:

a
9agpr Jaww ~ onf (215)

This is true for pseudo-Goldstone bosons with non-vanishing axial anomalies [30]. The coup-

lings g,z and g, iNduce couplings of the ALP to photons and the bosons of the charged
and neutral current above the electroweak symmetry breaking with:

a-vyy, a-yz° a—-7%0 a->Ww-.

In this thesis only couplings to two photons and to the W* bosons are relevant.
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3. ‘ Machine learning

Machine learning is a computational model from what is commonly known as Artificial Intelli-
gence. One common kind of machine learning methods are so called Artificial Neural Networks
(ANNs) which consist out of a network of single computational units and originally are inspired
by the neurons in the human brain. While first computational models for neural networks
were published back in 1943 [31] the usage of ANNs has gained popularity in the last two dec-
ades which can be explained by increased availability of computing power. Recently the use in
particle physics has increased substantially.

The idea of machine learning is that a model is fed with sample data and improved in an
iterative process. As a consequence, instead of writing an algorithm by hand a more or less
generic model is taken as a starting point and its behaviour is trained with a known data sample.
The choice of the model architecture thereby plays an important role in the performance of the
trained model. The second important factor is to provide training samples which are ideally
free of bias or artefacts which are not present in the real datasets.

Typically, one differentiates into three different approaches of machine learning depending
on the feedback used for the training procedure [32]. In the first approach called supervised
learning the training data includes the desired output for each sample and both is used in the
training procedure. When using unsupervised learning the input datasets do not contain any
output labels and it is up to the model to find patterns in the dataset. Finally, in reinforcement
learning the model interacts with a dynamic environment and gets a score depending on its
actions. Often the chosen actions do not only influence the current step but also influence
subsequent scores (e.g. a model learning to play chess against a virtual opponent). Within this
thesis only the approach of supervised learning is used as all models are trained with simulated
data where a clear label exists for each event.

In supervised learning one commonly distinguished between two kinds of problems: classi-
fication and regression. The aim of a classification problem is to assign the correct category
to a dataset (e.g. an image) while for regression the dependency between variables have to
be determined and through that predict the value of a variable. In this thesis only classific-
ation problems are studied and hence, the following explanations are limited to this class of
problems.

Feedforward neural networks

The most basic ANN structure is the so-called feedforward neural network [33]. In this ar-
chitecture data is flowing only from the input of the network to the outputs with no loops.
Consequently, each node in the network only receives inputs from nodes closer to the input
than the node itself.
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The perceptron

The perceptron is a simple algorithm which forms the basis of all modern ANNs. It was already
invented in 1958 [34]. It is a type of linear classifier which is based on a linear function combin-
ing weights with the input vector. A diagram for a perceptron is shown in Figure 3. It takes an
arbitrary number of inputs x;, applies weights w; to each input and combines them using the
combination function Y. In general, this combination function just sums all weighted inputs.
After adding a bias b, the activation function o is applied, yielding the perceptrons output y. In
the original definition the activation function is the Heaviside step function:

1 forx=>0

H(x) =
% {O for x < 0.

Mathematically the perceptron can be written as

y=o<) (w,.x,.)+b>. (32)

i
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Figure 31: Graphical representation of a perceptron. The inputs x; on the left are weighted
with the weights w; and combined by the combination function 3. After adding the bias b, the
activation function o is applied, yielding the output y.

While the perceptron model might appear relatively simple it can already be used to express
some boolean operations like AND, OR and NOT. Implementations of those boolean operators
using the original perceptron model with a step function for the activation are shown in Fig-
ure 3.2. However, it was later shown that a single perceptron is not able to model an exclusive
or (XOR) operation [35].

By today, a more generalized version of the perceptron is used which is, analogous to the human
brain, commonly referred to as a neuron. In this more general form, the activation function is
not fixed to be a Heaviside function but in principle any function can be used in its place. A
selection of common activation functions will be discussed in more detail in section 3.3.
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Figure 3.2: Implementation of logic operations using simple perceptrons. The weights for the
inputs are denoted at the edges connecting the input to the combination function. The node
for the combination and activation functions are merged for a more compact graphic.

Multilayer perceptron

As the complexity of problems that can be described by a single perceptron is quite limited the
natural next development was to combine multiple perceptrons [36]. A multilayer perceptron
is built from at least three layers: an input layer, one or more so-called hidden layers and an
output layer. Perceptrons in the input layer only have one input which are the network’s inputs.
Perceptrons in the subsequent layers take the output of all perceptrons in the previous layer
as inputs. In the first formulation of the multilayer perceptron, the original definition of the
perceptron was used, but nowadays, the term is applied to networks built from the more general
neurons as well. Multilayer perceptrons with more than one hidden layer are also referred to as
deep neural networks. A deep neural network with four inputs, four hidden layers with different
layer sizes and two outputs is shown in Figure 3.3.

hidden
layers

input
layer

output
layer

Figure 3.3: Example for a deep neural network with an input layer (green), four hidden layers
(blue) and an output layer (red). Each node represents a perceptron. The input layer takes four
inputs x; and the output layer produces two outputs y,. The colour of the interconnections
denotes the value of the weights.
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Each layer in the network can be of a different type and use a different activation function.
The number of layers and the configuration per layer depends on the problem at hand. In the
following sections, the layer types relevant to this thesis and a selection of activation functions
are explained in more detail.

Layer types

In the example of a multilayer perceptron shown before all neurons are connected with each
other. In practice, however, a large selection of different layer types is available in modern
neural network techniques. The choice of which layers to use for building a model depends
heavily on the problem at hand. Due to the large number of layer types this section only covers
a selection that are used in this thesis. A full list of available layers in the machine learning
framework used in this thesis can be found in the framework documentation [37].

Dense

The simplest layer type is the dense layer. It connects each output of the previous layer to
each input of the dense layer. Therefore, it is also referred to as a fully-connected layer. Each
connection is assigned a unique weight w;; and a bias b; is added to each weighted input.
Mathematically the dense layer can be written as

Y,-=O<)(W,-,-Xj)+b,->~ (3.3)

J

While at the start all nodes are densely interconnected, during the training connections that
have little influence on the networks output are effectively removed by the accompanying
weight becoming 0. This makes the dense layer quite flexible, but as a drawback it comes
with a large number of trainable parameters with its n; x n_ . input weights and n_ . bias val-
ues. For dense layers the number of trainable parameters grows exponentially with the number
of dense layers making it increasingly harder to train the network.

Dropout

Another very important concept in neural networks is called dropout where during training
neurons are randomly removed in each iteration by setting the value of this neuron to 0. This
is done to prevent the network from overfitting which occurs when the network effectively
remembers the training samples and therefore, not generalizing.

In Keras this technique is implemented with the Dropout layer [38]. Dropout layers have the
same number of output nodes as input nodes and just feed the inputs through to the corres-
ponding output node.

Adding dropout layers leads to the network architecture to change during training for every
iteration and ensures that all parts of the network are trained evenly. As a result more iterations
in the training are necessary to achieve the same performance as without any dropout, but at
the same time the risk of overfitting is reduced leading to a model better at generalization. A
common practice is to add a dropout layer behind each layer with dropout rates between 10 %
and 25 %.

Search for Axions at the LHC
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Convolutional layers

Convolutional layers are quite different to the layers discussed before. While the previous
layers directly formed connections between input and output layers, convolutional layers scan
the input in slices of configurable size. For each slice one or more filters, also called kernels,
are applied which can detect features within the slice. This filter is shifted over the inputs in a
given step size called strides. The technique is very effective at finding patterns within images
even if the pattern arises at different positions in the image. In this thesis convolutional layers
are not used to process images but rather to find patterns in data from particle detectors.

Each convolutional layer has four parameters: the number of filters, the size of the filters,
strides and the padding type. While the first three parameters have already been discussed,
padding is best explained using the visualization in Figure 3.4. It shows the same convolution
layer once with valid and once with zero padding. When using a stride of one and zero padding,
the dimensions of the output is the same as the input except for one axis due to the filters.
When using valid padding on the other hand, the output's dimension is reduced.

One advantage of convolutional layers is that the number of trainable parameters is independ-
ent of the size of the input data. It depends only on the filter size Sy and the number of filters

applied ng.... For a two-dimensional convolution there are ng. . xs, x s, parameters.

ters

number of

Figure 3.4: Visualization of a two-dimensional convolution with a filter size of 3x 3 and 12 filters
with valid padding (left) and with zero padding (right).

Pooling layers

Pooling layers help to reduce the amount of data to process by trying to select the most import-
ant features in the input. This is done by dividing the input data in groups and transforming
each group by either taking the average or maximum value within the group. The pooling layer
has no trainable weights and only two parameters: the pooling size and the metric used for
pooling.

An example for average and maximum pooling is shown in Figure 3.5. It can be seen that the
output of the layer is smaller than the input effectively removing less important information.

Search for Axions at the LHC



18 | 3. Machine learning

Flatten layers

In some cases it is necessary to manipulate the structure of the data flowing through the net-
work. One common problem is the need to reduce the number of dimensions to only a single
dimension in order to put together datasets. Inserting a flatten layer is achieving just that.
It has no trainable weights and only a single parameter to define the order of the flattened
dataset.

Concatenate layers

When a network has either multiple inputs or the network branches at some point it becomes
necessary to combine the outputs of both branches together. The concatenate layer is used
for this task. As the flatten layer it just manipulates the structure of the data but not the data
itself. Hence, it also has no trainable weights and the only parameter is along which axis the
data should be concatenated.

Figure 3.5: Example for average pooling (left) and maximum pooling (right). The pooling groups
are shown in different colours with the pooled layer on top. As can be seen the size of the
output layer is only a quarter of the input layer.

Activation functions

Depending on the problem at hand the choice of an activation function differs. For example
when doing a binary classification, meaning that the network should assign the input to one of
two categories by yielding either 0 or 1, the activation of the output layer should clamp the value
to be within 0 and 1. This requirement only applies to the output layers, the activations for any
hidden layers is fully independent. Another criteria when choosing the activation function may
depend on the computing resources available with some functions requiring more resources
than others. For real time applications it is best to choose a linear function of more complex
functions.

A selection of limited and unlimited activation functions is given in Figure 3.6. However, this
covers only the most commonly used activation functions in neural networks and is far from
complete. Depending on the problem one might even define custom activation functions.
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Figure 3.6: Selected activation functions sued in neural networks with a limited output range
(left) and an unlimited range (right).

For classification the commonly used functions are sigmoid for binary classification with a
single output or the softmax for multi-class classification having multiple outputs. In hidden
layers often the rectified linear unit (ReLU) [39] or variations of it are used.

In this thesis all networks only use the ReLU in the hidden layers and the sigmoid function in
the output layer. The ReLU is defined as

x forx>0
= 4
F00 {O else. (34)
While the sigmoid function is given by
1
fO) =105 (3.5)

Training of neural networks

Training of a neural network is the process of optimizing the weights and biases of the neural
network to yield an output as close as possible to the expected output. To train a neural network
four main ingredients are needed: the definition of the model’s architecture, a training dataset
including the expected outputs', a function to evaluate the performance and an optimizer.

Model architecture

The definition of the model architecture describes the flow of information from the data inputs
to the outputs of the network. Depending on the available data the model has either a single or
multiple input layers. These input layers are connected to the output using one or more of the
previously discussed layers. The exact composition lays the foundation for the performance
of the network and hence, for complicated networks great care has to be taken in the design
phase.

"At least for supervised learning which is the only kind of learning discussed here.
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Training data

The second crucial ingredient is the input dataset used for training. To ensure that the neural
network actually learns to solve the intended problem, the dataset must be carefully prepared.
This process is often the most time-consuming step in developing neural networks. In the
following, the most important requirements for the datasets are outlined.

The dataset must contain diverse data ideally also covering corner cases. At the same time, it is
important that the dataset is unbiased. The importance of having no bias can be demonstrated
by a study aiming to train a neural network to recognize cancerous lesions in pictures. While the
initial results looked promising, the research group noticed that the network based its decision
heavily on the presence or absence of a ruler in the photographs. The researchers afterwards
noticed, that doctors are more likely to put a ruler next to lesions which look concerning. [40,
41]

The dataset also should be uniformly distributed over the feature space and be free of du-
plicates. Having duplicates or not uniformly distributed features leads to those samples to be
deemed more important than others. If the amount of non uniformities is known this may also
be remedied by including weights for each sample in the dataset to correct for the relative
importance.

The last requirement is that the dataset must be sufficiently large to perform proper training.
As the required number of samples heavily depends on the networks architecture and trainable
parameters there is no universally applicable method to predict how many samples are required
at minimum. Depending on the nature of the data it might be possible to artificially increase
the statistics by transforming the samples and thus creating new samples. For example if there
are symmetries in the input data one could translate, mirror or rotate the samples to create
additional training samples.

With all of those requirements in mind one can construct a training dataset. However, not
all data should be used for training the network. More precisely, training of neural networks
requires multiple independent datasets in the process. In general one splits the available
dataset into three separate datasets with each containing samples uniformly distributed in the
feature space. The three datasets are usually called:

- Training dataset,
- Validation dataset,
- Test dataset.

The largest fraction of the available data is used for the training dataset. It is used for optimizing
the networks weights during training. The training is usually performed on this dataset multiple
times. Each iteration over the full set is called an epoch.

The validation dataset is a smaller sample and is used to evaluate the performance of the
network during the training process. This is done after each epoch. As the datasets are inde-
pendent, this allows to get an unbiased measure for the network’s performance. In cases where
the network becomes too specific or starts to remember the samples in the training dataset the
validation performance will become smaller than the performance measured with the training
dataset.

As the validation dataset indirectly introduces a bias on the training process by influencing the
adjustments made by the developer. For example if a specific network architecture is found to
perform good on the validation dataset one might prefer it over another performing slightly
worse. This effect is even stronger when dedicated tools are used to optimize the network
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architecture and training parameters in what is called a Hyperparameter scan as the validation
performance is often used as a measure in that optimization.

Performance metric

In order to assess the performance of a trained network some kind of metric is required. The
performance measure used in the training process is called the loss function. The choice of
the loss function depends on the specific problem. The networks trained in the context of
this thesis are all classification problems with only two classes. This means that each sample
has a label with either 1 or 0 depending on the output class. For example this could be 0 for
background and 1 for signal. For this kind of problem the binary cross-entropy loss function is
used as a loss function being defined as

true

~log(y;) + (1-;

true

Yi
1

:
L(y,yi'™®) =-5 ) - log(1-y)), (36)
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where N is the total number of inputs, y, the predicted label and y;"“

inputs.

the true label for the

Effectively, the loss is the negative mean of the logarithm of the distance between the true and
the predicted label. The better the network is the closer the summands become to one and
the smaller the loss becomes.

As an easier to interpret metric for the performance of networks for classification the accuracy
can be used. It gives the percentage of correctly predicted samples with a threshold of 0.5. The
accuracy is defined as

accuracy = mean(y; == (¥, > 0.5)). (3.7)

Optimizer

The optimizer is the component that defines how the training process is performed. It takes
the feedback from the loss function and determines the required adjustment of the weights
and biases to minimize the loss. One optimizer commonly used is the gradient descent. It will
be explained in detail in the next section on the training procedure.

Training procedure

With the four main ingredients in place, it is time to put them together and start the training
procedure. A schematic drawing of the process is given in Figure 3.7. It shows the flow of
information through the network. The input is propagated through the network in batches of
samples with tunable size in order to yield a prediction on the label y; for each event. The loss
function takes the predicted label and the true label and computes the loss score which in turn
is given to the optimizer. After each batch, the optimizer updates the weights such that the loss
function is minimized and the next batch is processed. The optimum batch size depends on
the problem at hand, but common values are in the range of 64 and 256.

This process is repeated for the full dataset multiple times with the dataset being shuffled after
every epoch to prevent bias of the ordering on the update of the weights.

A commonly used optimizer is the gradient descent [42]. Its goal is to find the right weights and
biases at which the loss function is minimum. The gradient descent is divided into two steps:
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Figure 3.7: Schematic drawing of the neural network training process for a network with two
layers. The flow of information through the nodes is denoted with arrows. Based on [42].
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The forward pass and the backward pass. During the forward pass the predictions and loss
is calculated for a batch of training samples. The backward pass then calculates the gradient
of the loss with regard to the networks parameters. By moving the weights in the opposite
direction from the gradient by a small amount the loss should be minimized. This can be
written as

t
new true dL(yir yl_rue)

Wi =Wy —a e VLY, yi ) = wy - o, (3.8)
ij

where w;; are the weights used in the forward pass, wi*™" are the updated weights and L(y,, y;"*)

the loss function (e.g. the binary cross-entropy loss). The indices i and j denote the neurons
in the corresponding set of layers. The parameter a is called the learning rate. It controls
the magnitude of the update of the weights. The influence of the learning rate is shown for a
one-dimensional parameter space in Figure 3.8.

Nowadays, multiple improved extensions of the gradient descent method exist. One of the
most commonly used methods is the Adaptive Moment Estimation (Adam) which extends the
gradient descent with momentum terms to prevent oscillations in the parameter space [43].

Variable Importance

Understanding how a neural network comes to its decision is no easy task. This is because the
trained weights have in general no obvious meaning. To get some insights on what the network
bases its decision on a method called partial dependence functions can be used [44].

The partial dependence functions are computed by evaluating the networks with modified data-
sets. For each variable x with values x;,i € [1,N] the network is evaluated N times. For each
evaluation i the dataset is copied and the value x; is used for all samples. The standard devi-
ation of the networks output can then be used as a measure for the variable importance. For a
variable which has low influence on the networks decision the standard deviation is expected
to be small while it becomes larger the more important a variable is.
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Figure 3.8: Gradient descent with a learning rate of a = 0.1 (left) and a = 0.4 (right) for an
example loss function in a one-dimensional parameter space.
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4, ‘ CERN & the LHC

The CERN is a European research organization located close to Geneva (Switzerland) on the
border to France and operates a multitude of laboratories, accelerators and large scale exper-
iments. It was founded in 1954 by twelve countries in Europe [45]. The main purpose of CERN
is providing the accelerators and accompanying infrastructure needed for high-energy physics
experiments. At the time of writing in total 23 countries are members of CERN with over 12000
users [46].

The accelerator complex

Even though by most people CERN is first associated with having the largest accelerator in
the world, namely the Large Hadron Collider (LHC), there is not only a single accelerator but a
whole complex of different accelerators located at CERN. An overview of this complex is shown
in Figure 41 where all active accelerators are included together with a selection of experiments.

Looking at this schematic closely it is obvious that some accelerators are linked to other ones,
larger one building a chain of accelerators with increasing size. This is owed to the fact that
each accelerator is only able to store and accelerate particles within a certain energy range.
Hence, before protons reach the LHC they start their journey in a linear accelerator called
LINAC 2 (replaced by LINAC 4 in 2020). Following this stage the protons are further accelerated
in three circular accelerators (Proton Synchrotron Booster, Proton Synchrotron and Super Pro-
ton Synchrotron (SPS)) after which they have reached an energy of 450 GeV and are injected
into the LHC. To provide particle beams to other experiments not located at the LHC multiple
extraction points exist in the accelerators to direct particles to other beam lines. As both ex-
periments featured in this thesis are located at the LHC, the following section gives a more
detailed introduction while ignoring the other accelerator complexes.

Large Hadron Collider

With a circumference of 27 km the LHC is the largest particle accelerator built so far. Two pro-
ton beams are accelerated in opposite direction and brought to collision at crossing-points
located in the four large experiments: ATLAS, CMS, LHCb and Alice. By design each beam can
reach previously unprecedented energies of 7TeV, however, up to this point the maximum en-
ergy used was 6.5TeV as the superconducting magnets required to bend the beams have not
been commissioned to the required currents for running at the 7 TeV. As previously stated, the
protons are injected at an energy of 450 GeV. The protons are gradually accelerated to the tar-
get energy and kept at this energy from there on. Hence, the LHC is not only an accelerator but
acts as a storage ring at the same time. To keep the particles on the curved track in total 1232



26 4. CERN & the LHC

ALICE ™20

LHCb

TT42

SPS

ATLAS  FASER

AWAKE
T2 e

HiRadMat
I\TTbé

AD

ISOLDE

TT10 RIBs m REX/HIE
P

n ) H H
\ PS
N

\ LIN}AIL 4

. LEIR
LINAC 3

lons
p H™ (hydrogen anions) ) ions ) RIBs (Radioactive lon Beams) P n (neutrons ) p (antiprotons) P e (electrons)

LHC - Large Hadron Collider // SPS - Super Proton Synchrotron // PS - Proton Synchrotron // AD - Antiproton Decelerator // CLEAR - CERN Linear
Electron Accelerator for Research // AWAKE - Advanced WAKefield Experiment // ISOLDE - Isotope Separator OnLine // REX/HIE - Radioactive
EXperiment/High Intensity and Energy ISOLDE // LEIR - Low Energy lon Ring // LINAC - LINear ACcelerator // n_TOF - Neutrons Time Of Flight //
HiRadMat - High-Radiation to Materials

Figure 4.1: Schematic overview of the CERN accelerator complex and a selection of experiments
using the accelerators. Modified from [47] to include location of the the FASER experiment.

superconducting dipole magnets are used with 392 quadrupole magnets allowing for focussing
the beam. Over time the number of protons in the beam is decreasing due to the proton colli-
sions and losses in the beam pipe and once it decreased below a certain threshold the beam
is dumped and another fill cycle is started by injecting protons from the SPS. The threshold is
chosen to allow for as many collisions as possible and on average an injection cycle is started
once to twice per day.

The beam is not a continuous current of protons but is composed of discrete bunches. Each
bunch contains approximately 1.1 x 10" protons and is spaced with a distance of 25ns. The
bunches are further grouped to so-called trains with empty bunch positions in between to
allow for abort gaps which can be used to ramp up the kicker magnets steering the beam out
of their circular orbit into a special beam dump target in case of an emergency or in a nominal
dump of the beam before an injection cycle. As a side effect it allows for the experiments to
record background events during the runs at brief intervals where itis ensured that no collisions
are taking place.

The different data taking campaigns of the LHC are divided into Runs. Run 1is the first operation
period from 2009-2013 with the first year being needed for machine commissioning and the
physics program starting on 30 March 2010. During this time energies of 3.5TeV to 4TeV per
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beam. The Runs a separated by Long Shutdowns (LS) needed to perform maintenance and
upgrades on both the accelerators and the experiments. Run 2 lasted from 2015 to 2018 during
which the LHC operated at 6.5TeV per beam.

Heavy ions and the LHC as a photon accelerator

The previous explanations focussed only on accelerating protons in the LHC. However, it is also
capable of running with two ion beams as well as a mixed configuration with one proton beam
and one ion beam. So far two different ions where accelerated in the LHC: Xenon- and Lead-
ions. While the Xenon-ion run was only conducted for a few hours, Lead-ions are used on a
regular basis. For future runs other lighter ions are under consideration, but so far no definite
plans exist. For Run Il two runs with lead ions longing one month each were conducted in 2015
and 2018. Lead-lead collisions are performed at a centre-of-mass energy of /s, = 5.02TeV.

Charged particles travelling at relativistic energies produce electromagnetic fields surrounding
the particles. Due to the coherent action of the protons within the nucleus of the lead ions the
electromagnetic field is very strong [48] being in the order of 10™ T when accelerating lead ions.
One can imagine this field being a cloud of photons surrounding the ions and consequently as
a photon beam. This model is called Weizsacker-Williams method or equivalent photon approx-
imation (EPA) and is often used to simplify the calculation of photon induced interactions [49,
50]. The photons are considered to be quasi-real with a small virtuality of Q% < 1/R?, with R
being the radius of the charge distribution, giving Q? < 1073 GeV?.

Clearly observing photon induced signatures is only feasible if it is not overlapped by particles
created by a collision of the beam particles. Therefore, only events are considered were the
beam particles are not colliding but passing each other closely, which are called Ultra-Peripheral
Collisions (UPC) events. In UPC events the impact parameter is larger than the sum of the
particles radii and at least one of the two colliding particles stays intact after the collision.

As the photon flux per beam is scaling with the square of the ion charge Z? the resulting cross-
sections are significantly enhanced for heavier ions with a factor of Z* = 5 x 10’ for lead-lead
beams (Z = 82) compared to proton-proton beams (Z = 1). Hence, the LHC is suited much better
as a photon collider when running with lead beams than with photon beams.

Measurement of the luminosity

An important quantity for studying particle interactions in a high-energy collider experiment
is the number of total collisions taking place. This measure is the number of collision per unit
time and unit area and is called instantaneous luminosity. For Gaussian shaped beam profiles
colliding head-on with beam profiles of o, and o, in x and y direction it is given by [51]:

\ N, N_fN
L:i: 112 b, (41)
Ot 41TOXOy

with N, N, being the number of particles in the bunches, N, the number of bunches and f the
revolution frequency. Integrating the instantaneous luminosity yields the so-called integrated
luminosity L = [ £dt.

Another important quantity is the cross-section which describes the probability for a process
to occur. It is measured as an area and is usually given in barn with 1b = 10 - 10728 m?. It is
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further differentiated between the total and the fiducial cross-section. The total cross-section
considers that the interaction occurs at all while the fiducial cross-section is taking into ac-
count the limited phase space of the measurement. As the detector cannot measure the full
phase space only the fiducial cross-section can be measured in the experiment and must be
extrapolated to the full phase space to produce the total cross-section.

The fiducial cross-section for a process under investigation can be calculated with:

N
process
Oﬁd = m, (42)
where € is the detector efficiency, A the geometrical acceptance and N the number of

process

observed events.

A precise knowledge of the integrated luminosity is important to confirm predictions of the SM
and even more to probe for beyond SM occurring at very low rates. This requires measuring
and monitoring the beam parameters over time. The effective beam profiles are measured
every few months using the van der Meer method [52]. In this method the two beams are offset
with respect to each other and the overlap is varied over time while monitoring the rate in the
luminosity detectors. Each of the large experiments monitors the luminosity independently and
hence, the use different detectors for this purpose. The detectors used by the ATLAS experiment
are briefly listed in the ATLAS detector description in section 5.4.
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D. ‘ The ATLAS experiment

The ATLAS detector is a general purpose detector at the LHC at CERN. It consists of a range of
different sub-detectors covering a solid angle of nearly 4m. A computer generated view of the
ATLAS detector is shown in Figure 5.1 with parts of the detector systems cut away to allow for a
view inside the detector. The detector can be divided into three large parts: the barrel and the
two end-caps. In the barrel all subsystems are arranged in a cylindrical shape around the beam
pipe. The end-caps are oriented perpendicular to the beam pipe and enclose the barrel on both
sides with a gap in between. The overlap between barrel and end-caps provides coverage over
a large solid angle, while the gap leaves enough space for cables and other appliances like
cooling pipes.

The figure also shows the coordinate system used in the ATLAS detector. The origin of the
coordinate system is the Interaction Point (IP). The z-axis is following the beam axis with the x-
axis pointing towards the centre of the LHC and the y-axis pointing up. Vectors are described in
cylindrical coordinates using the distance to the z-axis r, the polar angle 8 and the azimuthal
angle . For convenience, the so-called pseudorapidity n is often used instead of the polar
angle 6. The pseudorapidity has the advantage of being Lorentz invariant under boosts along
the longitudinal axis and is defined by n = —In (tan6/2).

tranSVerSe
plane

5

P Pt

X

Figure 51: Computer generated view of the ATLAS detector [53]. The detector is shown with a
cut-out to make the various sub-detectors visible more clearly. The coordinate system defined
for the detector is shown with a vector depicting the momentum of a particle. Its origin is in the
centre of the detector, with the z-axis following the beam axis and the x-axis pointing towards
the centre of the LHC.
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Like most general purpose detectors, the ATLAS detector follows the so-called onion shell-
principle which means that the subsystems are forming layers around the IP. This allows the
detection of all particles created in a collision but neutrinos. The amount of material is in-
creasing with each layer, except for the muon system. The schematic view in Figure 5.2 shows
a perpendicular cross-section view of one sector of the detector where the various detector
systems are clearly visible. The interaction of various kinds of particles is also depicted in the
drawing showing that each has a clear signature allowing to identify them during the recon-
struction process.

The first layer is the so-called Inner Detector (ID) which is surrounded by a solenoid magnet.
It is used to measure the path of charged particles at multiple points in space to allow recon-
struction of tracks for each particle. The next layers are the two calorimeters, which absorb
all particles except for muons and neutrinos. The first calorimeter layer is the electromagnetic
calorimeter which stops electrons and photons while hadrons, muons and neutrinos travel
through it without much interaction. Hadrons are then absorbed in the second calorimeter
layer called hadronic calorimeter. Hence, only muons and neutrinos reach the muon spec-
trometer which forms the last layer of the detector. It is located in a toroidal magnetic field
which causes the trajectories of charged particles to bend. By measuring the track of the muon
through the magnetic field its charge and momentum can be reconstructed. The only particles
basically invisible to the detector are neutrinos which escape the detector without interacting
with it at all.

All subsystems of the detector and their basic working principle will be discussed in the fol-
lowing sections in more detail.

Inner detector and magnetic field

The innermost detector is a tracking detector recording the trajectories of charged particles. It
consists of three subsystems using different detector technologies as can be seen in Figure 5.3.
Itis 6.2m long and has a diameter of 21 m.

Directly surrounding the beam pipe are four layers of high precision silicon pixel detectors.
The inner three layers feature a pixel size of 50 x 400 ym? while the most outer layer has a
pixel size of 50 x 250 pm? [54, 55]. The high resolution of the pixel detector is required to allow
the extrapolation of particle tracks to the interaction region to find the vertex position of the
interactions. In total there are 1744 pixel sensors in the pixel detector with a total of over 92
million readout channels.

The pixel detector is followed by the Semiconductor Strip Tracker (SCT) detector. It is built
from 15912 silicon microstrip sensors. In the barrel region each module has two layers, each
consisting of two 6 cm-long sensors with a strip pitch of 80 um. The two layers are slightly
rotated against each other to provide a measurement in two dimensions. Due to the small
stereo angle between the two layers the resolution in one coordinate is much better than in
the other giving an intrinsic resolution of 17 um in the R — ¢ plane and 580 um in z for the SCT
detector [54].

The outermost part of the inner detector is the Transition Radiation Tracker (TRT). It is built
from up to 73 layers of straw tubes. The tubes are made of two 35 ym multi-layer films bonded
back-to-back which are coated with a thin layer of aluminium protected by graphite-polyimide
layer on the inside to produce a conducting layer. In the centre of each tube a 31 pm diameter
tungsten wire plated with 0.5 to 0.7um gold is stretched as the anode. A voltage of 1530V is
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Figure 5.2: Schematic drawing of a sector of the ATLAS detector visualizing the interaction of
particles with the different sub-detectors. The circle in the bottom is depicting the beam pipe
and the coloured lines are particles measured by the detector. In regions where the particle
lines are dashed, little to no interaction with the detector material occurs.

applied to the cathode producing a radial electric field. The tubes are filled with a mixture
of around 70 % xenon or argon with CO, and O,. Charged particles traversing the straw tubes
ionize the gas and thereby create electron-ion-pairs. Due to the electric field the electrons drift
towards the wire while the ions slowly drift towards the wall of the tube creating measurable
currents in the anode and the cathode respectively. By measuring the time difference between
the two currents the minimum distance of the particle to the drift wire can be calculated with
an accuracy of = 110 um [56]. With each charged particle creating signals in around 30 tubes
the track can be reconstructed by combining all drift radius measurements.

Another purpose of the straw tubes is the discrimination between different charged particles.
To achieve this the material of the tube walls is constructed to have different refractive in-
dices which causes charged particles crossing the detector to create transition radiation. The
amount of transition radiation depends on the particle’s Lorentz factor and, thus, depends on
its mass [57]. Therefore, measuring the amount of transition radiation allows for distinguishing
between electrons, muons and pions.

The three Inner Detector (ID) subsystems are surrounded by a superconducting solenoid mag-
net system. It is aligned with the beam axis and provides an axial magnetic field with a field
strength of 2T for the inner detector. It has a diameter of 246 m and is 5.8 m while weighing a
total of 5.4t. To ensure stable superconductivity the magnet coils need to be cooled to 4.5K by
continuously pumping liquid helium through the cryogenic system.

The paths of charged particles in the inner detector are bent due to the magnetic field allowing
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Figure 5.3: Computer generated drawings of the inner detector. The left shows a cut-away view
of the full inner detector while the right image shows a detailed section of the barrel section.
Images modified from [54].

for a measurement of the charged particles’ momentum by reconstructing the curvature of
the tracks. The inner detector and magnet system are designed to allow for a resolution of
opT/pT = 0.05%p; ©1% [54].

Calorimeters

The purpose of a calorimeter is to measure the energy of a particle. This is achieved by com-
pletely stopping the particle and absorbing all of its energy within the calorimeter. The fact
that the particles are stopped in the calorimeter explains why it has to be placed after the
tracking detector. Stopping a high energetic particle requires a large amount of material. To
reduce the material cost and the physical size of calorimeters they are often built as sampling
calorimeters. Sampling calorimeters are built from alternating layers of absorbers made from
a dense material and active detectors used to measure the energies of particles.

In case of ATLAS there are two calorimeters: the electromagnetic calorimeter is optimized to
stop electrons and photons and the hadronic calorimeter to measure hadrons. The size of both
calorimeters is optimized to ensure that the showers are always fully stopped at the expected
particle energies. A schematic drawing of the calorimeters in the setup is shown in Figure 5.4.

Electromagnetic calorimeter

The electromagnetic calorimeter is using lead as the absorber material which is mechanically
stiffened with 0.2 mm thick stainless-steel sheets and liquid argon as the active detector ma-
terial. It has an accordion structure to allow for a full coverage in ¢ without any gaps. The
readout planes for the liquid argon are made out of conductive copper layers on a polyimide
film and are placed in the gaps between the lead absorber layers. To provide spatial inform-
ation, patterns are etched into the readout layers both radially and in n. As can be seen in
Figure 5.4 there are three layers with a very fine segmentation closest to the beam line and lar-
ger cells for the outer two layers. The fine strip layer is 4.3 X, long and consists of strips with a
size of = 4.7 x 147.3 mm?. This layer is providing important information required for the reliable
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identification of photons and electrons and discriminating against noise. The second layer is
slightly coarser using cells instead of strips and covers 16 X;. The last layer is also featuring
cells which are twice as large as the ones used in the second layer.

Inthe barrel the electromagnetic calorimeter consists of two half barrels split at n = 0 with each
spanning a range up to |n| < 1.375. The end-cap electromagnetic calorimeters cover a region
of 1.375 < |n| < 3.2. In the transition regions on both sides from the electromagnetic barrel
calorimeter to the electromagnetic end-cap calorimeter a large amount of material totalling 5
to 10X, is located in front of the first calorimeter layer [58]. As this large amount of material
will produce showers before the calorimeter the strip layer would not be useful and is therefore
omitted. This region is referred to as the calorimeter crack and defined by 137 < |n| < 1.52.
Due to the missing strip layer the region is excluded from the fiducial range for measurements
where the particle identification in the electromagnetic calorimeter is critical.

Cells in Layer 3
AxAn = 0.0245 x 0.0516

Tile barrel Tile extended barrel

LAr hadronic
end-cap

LAr electromagnetic

LAr electromagnetic
barrel

Strip cells in Layer 1

Figure 5.4: Cut-away view of the ATLAS the electromagnetic and hadronic calorimeters (left) and
a section of the electromagnetic calorimeter (right). In the cut-away view, the inner detector is
shown in grey in the centre. Images modified from [54].

Hadronic calorimeter

The hadronic calorimeter is surrounding the electromagnetic calorimeter and is divided into
the barrel calorimeters, the liquid argon hadronic end-cap and the Forward Calorimeter (FCal)
in the very forward region. The tile barrel is divided again into three sections: one central
section with a length of 5.8 m and two extended barrel sections with a length of 2.6 m each in
the forward and backward region. Together they cover a range of up to |n| < 1.7.

In the barrel region the hadronic calorimeter uses alternating layers with tiles of steel and
polystyrene scintillators. To convert the scintillation light from ultraviolet into visible light the
polystyrene is doped with wavelength-shifting fluors. Using optical fibres the light produced is
guided to Photomultiplier Tubes (PMTs) located on the outside of the calorimeter. The granu-
larity in the tiles is coarser than in the electromagnetic calorimeter as the showers are larger
by nature and hence, do not require a high resolution.

The end-cap and the Forward Calorimeter (FCal) use liquid argon as the active material and
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copper and tungsten as the absorber materials which have a larger density than steel. The
difference in the choice of the absorber material is explained by the space constraints in the
forward region. The FCal covers the range 3.1 < |n| < 4.9 and as the electromagnetic calori-
meter is not extending that close to the beam pipe it must measure both electromagnetic and
hadronic showers.

Muon spectrometer

The Muon Spectrometer (MS) is the outermost detector system in the ATLAS detector. The
central part of the muon spectrometer is the huge barrel toroid magnet system which is built
from eight superconducting magnet coils. Overall it is 25.3m long and has an inner and outer
diameter of 94 m and 201 m respectively and produces a magnetic field with up to 2.5T.

The spectrometer covers a pseudorapidity range of |n| < 2.7 and allows triggering on muons
for |n| < 2.4. It is designed to measure the transverse momentum of muons with a resolution
of opT/pT < 10%. This translates to the requirement of a resolution of < 50 um for the track

reconstruction. To be able to meet the requirements on spatial and timing resolution while
also covering the large area four different gaseous detector technologies are employed.

For the high precision measurements Monitored Drift Tubes (MDT) are used which consist of
three to four layers of drift tubes each. The drift tubes have an outer diameter of = 30 mm
and a length of 1 to 6m. They are filled with a gas mixture of 93:7 Ar:CO, and pressurized
to 3 bar. In total 1088 chambers with 18 different geometries are utilized in three layers with a
radius of 4 — 6, 8 and 10 m respectively. The large number of different geometries is owed to the
large number of support structures and appliances, e.g. cooling systems, that share the same
space as the muon spectrometer. To reduce the number of holes in the active area around 70
custom tailored chambers complete the Monitored Drift Tubes (MDT) system. In its entirety the
chambers cover an area of 5500 m?.

In the forward region with |n| > 2 the particle flux in the innermost Muon Spectrometer (MS)
layer exceeds the maximum rate for the MDT chambers of 150 Hzcm™. Therefore, this region
uses Cathode-strip chamberss (CSCs) instead of MDT chambers. The Resistive Plate Chamberss
(RPCs) are multiwire proportional chambers [59] with the wires oriented parallel to the z-axis
and the two plates with segmented cathodes. One cathode has the strips oriented parallel
and the other orthogonal to the wires. This allows for a reconstruction of the position in the
transverse plane. In the bending direction the resolution achieved is 60 pm while the resolution
in the non-bending direction is only 5mm due to a coarser segmentation.

For triggering on muons by transverse momentum and event topology RPCs and Thin Gap Cham-
berss (TGCs) are used. They have a worse spatial resolution compared to the MDT and CSC
detectors but a much better timing resolution with 5ns for the RPC and 25ns for the TGC. In
the barrel three layers of RPCs are used. They are placed on both sides of the MDT chambers
in the second layer and on the inside or outside of the MDT chambers in the third layer. The
RPCs are built from two parallel plates filled with a detection gas with an electric potential ap-
plied across them. Strips on the outside surface of the plates capacitively pick up the signals
produced by avalanches on the conductive plates. The TGCs are again multiwire proportional
chambers with the speciality that the distance between the wires is larger than the distance
between the wire and the plates. This gives excellent time resolution with the drawback of a
reduced spatial resolution.

Search for Axions at the LHC



5. The ATLAS experiment 37

Luminosity detectors

The ATLAS experiment also possesses detectors for measuring the luminosity. Those detect-
ors are located as close as possible to the beamline in the forward and backward region of
the detector to detect proton fragments coming from a collision. The two primary detectors
for measuring the luminosity are the Beam Conditions Monitor (BCM) [60] and the Luminosity
measurement using Cherenkov Integrating Detector 2 (LUCID2) [61] which allow a deadtime-
free measurement of the luminosity for every bunch. The BCM is built from four 8 mm? x 8 mm?
diamond sensors located around the beampipe at a distance of 1.84m on both sides of the
interaction points. The LUCID2 detector is measuring Cherenkov light produced by particles
originating from the inelastic collisions of the bunches. The Cherenkov light is produced in
either quartz fibres or directly in the quartz windows of the PMTs used for the measurement.

Reconstructing objects

Measurements from all relevant sub-detectors are combined to reconstruct particles in an
event. By combining the measurements of a particle through the detector up to where it is
absorbed a hint on the kind of particle can be extracted as discussed before.

Charged particle tracks

Charged particles traversing the detector deposit energy in the tracking detector. As a single
particle deposits charge in multiple adjacent pixels of the detector, a clustering algorithm
groups these charge deposits to so-called hits and calculates three-dimensional space-points
for the clusters. An iterative algorithm is used to find so-called seeds, which are a combina-
tion of three space-points that could potentially belong to a valid track. This process is per-
formed independently in the different sub-detectors of the ID to reduce the computational
workload. Assuming a perfect helical trajectory in a uniform magnetic field the momentum
and impact parameters are estimated for each of the seeds allowing for filtering the seeds and
subsequently the use of a combinatorial Kalman filter [62] to build track candidates utilizing
all systems of the ID.

At this stage a single hit can be part of multiple track candidates and more processing is needed
to extract the real tracks. To resolve these ambiguities a track score is calculated for each track
candidate based on e.g. the number of compatible space-points and the logarithm of the track’s
transverse momentum. The score is reduced if it passes an active detector layer at a position
where no hits are present. Due to the finite size of the detector pixels/strips clusters potentially
can belong to more than one particle and hence, shared clusters are allowed. However, tracks
containing more than two shared clusters are considered invalid and are removed from the list
of candidates. Using the track scores and some more coarse requirements the final selection of
track candidates is formed. The additional requirements are chosen to minimize the occurrence
of bad track candidates and hence, reducing both the storage space and the complexity for the
individual analyses, while still being coarse enough not to limit the possibilities of the analysers.

As muons pass the calorimeters their properties are not only measured in the ID but additionally
the MS is used to further improve momentum resolution and the overall muon reconstruction
efficiency. The track candidate search in the MS is first performed completely independently
of the ID. It starts with a search for hit patterns inside the muon chambers to find straight
segments which could be part of a muon trajectory. These straight segments are matched from
MDT chambers to close-by trigger chambers. Similar to the reconstruction in the ID matching
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segments are identified by their kinematic properties. A x?-fit over the matched segments is
then used to reconstruct the trajectory with high accuracy. Four different combinations between
ID tracks and MS tracks are considered, however, in most cases only the combined muon and
the segment-tagged muon variants are relevant. The combined muon case means that a track
from the ID is compatible with a track from the MS. In this case the track is fitted once again
including the hits from both the ID and the MS. In the segment-tagged muon case an ID-track
can be extrapolated to match a single segment in the MS. This is mostly the case for muons
with a low transverse momentum that do not reach the outer layers of the MS or when they
cross the detector in a region with a reduced coverage in the MS. The addition of the MS allows
the ATLAS detector to reach a muon reconstruction efficiency close to 99 % over most of the
pseudorapidity range of [n| < 2.5 for muons with a transverse momentum p; > 5GeV. The
relative transverse momentum resolution is measured to be 1.7% at small pseudorapidities
and 2.3 % for pseudorapidities |n| = 2.3 [63].

Electromagnetic particles

Reconstructing particles from the electromagnetic (EM) calorimeter requires finding cells in the
EM calorimeter with energy deposits and combining them correctly into clusters. To achieve
this, multiple steps of cluster finding are performed [58]. Tracks from the inner detector are
extrapolated to the cluster positions to differentiate between electrons and photons. By evalu-
ating the properties of associated tracks, e.g. where in which layer of the ID the first hit occurs,
photons that convert to electron-positron pairs before reaching the calorimeter can be identi-
fied [64]. To reduce clusters with large amount of their energy coming from poorly functioning
or noisy calorimeter cells additional requirements are imposed. By evaluating the timing asso-
ciated with the calorimeter cells energy deposits from particles not matching to the collisions
are removed.

Finally, the energy associated to the reconstructed photons/electrons is corrected using a ded-
icated calibration [65]. This corrects for energy loss due to interaction with material in front of
the calorimeter as well as for energy losses within the calorimeter itself due to lateral and lon-
gitudinal shower leakage. Along with the kinematic properties of the electromagnetic particle
a set of so-called shower shapes are calculated and stored. These are used during the analysis
step to identify the particles and further remove potential noise. A lower limit on the elec-
tromagnetic particles transverse energies of E; = 2.5GeV is imposed during the reconstruction
procedure as particles with lower energies potentially lose too much energy in the material
in front of the calorimeter. This has little to no impact in most physics analyses as the en-
ergy regime is much higher there and electromagnetic particles with such low energies are not
relevant in those cases.

Jet reconstruction

As discussed in chapter 2, quarks can not exist freely and therefore, quarks produced in the colli-
sion quickly hadronize forming so-called particle-jets. These jets are produced in a cone-shape
structure and leave clusters of energy deposits in the calorimeters. Similar to the procedure
used for the electromagnetic particles, calorimeter cells are combined to clusters belonging
to a particular jet [66]. The reconstruction procedure in ATLAS includes a set of different jet
reconstruction algorithms with the standard being the anti-k, jet clustering algorithm [67]. A
dedicated calibration procedure is applied to the reconstructed jets to correct for material in
front of the calorimeters, dead cells in the calorimeter and shower leakage [68]. By combining
various properties measured in the calorimeter and exploiting the ID to measure the vertex
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position special algorithms exist to identify to some extent the kind of hadron that initiated
the jet [69].

Trigger system

Reading out the full detector continuously is impossible due to the dead time of various de-
tector readout electronics and the large amount of data that would need to be transferred
without interruptions. However, even if reading out the detector continuously would be pos-
sible one would record lots of events that do not contain any interesting physics and exceed
both the available storage space and the computing power available for performing the recon-
struction procedure.

Therefore, a decision if an event potentially contains interesting processes must be made
already during data taking in a process called triggering. For Run Il the ATLAS Trigger Sys-
tem consists of a two level decision where both have to fire for the event to be stored [70].
The first level trigger, called Level-1, is completely done in hardware logic. It takes information
from the calorimeters and the muon-system. As the Level-1 trigger must deliver the trigger de-
cision within a time window of only 2.5 us the inputs provided are only of a coarse granularity.
After the Level-1 trigger, the event rate is reduced from the LHC bunch crossing rate of 30 MHz
to 100 kHz. Together with its trigger decision it forwards regions-of-interest to the next trigger
stage to limit the search space. It also triggers the detector to be read out storing all event
information in buffers for further processing.

The second trigger level is the so-called High level trigger (HLT) and is a software based sys-
tem. The trigger decision on Level-2 must be ready after 200 ms allowing for more complicated
analyses of the event topology. As the Level-1 trigger already started the detector readout, the
Level-2 trigger has access to more detailed information. The regions-of-interest from the Level-1
trigger allow the High level trigger (HLT) to only look at the interesting event data without having
to load the information for all sub-systems. Once events are accepted by the HLT the buffered
data is forwarded for processing and storing on disk. The final trigger rate is on average around
1kHz.

Event simulation

An important foundation of science is the ability to model and predict the outcome of an ex-
periment in order to use measurements to validate the theory. The vast complexity of the
detectors used in particle physics experiments makes this even more crucial. In order to pre-
dict the result for a given process all steps from the interaction of the particles from the beam,
the interaction with the detector material, the corresponding detector response to the readout
electronics must be fully simulated. To allow for accurate simulations the conditions of the
detector used for the simulation need to be closely matched to the real conditions. Therefore,
the simulation has to be run for the different data taking periods independently while also
taking into account input from the ATLAS conditions database to allow correct modelling of e.g.
dead channels in the tracker modules or different high voltage bias levels.

A simplified flow diagram of the event simulation chain used in the ATLAS experiment is shown
in Figure 5.5 with each step being explained in more detail in the following sections.
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Figure 5.5: Simplified flow diagram of the ATLAS event simulation chain with the algorithms
drawn in boxes and the objects created written over the arrows.

Event generation

The first step in this chain is the generation of the events on what is called particle level. This
step is performed by various generators, which take probabilities derived from the standard
model processes and produce the outgoing particles. The event generator describes all fi-
nal state particles before any interaction with the detector. As this process is using random
numbers to reproduce the probabilities, the generators are often referred to as Monte-Carlo
event generators. In the context of this thesis one can name examples like SuperChic 3 [71]
or STARlight 2 [72]. Due to limited knowledge of the underlying processes or computational
resources, the generators are often employing simplifications limiting the accuracy of such
generated events. Often this is specified by the maximum perturbation order of the underly-
ing process considered in the calculations. Given these limitations it is important to choose
a suitable generator for the process under investigation and compare the results produced
by different generators to reduce and understand the bias originating from the event gener-
ation. During the following steps this particle level information, which is also referred to as
truth information/truth level, is kept together with the additional data generated to allow for
a comparison of the detector response to the event.

Detector simulation

Using the final state particles from the event generator as an input the interaction of particles
with the detector material of the ATLAS detector as well as the decay of particles within the
detector is simulated [73]. This step exploits the Geant4 simulation toolkit [74] together with a
detailed geometrical description of all detector components. Within Geant4 a particle’s traject-
ory is calculated by moving it through the detector in discrete steps and calculating the energy
loss, changes in trajectory due to interactions or a magnetic field and possibly the creation and
decay of new particles. The particle’s trajectory is followed until it either completely leaves the
detector or the energy of the particle falls below the minimum detectable energy. The value
of the threshold is chosen low enough to ensure that further contributions from the particle
would not influence the detector response any more [74]. The simulation of the full detector is
computationally costly and, hence, some simplifications can be enabled optionally. An example
for this is the FastCaloSim-algorithm [75] which uses parametrizations of electromagnetic and
hadronic showers to produce a relatively accurate shower simulation without the need to sim-
ulate all individual shower particles. This allows for much higher speeds at the cost of accuracy
and therefore, such options must not be enabled without detailed considerations.

Information on particle decays occurring in the detector simulation is combined with truth in-
formation provided by the generator. In addition, truth information on tracks and other objects
is collected which is mainly used for detector upgrade and performance studies.
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Digitization

In the following step, the hits and energy deposits are run through a tool which is generating
signals compatible with what is produced by the real detector readout. The term signals means
here the low level information like collected charges in the trackers or calorimeters, drift times
or pulses as generated by PMTs. As this step is basically emulating the readout drivers in the
ATLAS detector, it is called the digitization step. To include pile-up (e.g. multiple pp interactions
in a single event) the events can be overlaid with a randomly chosen pre-generated set of
so-called low bias events or recorded events. This is only done within the digitization step to
reduce the amount of resources that would otherwise be required for the previous simulation
step. From here on simulated events are indistinguishable from real events.

Reconstruction

After the previous step, the generated data has the exact same format as the data recorded with
the real detector except for the additional truth data. This allows using the same algorithms
to reconstruct the event objects for both simulated and recorded data. The reconstruction
procedure is run as explained in section 5.5. The information available at this point excluding
the truth data is commonly referred to as reconstruction level or detector level.
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0. | Measurement of light-by-light
scattering and ALP limits

Following the classical Maxwell's equations, scattering of two photons is not possible due to
the superposition principle, which is a result of the linearity of the equations [76]. In Quantum
Electrodynamics (QED), however, this process is possible at high energies and albeit very rare,
can be observed. The lowest possible order for the light-by-light scattering process yy = yy in
QED is the scattering of photons via a virtual loop involving fermions or the W* as shown in
Figure 6.1.

While the scattering phenomenon was already observed indirectly in multiple experiments, it
was never directly observed with quasi-real photons before the measurement described in this
thesis. Most notably, it was measured in the anomalous magnetic moment of a single electron
and positron [77] and the anomalous magnetic moment of the muon [78].

However, just observing and measuring properties of the light-by-light scattering process dir-
ectly for the first time is not the only motivation for this analysis. In addition, some postulated
extensions of the SM predict contributions to the light-by-light scattering process and hence,
possibly make it sensitive to new physics. In principle, every particle coupling to photons could
be produced by and decay into two photons through an s-channel process: yy - X = yy. This
would produce a resonance peak in the invariant mass spectrum of the di-photon final state.
One possible candidate in the probed mass range are Axion-Like-Particles (ALPs) [79] which
were introduced in section 2.3. The Feynman diagram for the s-channel process involving an
Axion a (yy - a — yy) is shown in Figure 6.1.

Figure 6.1: Feynman diagram of the lowest possible order for scattering of photons in QED (left)
and the production of axion-like particles (right).

A study from 2013 [80] concludes that the light-by-light scattering process could possibly be
observed in UPC events during Pb+Pb runs. As explained in section 4.3, in UPC events the beam
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particles are not colliding but are passing each other closely. This enables photons surrounding
the lead ions to interact and allows for photon induced processes, like light-by-light scattering,
at the LHC. In two analyses exploiting data from the 2015 lead-lead campaign first evidence
for light-by-light scattering was found by both the ATLAS and the CMS experiments in 2017
and 2018 [81, 82]. Due to the limited size of the datasets from this campaign only 13 and
14 event candidates where found by ATLAS and CMS respectively with expected background
contributions of 2.6 and 4 events. Even with this small statistics the excess of data relative to
the background-only hypothesis has a significance of 4.40 (3.70) being just below the 50 mark
commonly considered the threshold for an observation in particle physics.

The chapter opens with an overview of the measurement procedure. It is followed by a short
description of the simulated and experimental data samples included in the analysis. After-
wards, the event and object selection is discussed. The development and testing of a dedicated
photon identification procedure is laid out in detail next. After determining the background
contributions, the kinematic distributions are shown. Following that, the procedure of eval-
uating the systematic uncertainties on the measurement is explained along with the various
sources for systematic deviations. The next two sections focus on the fiducial and differential
cross-section calculations. The extraction of limits on the ALPs process is discussed next. Fi-
nally, the full chapter is summarized and a conclusion on the analysis is given. The results have
been published in [2] and [3].

Measurement procedure

Due to the kinematic of the process it is far from trivial to measure light-by-light scattering with
the ATLAS detector. The small di-photon invariant mass m,, results in photons with transverse
momenta in the range of 0 to 10 GeV which is much smaller than the requirement of 40 GeV
normally used. In Figure 6.2 the normalized particle level distributions from simulation are
shown with no selections except for standard cuts applied on generator level. As can be seen
there the di-photon invariant mass is falling steeply, making it important to include photons
down to the lowest energies possible to maximize the light-by-light candidate yield.
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Figure 6.2: Normalized particle level distribution from MC simulation for the di-photon invariant
mass m,, (left) and the single photon transverse momentum Py (right) without any fiducial

selection except for cuts applied on generator level.
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As a consequence, the planning for this analysis begins before any data taking is performed
as the process is so different from what is normally measured at the ATLAS experiment that a
dedicated trigger is needed to ensure any candidate events being recorded at all. This is espe-
cially crucial here as the cross-section for yy — yy scattering is expected to be only 80 nb [83]
and hence, a very efficient trigger strategy and reconstruction method is required. Extensive
studies on this were performed in the context of another PhD thesis by a collaborator and a
set of dedicated triggers was put in place for the 2018 data taking campaign.

After the data is recorded, the relevant quantities are reconstructed and saved in so called
Analysis Object Data (AOD) files. To reduce the amount of data to be processed in the analysis
the dataset is filtered further. The filter criteria applied in this step are e.g. requirements on
the trigger which caused the event to be recorded or the reconstructed particles in the event.
In addition, objects not needed in the analysis are removed to reduce the size of the dataset. In
this specific analysis this reduced the number of events processed in the analysis phase from
284 million events (= 115TB) to 1.35 million events (= 1.5TB). Up to here the standard ATLAS
toolchain is used with a dedicated configuration for the derivation step.

To further reduce the number of events a program is developed to convert the AOD files to
so called NTuples. In this step a stricter selection is imposed on the events and the object
selection criteria relevant for this analysis are imposed. The NTuples are saved in a ROOT [84]
file as branches of a tree. At this point the data to be analysed is reduced to less than 0.65 kB
|/ event. Up to here all the processing is performed on high performance clusters allowing to
process many samples in parallel. To run jobs in parallel on a node the GNU parallel [85] tool
is used.

The final analysis step is written in Python 3 [86] using PyROOT to read the NTuples. Here the
final object selection is performed and the histograms of the measured distributions are calcu-
lated for each sample. A separate script is used to correctly normalize the simulated samples
and merge them to construct the expected distribution. Additional programs are written for
the unfolding and ALPs limit extraction.

Measured and simulated samples

For this measurement Pb+Pb collisions with a centre-of-mass energy of ,/s, = 5.02TeV are
used, which were recorded in two data taking periods in the 2015 and 2018 Heavy lon collision
campaigns of the LHC. The combined dataset corresponds to a total integrated luminosity of
2.22nb™" with an uncertainty of 3.2%. In the following plots being created for a specific data
taking period are labelled either with “Data 15" or “Data 18". Whenever the label just states
“Data”, it is based on the combined dataset.

In order to study the light-by-light scattering process and the possible backgrounds in a con-
trolled way, simulated samples of the processes are required. These are generated using the
procedure described previously in section 5.7.

For the light-by-light scattering signal process two different approaches are utilized. The first
approach uses a generator called SuperChic 3 [71] to generate the events. It includes box dia-
grams with leptons or quarks and W* bosons. The second approach is based on calculations
from [83]. These calculations are folded with the Pb+Pb photon flux simulated by a gener-
ator called STAR1ight 2.0 [72, 87]. For both generators the theoretical uncertainties on the
cross-section are dominated by the limited knowledge of the nuclear form-factors and hence,
the initial photon fluxes giving an uncertainty on the prediction of 10% [81, 88]. A smaller
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contribution to the uncertainty is arising from not including higher-order corrections into the
calculations. For the invariant di-photon mass range studied here this contribution is on the
order of 1to 3% [89, 90].

The Central Exclusive Production (CEP) of the di-photon final state is produced via the strong
interaction through a quark loop in the exchange of two gluons in a colour-singlet state. For
this SuperChic 3 is used once again. As the theory uncertainty on the cross-section of this
gg — yy process is of O (100%) the normalization is not taken from the generator, but is
performed using a data-driven method. In addition, an alternative sample for the CEP process
is generated using STARlight 2.0.

As the yy — e*e™ process can possibly fake the signal signature if both electrons are misid-
entified as photons it is generated as well. This process is also used for multiple detector
performance studies. It is modelled using STARlight 2.0 which combines the Pb+Pb photon
flux with the leading-order diagram for yy — e*e".

Lastly, for the ALP-related studies, the yy - a — yy process is simulated using STAR1ight 2.0
for different axion masses m, in the range of 5GeV < m_ < 100 GeV with a spacing of 1GeV for
m, <30GeV and a spacing of 10 GeV above.

Event selection

The selection of events is a two-step process. Firstly, the events have to be preselected to be
recorded during the data taking process. Secondly, in the analysis procedure the events have
to be filtered to yield the events containing signals from light-by-light scattering. In addition,
events with bad detector conditions need to be removed based on the so called good-run-list,
which contains information when parts of the detector were not functioning correctly.

Trigger

In a collision of lead ions a multitude of processes can occur leading to signals in the detector.
Therefore, the events have to be carefully identified and selected already at the trigger level. For
the light-by-light scattering this selection is not trivial as the momenta of the outgoing particles
are much smaller than the particles usually studied in ATLAS. Hence, a set of dedicated triggers
is used in the data taking. These triggers are sensitive to events with moderate activity in the
calorimeter system and very little signal in the rest of the detector. The triggers for the two
data taking periods are not identical due to optimizations performed in advance of the 2018
run based on experience gained in earlier data takings. The trigger strategy and all trigger
related studies were done by a collaborator and hence, are only shortly summarized in this
section. All information is taken from [2, 91].

2015 trigger requirements

In 2015 a single trigger called HLT_gg_upc_L1TE5_VTE200 was used, which imposes the following
requirements [92]:

1. at Level-1the seed requires a total transverse energy E; between 5GeV and 200 GeV in the
entire detector,
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2. veto on Minimum Bias Trigger Scintillators (MBTS) activity, meaning a maximum of one hit
in the inner ring of the MBTS,

3. a final HLT requirement that allows a maximum of 10 hits in the Pixel detector, which
vetoes events containing tracks with more than 10 hits.

The HLT_gg_upc_L1TE5_VTE200 trigger was running unprescaled in the full 2015 data-taking
period, which means that no events where discarded to limit the rate and all events where the
trigger fired were read out and stored to disk.

2018 trigger requirements

For the 2018 Pb+Pb run a set of two new triggers (HLT_hi_upc_FgapAC3_hi_gg_upc_L1TAU1_
TE4_VTE200 and HLT_hi_upc_FgapAC3_hi_gg upc_L12TAU1_TE50) was introduced [91]. These
triggers require the event to fulfil the subsequent criteria and were also used without any
prescale:

1. one of the following Level-1 seeds activated:

- a minimum of one EM cluster of E; >1GeV and a total E; between 4 and 200 GeV in
the entire calorimeter,

- at least 2 EM clusters with £, >1GeV and a total E, in the calorimeter below 50 GeV.

2. little signal in the FCal ensured by rejecting events with 3 ETFC"“ >3GeV on any side,
3. low activity in the ID by vetoing events with more than 15 hits in the Pixel Detector.

2018 supporting trigger requirements

For the 2018 data taking period multiple supporting triggers were in place to record events
with two electrons in the final state. These events are used for various efficiency and detector
calibration studies.

Trigger performance

To measure the Level-1 trigger performance yy — e*e™ events with exactly two reconstructed
tracks and two EM clusters with a minimum transverse energy of £, > 1GeV are used. Noise
is suppressed by requiring the reduced acoplanarity A = 1 - Ag/m between the two clusters
to be below 0.01. As the photons from the yy — yy scattering process are balanced in E; the
trigger efficiency is parametrized as a function of the sum of the energy of the two clusters
¥ E, = ESustert  AUster2 The extracted efficiency is shown in Figure 6.3. For the 2018 data taking
period the efficiency is around 65% at 3 £, = 5GeV and reaches a plateau of full efficiency at
> E; = 8GeV. In contrast, the efficiency for the 2015 data taking period is only 50 % at 3 £, =
8 GeV reaching the plateau at Y E; = 10GeV. This difference is caused by the much higher
threshold for the transverse energy in the 2015 trigger configuration.

To extract smooth functions which can be used to reweight the simulated samples to reflect
the measured trigger efficiency an error function is used to fit the measured points for both
data taking periods. The fit is also shown in Figure 6.3 with the uncertainties shown in a shaded
band.

The MBTS veto efficiency is estimated using yy — pu events passing a dedicated control trigger
and is found to be 98 +2%. For the FCal veto efficiency yy —» e*e™ events passing a control
trigger are used which does not impose the FCal veto and its efficiency is found to be 991 + 0.6 %.

Search for Axions at the LHC



48 6. Measurement of light-by-light scattering and ALP limits

— T
Py =
ﬂ:%
B
.i
14

A Pb+Pb |5,,=5.02 TeV
i e Data2018,1.7 nb™
; Fit to 2018 data
[_] 2018 Stat [ syst

O Data2015,0.5nb™
------- Fit to 2015 data

2015 Stat O syst

| I RS R
12 14

clusterl, ~cluster2
pousterty g dister2 Gy

— 1
ATLAS

0.8

0.6

Level-1 trigger efficiency

0.4

0.2

o
L
-
=

N
o
®
5

Figure 6.3: Level-1 trigger efficiency as a function of the sum of two electron clusters extracted
from yy — e*e” events [3]. Data is shown as points for the 2015 (blue) and 2018 (black) data
taking periods. The fit to data is shown as dashed line for 2015 and solid for 2018 with uncer-
tainties given by the two coloured bands.

Lastly, the pixel veto imposed at the HLT is found to be highly efficient with the inefficiency
being neglectable.

Object selection

Light-by-light scattering events contain only two photons in the final state. Hence, exactly two
photons are required to be measured in the detector. The invariant mass of the di-photon
system must be larger than 2.5GeV. Due to the similar detector signature of the yy — e*e”
process with two electrons in the final state a strict veto on charged particle tracks is imposed.

As a measure to discriminate against fake-photon sources the transverse momentum of the

di-photon system p¥y needs to be smaller than 1GeV for an invariant mass of the di-photon
system m, below 12 GeV and below 2 GeV for m,, > 12 GeV.

The photons are required to be emitted in a back-to-back topology. This can be measured by
using the so called reduced acoplanarity A, which is a measure for the deviation of the two
particles from being coplanar. The reduced acoplanarity A is given by

A¢
A=1-—1 (61)
I

where Ad)w is the difference in the azimuthal angle of the two photons.

Details on the procedure of reconstructing and identifying the objects is given in the following
section.
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Object and particle reconstruction

Track reconstruction

Tracks are objects describing the path of a charged particle through the detector. They are
reconstructed using information from the various tracking detectors using the default ATLAS
track reconstruction explained in section 5.5. The standard ATLAS identification methods are
however too strict to ensure a sufficient reduction of background induced by yy —» e*e™ where
both electron tracks are not reconstructed. There are two track object definitions used in the
analysis: Standard tracks and so-called pixel tracks. The standard tracks are tracks reconstruc-
ted using the full inner detector while the pixel tracks only make use of the two innermost
silicon detectors (Pixel + SCT).

The standard tracks need to have a transverse momentum p; > 1GeV, a pseudorapidity |n| < 2.5,
at least one hit in the Pixel detector and at minimum a total of six hits in silicon detectors. For
the pixel tracks the requirements are even looser with @ minimum transverse momentum of
p; > 05GeV, [n| < 25 and at least three hits in the Pixel detector. To suppress pixel tracks
originating only from noise in the pixel detector, they are only kept if they are close to a photon
candidate fulfilling AR < 0.5 with AR being a measure for the distance in the n- plane defined

as
AR = %(”1 - ”2)2 + (o, - ‘pz)z'

Photon reconstruction

For the reconstruction of the photons the standard ATLAS algorithm is utilized as described
in section 5.5. The reconstruction is setting a lower limit on the minimum measurable photon
transverse momentum with p; > 2.5 GeV [64]. This lower limit is given by the amount of material
in front of the calorimeter. The requirements for a photon candidate for this analysis are p; >
2.5GeV and a pseudorapidity |nV| < 2.37. In addition, it must not be within the calorimeter crack
region defined by 137 < |r/y| <1.52.

The photon also needs to fulfil identification criteria to ensure that the energy deposit is not
originating from noise or another particle passing through the detector. As the identification
method requires a longer description, this is explained in more detail in section 6.5.

To measure the photon reconstruction efficiency at low photon energies in data, yy —» e*e”
events can be used as sometimes one of the electrons will emit a hard-bremsstrahlung photon
due to interacting with material in the ID. These photons have a similar energy to the photons
produced in light-by-light scattering. Taking the ratio of events, where a hard-bremsstrahlung
photon was reconstructed and where it was not, although one is expected, the reconstruction
efficiency can be calculated. Hence, events with exactly two back-to-back charged-particle
tracks and one electron with a minimum energy of p; > 4GeV are selected. To ensure that
the two tracks are back-to-back the acoplanarity of the two is required to be smaller than 0.3.
One of the tracks has to match the electron within a window of AR < 1. Due to emitting the
hard-bremsstrahlung photon the energy of the second electron is too small to be properly
reconstructed. To make the selection cleaner a cluster inside the EM calorimeter is required
within AR < 0.3 around the second track.

For low transverse momenta the electron track is bent strong enough by the magnetic field to
lead to a good separation between the electron cluster and the hard-bremsstrahlung photon.
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Using an approximation for the bending radius [93] the separation can be estimated:

p; [GeV]

R[m]=m,

where R is the bending radius in m, p; the transverse momentum of the charged particle in
GeV and B the field strength of the magnetic field in T. With this it can be estimated that with
a transverse momentum of p, < 1.5GeV a minimum separation of AR > 0.4 can be ensured
when extrapolating to the front of the EM calorimeter. Hence, the second track is required to
fulfil p; < 1.5GeV. The transverse momentum of the photon is approximated by the difference
of the transverse energy of the electron and the momentum of the track emitting the hard-

bremsstrahlung photon p¥ =Ef - pyaCk‘

In total 3454 hard-bremsstrahlung events are selected in the combined dataset. To validate
the selection is sufficient to get a clean sample, the momentum of the hard-bremsstrahlung
photon and the transverse momentum of the system comprised of the two tracks and the
photon is compared with simulated yy — e*e™ events. The comparison is shown in Figure 6.4.
It shows reasonable agreement between data and simulation. Therefore, the selection of the
hard-bremsstrahlung events is considered pure.

To calculate the reconstruction efficiency the number of hard-bremsstrahlung events with a
reconstructed photon is divided by the total number of hard-bremsstrahlung events. This is
performed in two parametrizations: by the expected photon transverse momentum p¥ = Ef -
p}raCk and by pseudorapidity as given by the track n'@. The resulting efficiencies are shown in
Figure 6.5. For lowest photon energies of 2.5 GeV the reconstruction efficiency is = 60 %. It rises
quickly with the photon energy reaching a maximum of 90 %.

For the efficiency as a function of n it is visible that the reconstruction efficiency is high around
In| = 0 with 85% and falling towards the forward region reaching a minimum around the
calorimeter crack. In the far forward region the efficiency is reaching a maximum with 90 %.

To correct the reconstruction efficiency from the simulation to reflect the efficiencies measured
on data the simulated events are weighted by so-called Scale Factors (SF). The Scale Factors
(SF) are given by the ratio between the observed values for data and simulation. The SF are
parametrized by the photon transverse momentum Pr, for the nominal analysis. A second
set of SF parametrized by the photon pseudorapidity is used to derive uncertainties on the
correction. This is discussed in more detail in section 6.8.

Photon identification

In most ATLAS analyses one of two reference photon Particle Identifications (PIDs) - called loose
and tight - is used to identify photons and differentiate them from noise. They take various,
so-called shower shape variables, into account and use rectangular cuts to make a selection
of photons. [64] The loose selection is cutting only on variables from the second layer (Wn’z)
and the hadronic layer (Rn and Rhad). The tight selection is using all shower shape variables
discussed in subsection 6.5.1. As most analyses within ATLAS are targeting prompt photons with
a high energy the cuts are optimized to have the best efficiency above 40 GeV.

Both selections are tested for this analysis with the single photon identification efficiency
shown in Figure 6.6. To study the efficiency of the two reference PIDs the yy — yy signal simu-
lation is used. For all reconstructed photons with p; > 2.5GeV and |n| < 2.37 that match a truth
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Figure 6.4: Transverse momentum of the hard-bremsstrahlung photons (top) and of the elec-
tron, track and photon system (bottom) for the 2015 (left) and 2018 (right) data taking periods
compared to simulated events.
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Figure 6.5: Photon reconstruction efficiency in dependence of the photons transverse mo-
mentum (left) and the photons pseudorapidity (right). Efficiencies measured in data (red) are
compared to the efficiencies from the yy — e*e” simulation (blue).
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photon with AR < 0.3 the different identification results are checked. The efficiency is then given
by the ratio of identified photons over the total number of reconstructed (and truth-matched)
photons. As expected, the tight identification gives significantly lower efficiency than the loose
identification due to the stricter cuts applied. At lowest photon energies the efficiency with
loose PID is = 50 % and only 15 % for tight PID. Given that most signal is expected at low photon
energies these efficiencies would lead to a large loss of signal.

Another important aspect is the background rejection capability of the identification method.
It is defined as 1 - €background where €background is the efficiency for background events being
classified as signal. To achieve a clean selection of signal photons the background rejection
must be as high as possible. Clearly, the signal efficiency and background rejection are not
independent of each other. While one could accomplish a signal efficiency of 100 % easily by
just accepting all photons, this would also lead to a background rejection of 0. Thus, tuning the
identification method is always a trade-off between signal efficiency and background rejection.

For the default identification methods the single photon background rejection is found to be
quite low with 39 % for loose and 81% for tight PID.
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Figure 6.6: Efficiency for the identification of a single photon as determined from the simulated
yy — vy sample for the two default ATLAS photon PID methods. The efficiency is shown as a
function of the photon transverse momentum p; (left) and the pseudorapidity n (right).

Given the poor performance of the default selection methods for both signal efficiency and
background rejection two different approaches are investigated. The aim is to improve the iden-
tification efficiency while keeping a strong background rejection down to the lowest energies.
Thus, maximizing the yield for yy - yy events while suppressing background contamination.

The first approach is to use low energy samples to derive rectangular cuts similar to the ref-
erence identification methods but optimized for lower energies. The second approach uses
neural networks trained to discriminate between photon and background. After introducing the
full list of shower shapes and the photon and background samples the two newly developed
methods are discussed.
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Shower shape variables

The photon shower shapes are variables calculated from measurements in the different parts
of the calorimeters and characterize the shape of the clusters [64]. The variables used in the
scope of this thesis are shown schematically in Figure 6.7 and summarized in the following:

- f, - longitudinal shape of the shower given by the fraction of the energy deposit associ-
ated with the photons cluster in the first layer over the total energy of the cluster

* E.io — ratio of the difference between the maximum energy deposit (E and the
second-largest energy deposit (E over the sum of the two deposits:

|Emax,1 - Emax,2 | / (Emax,1 + Emax,z)

max,1)

max,Z)

. . _LsEn [SEm\?. .
w, , ~ measure for the lateral width of the shower given by W, , = %Z_E, - <Z_E,) with E;

being the energy in cell i and n; the pseudorapidity. The sum is calculated ina3x5 (nx¢)
region of cells in S,

. Rn - ratio of the energy in the 3 x7 (n x ¢) cells and the 7 x 7 (n x ¢) cells around the
cluster position

* R,.q, — leakage into the hadronic calorimeter calculated by the ratio of the energy deposit
in the first sampling layer of the hadronic calorimeter and the total cluster energy in the
EM calorimeter

* R,.q — leakage into the hadronic calorimeter calculated by the ratio of the energy deposit
in the hadronic calorimeter and the total cluster energy in the EM calorimeter

S
E3x27 2 2
Ry = S - [ZE (e
7x7°2 2 ZEi ZE,‘
ES L= Emaxﬂ’Emax,Z
f1 = widthina3x5 (r] X (;b) ratio Emaxi+Emax2

region of cells in S,

gecon

SUip

Figure 6.7: Visualizations of the variables from the calorimeter used for the neural network
photon identification. Inspired by [94].

Photon and background samples

To develop a method to discriminate between signal and background samples for both cases
are required. In this specific case the fake photon sample is extracted from a fake enriched
control region. This region is defined by imposing the following selections:
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- passes signal trigger requirements,

- exactly two good-quality photons with p; > 25GeV and [n| < 2.37 (without any identific-
ation requirements),

- no tracks originating from a primary vertex,
- invariant mass for the di-photon system m,, >5GeV,

- transverse momentum of the di-photon system p}/y > 2GeV.

It is mostly dominated by fake signals generated from cosmic muons crossing the EM calori-
meter and also includes noise by the calorimeter itself.

The signal photon samples are extracted from the two simulated signal samples using the signal
cuts described in subsection 6.3.2 but additionally requiring the two reconstructed photons to
be matched to a photon on truth level.

Before any optimizations are performed the datasets are split into a training and a testing set
with a ratio of approximately 70 % for training to 30 % for testing. This strict splitting of the
datasets allows to validate the performance of the selection method on a “new” sample and
helps to detect if the selection criteria are over-specific.

Figure 6.8 shows the normalized shower shape distributions for the full signal sample as well
as the background sample. The clearest separation can be seen in the variables f, and E
However, the other variables show some discriminating power as well.

ratio*

The shower shapes change significantly with the pseudorapidity n. The identification is there-
fore performed in multiple pseudorapidity bins independently. The bins are chosen such that
two bins cover the barrel calorimeter and two bins cover the end-cap region.

Custom cut-based identification

For a previous analysis of light-by-light scattering a custom photon PID using rectangular cuts
was utilized for the photon identification [82]. This used the same three shower shape variables
as the loose PID. In a similar fashion, a set of rectangular cuts is determined for this analysis
exploiting the larger dataset available for this analysis with respect to the earlier analysis.
Early studies showed that using the full set of six shower shape variables does not reduce the
efficiency and hence, for this analysis all six variables are used in the rectangular cuts.

To establish the linear cuts a framework for multivariate data analysis is used called Toolkit for
Multivariate Data Analysis (TMVA) [95]. It allows building identification methods using various
different technologies. However, for this analysis only the rectangular cuts are utilized. The
optimization inside the framework is done on a simple Monte Carlo (MC) sampling method. This
randomly samples cut values within the range of the discriminating variables and determines
the efficiency and background rejection for each set of cut values. There are more efficient fit
methods available at the cost of increased complexity. As the dataset available for the fitting
is small it was therefore decided to use the MC fitting. All other options were left at the TMVA
default settings.

The resulting cut values for a single photon PID efficiency of 95% as well as the corresponding
background rejection for the four Inyl—bins are given in Table 6.1. Additionally, in Figure 6.9 the
background rejection as a function of the single photon PID efficiency is plotted.
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Figure 6.8: Normalized distributions of the photon shower shapes extracted from the simulated
signal sample (blue) and the background sample from data (red).

Table 6.1: Cut values for the cut-based photon PID at a single photon identification efficiency of
95%. The background rejection values are determined by evaluating the testing dataset.

Variable |r)Y| <0.6 0.6 < |r)V| <137 152 < |r)y| <181 181 < |r)V| <237

W, , < 0.0174 < 0.0162 < 0.0165 < 0.0145

i > 0.0588 > 0.0694 > 0.0768 > 0.0185

Eratio > 0.5448 > 0.1236 > 0.1279 > 0.6822

; > —142.7355 > -57.3662 > 0.3259 < 0.2671

Riad < 0.1573 < 8.2703 < 7.6526 < 4.6064

Riad 1 < 2.5479 < 0.4005 < 4.0244 < 0.1505
Background o o o o
rejection 98.0% 92.6% 70.0 % 842 %

Neural network photon identification

The identification method based on rectangular cuts is limited to a single threshold per shower
shaper variable and hence, does not take the values of the other shower shapes into account.
To overcome this, the second approach uses a neural network which can base the identification
not only on the value itself but includes the relation between the variables.

For training the neural network one of the most used machine learning toolkit called Keras is
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used in combination with Tensorflow [96] as the backend. To optimize the network multiple
different architectures are tested and their performance compared. Due to the small number
of input variables, the finally selected network is fairly simple consisting out of only two hidden
layers with 20 and 10 neurons respectively. Those hidden neurons all use a rectified linear unit
as activation.

The output layer consists of a single neuron with a sigmoid activation function to ensure that
the output value y is in the range of 0 to 1. When the output value is larger than a given
threshold taignal (y > tsignal) the inputis classified as a photon while for y < taignal itis considered
background. Using this single output opposed to a multi neuron output as often done for
classification allows for an easy tuning of the signal threshold and in turn setting a desired
identification efficiency. To prevent overfitting a dropout layer is included after each hidden
layer with a dropout factor of 0.1 during training. A summary of the networks” architecture is
given in Table 6.2.

Table 6.2: Neural network architecture for the photon identification. The dropout rate of 0.1
results in 10 % of the connections being randomly dropped during training.

Layer Neurons Activation function Parameters
Dense 20 RelU 140
Dropout 0
Dense 10 RelU 210
Dropout 0
Output 1 Sigmoid 1
Total 361

As done for the cut-based identification for each |r)y|—region a dedicated network is trained.
This approach is chosen over the alternative of using |r7y| as an additional input due to limited
statistics of the background sample in the forward region. The limited statistics would make
it more complicated to get consistently good results over the full |r)y| range with just a single
network.

To prepare the datasets for training each variable x is normalized using Gaussian normalization
with the following transformation: i

T(x) = %=X (6.2)

o

For every input variable the mean p and the standard deviation o are determined such that
the mean of all transformed training samples equals to 0 and the standard deviation is 1.
Therefore, every input variable has specific parameters for the transformation. Additionally,
every set of input variables is labelled with 1 for a photon and 0 for background. To have a
balanced training set a random subset of each category (signal, background) is chosen so that
the number of samples in each category is the same.

The training dataset is again split into two datasets. 90 % are used for the actual training and
10% to validate the networks' performance after each iteration. As an optimizer Nesterov-
accelerated Adaptive Moment Estimation (Nadam) is used and the mean squared error is taken
as the loss function. The training is performed over 100 epochs, however the validation accuracy
is determined after each epoch and the model with the best validation accuracy is saved in the
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end. This acts as a second safeguard to prevent overfitting, which would lead to the validation
accuracy to drop with respect to the training accuracy. Increasing the number of epochs for the
training process is evaluated but does not improve the accuracy any further.

After the training, the network is evaluated on the testing dataset to ensure that the network
is neither over- nor under-fitted. Comparing the evaluation on the validation and the testing
dataset shows pretty good agreement. Hence, the network is not overfitted and can give good
predictions for new data as well.

As discussed before, the performance of a classification method is rated based on the combin-
ation of signal efficiency and background rejection. One method to visualize this is to evaluate
the signal efficiency and background rejection for different thresholds in the range between 0
and 1. Plotting the background rejection versus the signal efficiency for different binary classi-
fiers makes it easy to compare them.

In Figure 6.9 this is shown for the neural network and the rectangular cut based approach. As
a reference the working point used for the previous light-by-light analysis is also shown. It can
be clearly seen that the neural network performs better over all |r7y|—bins. While in the central
region (|r;y| < 0.6) the difference in background rejection at 95% is only 0.6 %, in the forward
region the neural network rejects up to 25% more single photons from background than the
rectangular cuts. The results for the ATLAS reference loose and tight PID are not included in
the plot as they are by far outside the range of the other methods. Table 6.3 summarized the
single photon background rejection capabilities for the two new methods in all |r7y|—bins ata
fixed single photon efficiency of 95%. It also shows the consistency between the training and
testing datasets with the difference between the two being below 1.3 % giving no indication for
overfitting.

The thresholds for the networks are selected to set the working point to a single photon PID
efficiency of = 95% based on evaluating the photons in the testing sample.

Table 6.3: Background rejections for the different selection methods and datasets at a single
photon signal efficiency of 95 %.

Selection Data Inyl <06 06< |ny| <137 152< |r)y| <181 181< |ny| <237
Neural network train 98.7% 98.3% 876 % 90.4 %
Neural network  test 98.5% 97.7 % 872 % 901%
TMVA Cuts train 981% 93.6 % 711% 83.7%
TMVA Cuts test 98.0% 924 % 70.0% 842%

To gain some understanding on the impact of the different shower shape variables on the
identification decision the partial dependence functions discussed in section 3.5 are evaluated
for all models. The procedure described there is performed for all six used shower shapes
and the four networks. The resulting ranking is shown in Figure 6.10. There it is visible that
the longitudinal shower shape f, is the most important variable for discriminating signal from
background photons. The hadronic leakage is less important in the central region while it gains
more discriminative power in the forward region.
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Figure 6.9: Comparison of the background rejection as a function of the photon PID efficiency
for a single photon in the four Inyl—regions. Shown are the results for the neural network (blue),

rectangular cuts (red) and the rectangular cuts used in the 2016 publication (green dot).
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Figure 6.10: Relative importance ranking on the photon particle identification decision for the
neural network for the different models.
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Measurement of the photon identification efficiency

To validate the photon PID efficiencies extracted from simulated samples, the efficiency is also
measured in data. This is done on two different types of events. Firstly, yy = e*e™ events
where one of the electrons is emitting an Final-State Radiation (FSR) photon are used. A second
method is exploiting the yy - e*e™ events containing a hard-bremsstrahlung photon discussed
in subsection 6.4.2.

Final-state radiation photons

One method to select photons in data is to use yy — e*e™ events where one of the electrons
radiates a photon in the final state. The selection criteria for the FSR events were determined
and studied by a collaborator and hence, this section is only shortly explaining the selection
as well as the results from studying the photon identification performance based on the FSR
sample. [91]

The following selection criteria are imposed to preselect such events with an FSR photon:

- no extra trigger requirement (except for the ones used for the pre-filtering of the analysis
dataset)

- exactly two opposite-charge tracks with a minimum transverse momentum p; > 0.5GeV
passing the loose track identification selection

- invariant mass of the two-track system m™ > 1.5GeV

In addition to the preselection a photon candidate with a minimum energy of E; > 2.5GeV and
|ny| < 137 0r 152 < |r;y| < 2.37 is required. The photon candidate must be separated from
both tracks with AR > 0.35 to ensure the clusters of the electron and the photon candidate are
isolated and no energy leakage between them occurs. From simulation, it is determined that

T .
a further cut on the transverse momentum of the two track + photon system pr Y < 1Gevis
required to suppress contamination with other processes.

This selection yields 212 events in the 2015 dataset and 1333 events in the 2018 dataset. In
Figure 611 and Figure 6.2 the resulting single photon PID efficiencies in dependence of the
photons transverse momentum p; and pseudorapidity n are shown for the 2015 and 2018 data-
set respectively.

For the 2015 dataset the efficiency from data is estimated to be larger than in the simulated
Yy — vy sample for smaller transverse photon momenta Pry and over the full range in n. The
difference between the two is below 5% for Pry and 7% for n which is considered not significant.
However, the ratio between data and simulation is used as MC-to-data SFs to correct the simu-
lation. For the nominal analysis the SF parametrized by pr, are used and the SF parametrized
by n are taken as a systematic variation to derive uncertainties.

For the 2018 dataset the differences are even smaller with a maximum deviation of 4% in the
transverse photon momentum. The efficiencies in dependence of n show deviations close to
10 % in the very forward region. Due to the low number of FSR photons available in that range
the uncertainties are large and hence, this difference is considered acceptable. As for the 2015
dataset the ratios are used as SF for the nominal and systematic variation.

To check that the sample is not contaminated the shower shapes of the selected photon can-
didates in data are compared to the shower shapes of photons in the simulated signal sample.
The comparison plots can be found in the appendix in Figure Al and acceptable agreement
between data and MC is observed.
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Hard-bremsstrahlung photons

The second method is exploiting the yy — e*e™ events with hard-bremsstrahlung already used
to determine the photon reconstruction efficiency. As a cross-check, this dataset is also used
to determine the photon identification efficiency. In data the hard-bremsstrahlung selection
contains a total of 2875 reconstructed photon candidates which are known to correspond to real
photons. These can be used to extract the photon identification efficiency by taking the ratio
of identified photons over the total number of reconstructed photons. This study is done on
data and simulated events with the results shown in Figure 613 in dependence of the photon's
momentum p; and pseudorapidity . No large deviation between data and MC can be seen.
As for the FSR sample the comparison of the shower shapes between data and MC shows no
significant deviations as can be seen in Figure A.2.
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Figure 6.11: Single photon PID efficiency extracted from final-state radiation photons radiated
by an electron in dependence of the photon’s momentum p; (left) and pseudorapidity n (right)
for the 2015 data taking period. Shown are values for data (black) and simulated events (blue).
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Background estimation

Multiple background processes exist which produce a similar event signature as the light-by-
light scattering. Therefore, it is important to identify and quantify the contributions of those
processes inside the signal selection. The largest contribution originates in the production of
an electron-positron pair (yy — e*e”). These events can fake signal signatures if the electrons
are misidentified as photons or in case a hard-bremsstrahlung photon is emitted. Another
large contribution comes from CEP gg — yy which also produces a di-photon final state. Lastly,
fake photons could be a source of background. In Figure 614 shows the Feynman diagrams for
the relevant background processes.

In the following subsections, each of those contributions will be discussed in detail followed
by a short summary of additional processes where a negligible or no background contribution
is expected.

Pb Pb Ph Ph(*)
g
Y < Y < 4
Y A g \ A
Y > Y > Y
Pb Pb Pb Ph(*)

Figure 6.14: Feynman diagrams of the light-by-light scattering process (left) as well as the yy —
e*e” (middle) and CEP background (right) processes yielding a relevant amount of background
events in the signal region.

Electron-positron background

The largest background process is the decay of the photons into an electron-positron-pair
Yy = e*e”. This process is much more likely as it has two fewer vertices compared to yy — vy.
At the same time the signal in the detector looks similar to two photons if the charged particle
tracks are not properly reconstructed. Hence, the suppression of this background is of large
importance to be able to extract good light-by-light scattering events.

The suppression is made possible by vetoing any track activity in the detector. As previously
stated two different track definitions are used: standard tracks and pixel tracks. The latter
uses much less stringent cuts giving a large efficiency to reconstruct them. Using a veto only
on standard tracks the background efficiency decreases to 0.7 % compared to no cuts on the
number of tracks with the signal efficiency decreasing by 7%. Using the additional requirement
of no pixel tracks close to the photon candidates, the background is suppressed by a factor of
10* with a loss of signal efficiency of only 1%.

Due to the inaccurate modelling of pixel tracks in the simulation, a data-driven measurement
of the background contribution from misidentified yy - e*e” events is done. This is done using
events with two photons with pr, >2.5GeVeach andan invariant mass of m,, >5GeVand three

control regions defined as following:
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1. CR(N,., = 1): one standard track, any number of pixel tracks and A < 0.01 for the two
photons

2. CR(Npixtrack =2): signal selection except for requiring 2 pixel tracks

3. CR(Npixtrack =1): signal selection except for requiring 1 pixel track

Using the first control region CR(N,,. = 1) the conditional probability Pristag is derived to miss
a pixel track if the corresponding electron standard track is not reconstructed. The standard
track needs to match one of the electrons with AR < 0.5. The same requirement is imposed for
the pixel tracks, however, in the case of two pixel tracks they must not match the same photon.
The mistag probability can then be extracted by taking the ratio of events with one pixel track
over the total number of events in the control region.

In Figure 6.15 the number of pixel tracks for events in CR(N,.,., = 1) are shown for the signal
region (A < 0.01) and for the CEP control region (A > 0.01). It can be seen that the simula-
tion differs quite strongly from the measured results with a tendency to a higher number of
reconstructed pixel tracks. This is caused by the mismodelling of the pixel track reconstruction
efficiencies and shows that the fake electron background can not be extracted from simulation
but must be determined using a data-driven method. The mistag probability Pmistag is calcu-
lated to be 47.55%. To assess the systematic uncertainty on Prmistag the cut on the acoplanarity

A is dropped for CR(N =1) leading to a change of 9 %.
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Figure 6.15: Number of reconstructed pixel tracks in events with two photons and exactly one
track matching one of the photons in the signal region (left) and the CEP control region (right).
Data (black points) is compared with results from the yy - e*e™ simulation (blue).

Knowing the mistag probability Pristag the probabilities for different event compositions can be
calculated:

2
o2 (1) o3
prixﬂ =2 pmistag ' (1 _pmistag> (6:4)
2
o Bl 63
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Table 6.4: Results for the data-driven e*e™ background study. The extrapolated expected e*e”
background contribution is shown in the last row.

Data nominal pmsmgvanaﬂon MC
Prmistag 4755% 3825% 11.69 %
Py 27.51% 3813% 7799 %
pix
Py 49.88% 4724% 20.64 %
pix
Py o 261% 14.63 % 137%
pix
CR(N,, =1) 36 36 5.36
CR(N,,. =2) 15 15 27.86
Ng;%;mw 12.33 0.46
Ngrp;iteed,high 16.32 0.46
N eres 14.90 874 046

Combining those probabilities with the measured numbers of pixel tracks in the control regions
the expected number of background events inside the signal region can be extrapolated. This
is performed taking the average of the two control regions with at least one pixel track as the
central value and the following formula:

+,5- p[\[ . =0
yy—e'e pix
Nexpected = <NCR(Npix=1) + NCR(Npix=2)> ) T (6.6)
Npix=0
The lower and upper bounds are given by the following relations:
+,- p[\] . =0
yy—e'e ix
Nexpected,tow = NCR(N o=1) - (6-7)
pix DN 4
pix
- Py -0
yy—e'e ix
Nexpected,high = NCR(N =) = (6.8)
pix Py =2

In Table 6.4 a full summary of the extracted probabilities, event counts and expected back-
ground contribution is given. Based on these numbers the expected number of e*e™ back-
ground events in the signal region is estimated to be NY/~¢'¢" =15+ 7. The uncertainty covers
both the uncertainty on Pristag and the limited statistics in the two pixel track control regions.
The lower and upper bounds for the expected background contributions are also covered within
the uncertainty.

The same procedure is repeated with an inverted acoplanarity cut (hence, requiring A > 0.01) to
determine the e*e™ background in the CEP control region. From this the number of yy —» e*e”
events inside this control region is estimated to be NYY7€ € =30 +14.

Central exclusive production

CEP gg — yy, as shown in Figure 614. has a di-photon final state just as the light-by-light
scattering. However, the kinematics of CEP differs from yy — yy as the gluons can radiate
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off gluons in the initial state. To estimate the contribution of CEP MC simulation generated
with SuperChic 3 is used. Due to limited knowledge on the cross-section for the CEP process,
the normalization is extracted from a dedicated CEP enriched control region in data and then
extrapolated to the signal region. This control region is defined by taking the light-by-light
scattering signal selection except for inverting the acoplanarity cut effectively requiring A > 0.01.
Using the following condition the normalization inside the control region is determined:

N9t (A > 0.01) = NII=VY(A > 0.01) + NYY (A > 0.01) + NYVee(A > 0.01). (6.9)

Here N93% is the number of events observed in data, N99°¥ the number of expected events
originating from CEP, NY/>¥¥ the number of expected light-by-lightsignal events and NYY~¢'e"
the number of events from e*e™ as determined by the data-driven method explained in the
previous section.

Figure 616 shows the di-photon acoplanarity distribution for events passing the signal selection
except forthe A < 0.01 requirement for measured data and the expected background and signal
yields. It can be clearly observed that the acoplanarity is steeply falling for the photons in
the signal process while it is only slowly falling for the CEP. For A > 0.01 the relative yield in
background events exceeds the yield in light-by-light scattering events. This motivates a cut
on the acoplanarity with A < 0.01 to reduce the amount of CEP background inside the signal
region.
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Figure 6.16: Di-photon acoplanarity distribution for events passing the signal selection except
for the A < 0.01 requirement for measured data (black) and the expected background and
signal yields (lines). Error bars for measured data show the statistical uncertainties while the
shaded band gives the the uncertainties on the signal and background predictions, excluding
uncertainty in the luminosity.

Using Equation 6.9 the expected background contribution from CEP inside the signal region is
calculated to be 12+ 3 events. The uncertainty includes the limited statistics in the CEP control
region as well as uncertainties on the modelling of the CEP process. The uncertainty on the
shape of the CEP signal is evaluated by utilizing a second sample generated with SuperChic 2
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including extra gluon interactions but no absorptive effects. The second sample shows a 20 %
difference in the background yield inside the signal region with respect to the nominal sample
and hence, is included as an additional systematic.

Fake photon background

Cosmic muons passing the detector and noise in the calorimeter can create fake photon sig-
natures in the calorimeter. If the cosmic muons do not cross the Pixel detector no charged
tracks will be reconstructed for the muons. However, the fake signatures will produce clusters
with different shower shapes than real photons for both cases. To estimate the background
contribution from muons a control region which requires at least one track reconstructed in
the muon spectrometer: N, > 0. A dedicated trigger is used which records events only dur-
ing empty bunches, hence, no lead ions are passing the collision point and all signals in the
detector must come either from noise in the detector components or cosmic particles passing
through the detector. In total of 8 events are found which pass the empty bunch trigger and
contain two photons with the di-photon invariant mass m,, >5GeV. A normalized distribution
of the number of tracks in the muon spectrometer for those events is shown in Figure 617.
From this it can be seen that approximately 60 % of the fake di-photon events are expected
to have at least one track in the muon spectrometer. However, when applying the p¥y cut no
events with N, > 0 are found. From this it is concluded that there is no significant background
from fake-photons in the signal region. For completeness, it should be noted that this study is
only performed on the 2018 dataset as the empty bunches trigger was not in place for the 2015
dataset, but no differences are expected for with respect to the 2018 dataset.

To cross-check this assumption the time information associated to the photon clusters is stud-
ied. The calorimeter time measurement in ATLAS is calibrated such that particles travelling from
the IP at the speed of light will give a value of 0ns [97]. The photons from the light-by-light
scattering process are falling into this category and therefore, the measured photon cluster
time is expected to be around 0ns. In Figure 618 the measured time distribution for the con-
trol region with A > 0.01 is shown and compared to the expectation from simulation. A good
agreement between data and expectation can be observed for the timing information. Next
to it the timing information of the events triggered on empty bunches containing two photons
passing the selection criteria with a di-photon invariant mass larger than 5GeV. For the latter
the measured time appears to be distributed flat over the range with no clustering around 0
as would be expected for real prompt photons. This further supports the assumption that the
background in the signal region due to fake di-photon events.
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Figure 6.17: Number of tracks in the muon spectrometer for di-photon events with m,, >5GeV in

empty bunches (left) and for events passing the signal trigger with the additional requirements
of Nys >0and N, =0 (right).
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Figure 618: Distribution of the time information from the cluster associated to the sub-leading
photon for events in the control region with A > 0.01 (left) and for events triggered on empty
bunches (right). For the events in the control region the measured data is compared to the
expected distribution from simulation showing good agreement.
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Kinematic distributions

A selection of kinematic distributions is used to compare the measured results with expecta-
tion from simulation. Three distributions related to the energy of the process are chosen: the
leading photon transverse momentum Pry the transverse momentum of the di-photon system
p¥y and the mass of the di-photon system m,.. The leading photon is defined as the photon
with the larger transverse momentum.

To study the angular distribution of the di-photon system, the di-photon rapidity |yyy| and the
| cos 6% | are used. The definition for | cos 8| is as follows:

Ay.
tanh(%yzﬂ, (610)

| cosB*| =

where 8* is the scattering angle of the two photons in their centre-of-mass system given by
the polar angle with respect to the beam axis and Yyiya the difference between the rapidities of
the two photons. The last distribution studied is the leading photon Ir]yl, which is the pseudo-
rapidity of the photon with the larger transverse momentum.

Figure 619 shows these kinematic distributions of the measured yy — yy scattering event can-
didates and compares them to the sum of all expected signal and background contributions
within the signal region. The dataset contains a total of 97 events where 45 signal events and
27 background events are expected from simulation.

In total, the expectation from simulation describes the measured data well, however, the overall
event yield is found to be slightly larger than expected.
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Figure 6.19: Measured distributions (black points) for various kinematic variables are compared
with the prediction from MC simulation. The systematic uncertainty on the prediction is shown

by the grey area.
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Systematic and statistical uncertainties

Any result is worthless without knowledge on its uncertainties. Hence, gaining knowledge on
the uncertainties involved in the analysis is a vital part of the process. This means that for
each number, simulated sample and analysis method going into the results the uncertainty
associated to it has to be determined. On a first level one distinguishes between systematic
and statistical uncertainties. The latter are all uncertainties which are introduced by statistical
fluctuations due to limited statistics be it in the measured data or simulated MC samples.
They can be reduced by increasing the number of simulated events or measuring over a longer
period of time. Systematic uncertainties on the other hand can be introduced by many different
sources.

The two main categories are experimental and theoretical systematic uncertainties. Experi-
mental systematic uncertainties stem from limited knowledge on various aspects of the ex-
perimental setup. This includes the efficiency of the various detector components, the energy
calibration and resolution. Theoretical uncertainties arise from the physics modelling for the
measured process as well as the possible background processes.

To evaluate the systematic uncertainties in this analysis the recommendations by the ATLAS
collaboration are followed. For all systematic uncertainties evaluated with the ATLAS analysis
tools an up and down variation is available which shift the parameters used in the various
reconstruction or correction tools by one standard deviation in either direction. The analysis
of all simulated samples is run once for every systematic uncertainty yielding the full set of
distributions for each.

However, due to the unusual energy range of the light-by-light scattering process with respect
to the average ATLAS analysis, some non-standard methods for estimating systematic uncer-
tainties are used.

The influence of each systematic variation is determined by calculating the difference of the
varied results to the results obtained without any systematic shift applied, also referred to as
nominal, in each bin. The total systematic uncertainty is calculated by adding the different
contributions quadratically for each bin i, assuming they are uncorrelated:

_ 2
Ototalsys,i - jé ) OSVSJ'

sys

In the following sections the different sources of systematic uncertainties and the methods
used to extract them are explained in detail. They are bundled into two groups of signal sys-
tematic uncertainties and background systematic uncertainties, where the latter are needed
for the unfolded differential cross-sections. The trigger efficiency, photon angular resolution
and background systematics were extracted by other members of the analysis team. Hence,
only a short summary of the results is given there.

Systematic uncertainties on the signal
Trigger efficiency

As described in section 6.3 the trigger efficiency is derived from yy — e*e™ events. The trigger
efficiency is extracted as a function of the sum of the electron transverse energy E; = E%‘“Ste” +

E%l““erz. To receive a continuous description of the trigger efficiency the distribution is fitted
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with the following function:

erf((E%lUSte” + E%lusterz _ P1) /P2) +
2 ,

where p, and p, are the two fit parameters.

By using slightly modified selection criteria an up and down systematic is estimated. The result-
ing efficiencies for the 2015 and 2018 conditions are shown in Figure 6.3. The relative uncertainty
of the trigger efficiency on the signal yield is found to be 5%.

Photon reconstruction and identification efficiency

As explained in subsection 6.4.2 and 6.5, the differences between the photon reconstruction and
photon identification efficiency measured in data and in the simulated samples are corrected
for by applied scale factors to each simulated event. In the baseline the scale factors are
parametrized as a function of the photons transverse momenta. To estimate the systematic
uncertainty on the efficiencies the scale factors are extracted as a function of the photons
rapidity and the difference between the nominal and varied results are taken as the uncertainty.
For the photon reconstruction efficiency the uncertainty is found to be 4 % while the uncertainty
on the photon identification efficiency is below 1%. As there is no dedicated up and down
variation possible here, the systematic uncertainty is considered to be symmetric.

Photon energy scale and energy resolution

To investigate the uncertainty from the photon energy scale and resolution the ATLAS tool from
the combined performance group is used. It applies corrections to the measured properties of
photons taking into consideration the detector conditions (e.g. high voltage uniformity and gain
variations). To evaluate the influence of the uncertainties for the energy scale and resolution
the parameters used for the corrections are varied up and down by one standard deviation.
The impact on the overall signal yield is #1% for the up/down variation of the energy scale and
2 % for the energy resolution.

Photon angular resolution

The limited knowledge of the photon angular resolution is again extracted using yy — e*e”
events. Using the fact that the angular resolution of the electron tracks is much better than
resolution of the cluster the angular resolution of the cluster can be extracted from measuring
|chluster,1 _ Lptrack,1| _ |(pduster,2 _ (ptrack,2| which is then given by:

|(pcluster,1 _ Lptrackﬂ | _ |(pcluster,2 _ (ptrack,2|

O pcluster =
(0] \/5

Using this method it is found that an additional smearing of the resolution is needed in simu-
lation with o“'s**" =~ 0.006 to describe the measured resolution from data. When applying this
extrasmearing a difference of 2 % is seen which is taken as an additional systematic uncertainty.

Alternative signal simulation

The choice of the event generator used to produce the event input for the production of sim-
ulated samples introduces a model dependency into the analysis. To check the impact of the
generator on the signal shape the nominal simulation is compared with an alternative sample

Search for Axions at the LHC



72 6. Measurement of light-by-light scattering and ALP limits

generated with STARLlight 2.0. The samples are found to be in agreement with a relative dif-
ference between the two samples of only 1%.

Systematic uncertainties on the background

Not only the signal yield is prone to systematic uncertainties, but also the background vyield
for the backgrounds derived in section 6.6. In this section the sources for uncertainties for the
yy = e*e” and CEP background yield are discussed. They are only relevant for the calculation
of the differential cross-sections.

Electron-positron background uncertainties

As discussed earlier the e*e™ background contribution in the signal region is determined from
a control region in data leveraging the probability to miss one electron pixel track if the stand-
ard track is not reconstructed. The calculation of the e*e™ background vyield is based on the
electron mistag probability, the choice of the control region and the statistical uncertainties in
the control region.

To evaluate the uncertainty on the mistag probability a cut is dropped from the definition of the
control region used to calculate the mistag probability. This results in an uncertainty of 10 %
on the mistag probability. The calculation of the total background yield is therefore repeated
with the mistag probability varied up and down by 10 % and the difference to the background
yield for the nominal mistag probability is taken as the corresponding systematic uncertainty.
The variation leads to a change in the background yield of +2.75 events or 10.3 % compared to
the nominal background expectation. In the following this uncertainty contribution is referred
to as “ee mistag”.

The choice of the control region for the extrapolation into the signal region also influences
the overall e*e™ background normalization. Using varied definitions for the control region as
shown in equations 6.7 and 6.8 the background contribution is calculated once again yielding
an up and down shift in the overall background yield of +2.6 events or 9.8 % compared to the
nominal value. This uncertainty is later referred to as “ee CR".

The last uncertainty in the overall e*e™ background contribution is due to the limited statistics
in the two control regions (CR(Npix =1) and CR(NpiX = 2)). To estimate this uncertainty the
statistical uncertainty from the events in the control regions is propagated to the signal region.
Again, this is only impacting the overall normalization of the background contribution and leads
to a change of the total background contribution of +4.1 events or 15.4 %. It is abbreviated with
“ee stat” in the following.

In addition to the previous three uncertainty contributions, an uncertainty on the shape of
the e*e™ background must be considered. As no events pass the signal selection in the sim-
ulated samples for the yy — e*e™ process, the shape is extracted from data using the control
region CR(I\IpiX=1). To estimate the uncertainty on the shape an alternative control region with

CR(NpiXZZ) is used. For the distributions and binnings used in the unfolding procedure the

changes in the shape lead to a deviation of at most 25% in single bins. This uncertainty is
denoted as “ee shape” in the following plots.

CEP background uncertainties

While the shape for the CEP background contribution is taken from simulation, the overall
normalization was determined using a data-driven method, calculated from a control region
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with A > 0.01 as shown in Figure 6.16.

The statistical uncertainty from the control region is propagated to the signal region by calcu-
lating the CEP background with the number of events varied within the statistical uncertainty,
yielding an uncertainty on the normalization. This results in a change of the overall background
yield of +4.6 % and is referred to as “CEP CR Stat”

To evaluate the influence of the generator on the modelling of the gg — yy process, an-
other sample is simulated using a different version of the generator (SuperChic 2 instead
of SuperChic 3), which uses a different modelling of the process. With this new sample both
uncertainties on the shape as well as on the normalization of the CEP background are derived.
The change in the normalization is caused by the change of the shape in the acoplanarity distri-
bution leading to a different amount of events in the CR(A > 0.01). The different normalization
changes the overall background yield by 2.5 %. In the following the shape uncertainty is called
“CEP shape” and the normalization “CEP SC2".

Statistical uncertainties

In addition to the systematic uncertainties, a second source of uncertainties has to be taken
into account which are statistical uncertainties. These are a concern both in simulated samples
and in data. The method to extract the statistical uncertainties for the unfolding are described
in this section.

Data statistics

To determine the statistical uncertainty on data a so-called toy method is used, where 1000
Poisson distributed variations around the measured values are created. For all variations the
background is subtracted and the unfolding procedure is performed. The Root Mean Square
(RMS) of the differences between the varied and nominal unfolded result is taken as the un-
certainty coming from limited statistics of the data.

MC statistics

The uncertainty from the limited statistics of the MC prior is determined in a similar way. This
time when creating the histograms for the detector response each event is given an additional
randomly generated event weight following a Poisson distribution around 1. Using those his-
tograms the unfolding procedure is executed on the nominal data and the RMS of the relative
difference between the varied results and nominal is taken as the statical uncertainty from the
MC prior.

Luminosity uncertainty

The measurement of the integrated luminosity is performed by the ATLAS Luminosity Group as
described in section 4.4. The luminosity measurement for the 2015 dataset is finalized [52] while
the analysis for the 2018 dataset is still ongoing. A preliminary value for 2018 is used in this
analysis. The change of the central value for the 2018 luminosity is expected to be negligible
while the systematic uncertainties might potentially be improved slightly.

The preliminary luminosity uncertainty for the combination of the 2015 and 2018 datasets is
found to be 3.2%, which is propagated to all results.

Search for Axions at the LHC



74 | 6. Measurement of light-by-light scattering and ALP limits

Integrated fiducial cross-section

To measure the inclusive cross-section for the light-by-light scattering process in a fiducial
phase space the following formula is used:

Ndata - Nbckg

—_— 6.11
Cx [Ldt ' (611

Ofig =
where N isthe number of observed events, NIDCkg the number of expected background events,

J Ldt the integrated luminosity of the dataset and C an overall correction factor to account for
the efficiency of the detector.

The fiducial phase space is defined by two photons with a minimum transverse momentum of
p; > 2.5GeV and an absolute pseudorapidity |r7y| < 2.4. The invariant mass of the di-photon

system m, has to be larger than 5GeV and the transverse momentum p}/y must be smaller
than 1GeV. To ensure that the photons are back-to-back the di-photon acoplanarity A must be
smaller than 0.07.

The overall correction factor C is determined by taking the ratio of events passing the fiducial
selection on detector level over the ones passing on particle level in the signal MC sample.
To estimate the uncertainty on the correction factor it is calculated varying the data/MC scale
factors within their uncertainties. The correction is determined to C = 0.263 + 0.021 with the
uncertainties listed in Table 6.5.

Table 6.5: Contributions on the uncertainty of the overall detector correction factor C.

Source of uncertainty Impact on correction
Trigger efficiency 5%
Photon reconstruction efficiency 4%
Photon PID efficiency 2%
Photon energy scale 1%
Photon energy resolution 2%
Photon angular resolution 2%
Alternative signal MC 1%
Signal MC statistics 1%
Total 8%

The combined 15+18 dataset contains N, = 97 event candidates with an expected background
contribution of Ny rg = 27%5. Together with the integrated luminosity / Ldt = 2.20 + 0.07 nb™" this
yields a fiducial cross-section of g, = 120 £17 (stat.) £ 13 (syst.) + 4 (lumi.) nb. The theoretical
predictions give 80 + 8 nb [83] and 78 £ 8 nb [71]. The ratio between the measured fiducial cross-
section and the theoretical prediction is 1.50 + 0.31 and 1.54 + 0.32. The excess can not be
explained with the current model, however, it is not statistically significant.
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Differential fiducial cross-sections

Measuring an observable always yields a result that is distorted by limited detector resolution.
This is caused by e.g. imperfections or noise induced signals in the detector. To compensate
for detector effects a detailed model of the detector, as implemented in the event simulation
(c.f. section 5.7), is used in a procedure called unfolding to correct for the detector response.

In other words, the goal is to obtain the particle level distribution from the detector level
distribution. Particle level denotes the final state of the event before any interaction with the
detector while detector level refers to the distribution as measured by the detector.

In this analysis two different methods are used to derive the particle distributions from the
measured distributions. One method - called bin-by-bin unfolding - is used as a simple
baseline and cross-check, while the second more advanced Bayesian unfolding is used to derive
the final unfolded distributions.

The explanation of the unfolding methods refers to various distributions by the following nota-
tion:

- d: the measured data distribution on detector level,

- b: the expected background contribution on detector level,
- s: the background free signal distribution on detector level,
- x: the unfolded (particle level) distribution.

All distributions are measured in n bins and the content of a bin i is referred to by adding the
index i, e.g. d; for bin i of the measured data distribution.

Binning of distributions

Before performing the unfolding, the binning of the distribution has to be fixed taking into
account the following aspects. The largest limiting factor in this analysis is the low number of
events observed in data, which allows for only a small number of bins. Secondly, the purity of
the distributions is considered with aiming for at least = 80 % in each bin. It is defined as the
fraction of events reconstructed in the same bin i that originate in the same bin on particle level:
p; = W Lastly, each bin must contain a number of events both on data and MC. For

MC, each bin should contain at minimum around 1000 events. Due to the last criterion the bin
size is not constant but increased at the edges (e.g. at higher transverse photon momentum).

The resulting binning is given in Table 6.6 and the corresponding purities are shown in Fig-
ure 6.20. It can be seen that the purity is over 95% for the absolute di-photon rapidity and
| cos6|. For the di-photon invariant mass and the average photon momentum it is at least
84 % and 73 % respectively.

Bin-by-bin unfolding

The simplest method of unfolding is called bin-by-bin unfolding. It relies on the same principle
as used in the calculation of the fiducial cross-section but using multiple bins. In fact, one could
think of the fiducial cross-section calculation as a bin-by-bin unfolding in a single bin. Hence,
instead of a single correction factor, bin-by-bin unfolding uses one correction factor per bin.

Same as for the fiducial cross-section calculation the first step is to subtract the expected
background b from the measured distribution d in each bin to calculate the background free
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Table 6.6: Overview of the binnings used in the unfolding procedure.

variable bin edges
absolute di-photon rapidity 0, 0.6,1.2, 1.8, 2.4
invariant mass m,, [GeV] 5,10, 15, 20, 30
average photon transverse momentum (pTy) [GeV] 25,35, 4.5,6,8,30
| cos 6 0, 0.25, 0.5, 0.75, 1
10k 100 |
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Figure 6.20: Purity as a function of di-photon rapidity (upper left), di-photon invariant mass
(upper right), average photon transverse momentum (lower left) and | cos 8% (lower right).

signal distribution s; = d; - b;.
In the next step, each bin is multiplied with a correction factor a; yielding the unfolded dis-

tribution x;. The correction factors are calculated as the ratio between the particle level and
detector level distributions in the simulation. With N,Partlce being the number of entries in bin i

on truth level and N** " the number of entries in bin i on detector level the corrections are

given by
‘partide,ﬁd
g =i (612)

! detectorfid.”
Nj

Putting all together allows calculating the unfolded distribution x; with
particle,ﬁd.
X;=a s =——-——"-(d-b). (613)

I ! I detectorfid. I

N
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The distributions unfolded using the bin-by-bin method are shown later in a comparison of the
results produced by the two methods.

Methodology of Bayesian unfolding

In the previous section it was shown how the unfolding can be performed using the bin-by-bin
method. However, as bin-by-bin unfolding treats every bin separately, it does not account for
migrations between bins. To take into account those migrations a different approach must be
chosen, which is known as Bayesian unfolding.

While for bin-by-bin unfolding a single correction factor for each bin is sufficient, Bayesian
unfolding requires the corrections to be performed in two steps.

The fiducial corrections f; correct for events that are inside the fiducial volume on detector

level but are outside the fiducial volume on particle level. These events are often referred to

as fakes. In this analysis a fake event could for example be induced by noise in the calorimeter

resulting in a photon being reconstructed. The factors are calculated as the ratio of events in
particle & detector

bin i within the fiducial volume on particle and on detector level N;

inside the fiducial volume on detector level N*€*<";

and all events

Nparticle & detector

A
ff - detector : (614)
Nj

The efficiency corrections ¢; correct for inefficiencies of the detector, reconstruction and ana-
lysis selection. It is determined from events that are missed on detector level but are present
on particle level, which are often called misses. The factors are given by the ratio of events
within the fiducial volume on detector level N9 and the events within the fiducial volume
on particle level NP The corrections are calculated independently for every bin i which is
defined by the particle level value of the variable.

N;jetector,fid.

C/' = Nparticle,ﬁd. ' (6'15)

i

The basic idea of Bayesian unfolding is to find the probability that an event was generated in
bin i of the distribution on particle level under the condition that it is reconstructed in bin j of
the measured distribution. This probability is written as P(x,|sj) and using Bayes' theorem can

also be expressed by:

P(Sle,-)PO(X,»)

P(X)'lsj) = P(S) (616)
J
P(s;1x;) Py (x;) 617)
ZP(S 1%.) Py (x;)’ '

i

with P(s}.|x[) being the conditional probability that an event generated in bin i is reconstructed

in bin j and P,(x;) the initial probability of the event being generated in bin i. From the previ-
ously discussed probability the so-called response matrix Rj,- = P(xilsj) can be constructed and

is estimated from MC simulation. The response matrix describes all correlations between all
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bins on detector and particle level is dependent on the a-priori probability P,(x;) and hence, a
strong model dependency is introduced in the unfolding procedure. This can be mitigated by
unfolding in multiple iterations and thereby, reducing the dependency on the prior at the cost

of an increase in the uncertainties caused by statistical bin-by-bin fluctuations.

The best estimate of the true number of events in bin i on particle level for a measured distri-
bution s93% is given by [98]:

n

dat. 1 dat.

=L (- 5) - eosi, =
j=1

Here fj and ¢; are the fiducial and efficiency corrections defined earlier in Equation 614 and
Equation 615.

For the practical implementation of the unfolding the calculation is split into multiple steps
as depicted schematically in Figure 6.21. Starting with the measured data distribution d the
first step is to subtract the expected background contribution as derived in section 6.6. After-
wards fiducial correction factors are applied, which gives the signal distribution s. Written as a
mathematical expression this is given by:

s.=(d-b) - f.

In the next step the bin migrations are corrected by applying the unfolding on the signal s
resulting in a new distribution y. This distribution is then corrected for limited acceptance and
inefficiencies using efficiency corrections ¢; finally yielding the efficiency corrected unfolded
distribution x.

X =ylc,.

MC prior

The nominal light-by-light scattering signal simulation generated with SuperChic 3 is used
as the MC prior for the unfolding. The simulation is done separately for the 2015 and 2018
data-taking campaign and preprocessed using the according data-to-MC scale factors. They
are merged taking the measured luminosities for the periods into account. The truth level
selection is done using the signal selection as given in subsection 6.3.2 except for allowing the
truth photons to be within the calorimeter crack (1.37 < |ny| < 1.52). For reconstruction level

the signal selection is used without any changes.

Fiducial and efficiency corrections and response matrices

Using the definitions from subsection 610.3 the fiducial and efficiency corrections are calcu-
lated. The resulting correction factors are shown in Figure 6.22. The fiducial corrections are flat
for all variables except for the average photon p; where a drop is visible at lowest energies.
The influence of systematically varied prior is studied by calculating the correction factors for
all variations. The total systematic uncertainty is calculated by quadratically summing the dif-
ferences between the result with varied and the nominal correction factors. The systematic
uncertainty on the fiducial corrections is found to be me at most 2.2 % for all variables.

The efficiency corrections are relatively flat for the di-photon rapidity and di-photon | cos 6%
with a slight drop for higher |r)y| in the di-photon rapidity. The average photon p; and di-
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unfolding matrix
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Figure 6.21: Schematic showing the basic principle of the Bayesian unfolding procedure. The
numbers shown in the drawing are the numbers from the unfolding of the average photon
momentum.

photon invariant mass however, show a strong turn on behaviour. This turn on behaviour can
be explained by the low trigger efficiency and photon reconstruction efficiency at low energies
as presented in subsection 6.31 and subsection 6.4.2. The systematic uncertainties are again
extracted by calculating the factors for all the variations. The largest impact can be seen from
the trigger systematics with a maximum deviation of 11% in the average photon p; and 8 % in
the di-photon invariant mass. For all other systematic variations the maximum deviation is in
the order of 6 %.

The detector response matrices are built using events from the signal MC sample which pass
both on truth level and on reconstruction level. The resulting matrices are shown in Figure 6.23.
It can be seen that the detector response is not having a large effect on the reconstructed
quantities for the absolute di-photon rapidity and the di-photon | cos 6*| as most events land
on the diagonal of the matrix. For the average photon p; and the di-photon invariant mass
however, there is bin migration visible especially at low p;.

Closure studies

An important step in the unfolding is to verify the validity of the unfolding procedure. The
main method to ensure the validity is to test the unfolding procedure on a dataset where the
distributions are known both on detector level and on particle level. This is the case for MC
samples and hence, the first quick check is to unfold the same MC sample used to derive the
correction factors and the response matrix and compare it with the particle level distribution
of the sample. The unfolded distribution should exactly match the particle level distribution
after a single iteration. This check is done for the unfolding and passed with no deviations.
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Figure 6.22: Efficiency and fiducial corrections as applied in the unfolding procedure as a func-
tion of di-photon rapidity (upper left), di-photon invariant mass (upper right), average photon
transverse momentum (lower left) and | cos 8*| (lower right). The statistical uncertainties are
given as bars while systematic uncertainties are shown as bands.
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Figure 6.23: Detector response matrices as a function of di-photon rapidity (upper left), di-
photon invariant mass (upper right), average photon transverse momentum (lower left) and
| cos 0| (lower right). The numbers represent the corresponding bin values.

Search for Axions at the LHC



6. Measurement of light-by-light scattering and ALP limits 81

MC non-closure

The next step is to use a different MC sample as fake data. Typically, this is done by splitting the
signal sample in two and using one half to create the unfolding and the second half to confirm
it. For this analysis a second, statistically independent MC sample is available generated with
a different generator (SuperChic 3.05 instead of SuperChic 3). Both samples agree within
statistical precision as shown in Figure A.3. The difference between the known particle level
distribution and the unfolded distribution is called the non-closure. This method is also used
to determine if the number of iterations chosen for the unfolding, which in this case is a single
iteration, is sufficient by determining the non-closure for different numbers of iterations. This s
shown in Figure 6.24 for the di-photon invariant mass m,.. The results for the other distributions
can be found in Figure A4 in the appendix. It can be seen that the non-closure is already small
after one iteration and at the same level as the statistical uncertainty. This implies that part of
the non-closure is caused by statistical artefacts and leads to an increase of the non-closure
with more iterations. At the same time the statistical uncertainties rise with the number of
iterations as expected. The uncertainties are combined by adding them quadratically and as
shown is the smallest for a single iteration. The non-closure is used as an uncertainty on the
unfolding procedure and listed as MC non-closure uncertainty.

Data-driven non-closure

The data-driven closure test is following the same scheme as the MC closure test. The difference
is that the MC is modified to create a toy dataset that looks similar to the measured data by
reweighting the sample. Applying the same scale factors on both detector and particle level
results in a sample resembling the measured data on detector level for which the particle
level distribution is known as well. To extract those scale factors the measured distributions
are normalized and divided by the normalized detector level distributions from simulation. A
smooth function is fitted to these scale factors and used for reweighting in dependence of
the particle level quantity. Due to the low number of bins in this analysis a simple first order
polynomial is used for the fit.

In this data-driven method the fiducial and efficiency corrections are skipped as the fake data
is constructed from events which pass the selection both on detector and particle level. Hence,
only the unfolding matrix from the nominal unfolding is applied to perform the unfolding.

Figure 6.25 shows the plots related to the data-driven closure test for the di-photon invariant
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Figure 6.24: Relative non-closure, statistical and combined uncertainty from the MC non-closure
test for the di-photon invariant mass for different numbers of iterations.
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mass starting with the scale factors used for reweighting along with the fit used to determine
the factors. Also shown are the model uncertainty calculated by the difference between the
distribution after applying the unfolding matrix and the reweighted particle level distribution.
The third plot shows the uncertainties yielding from the limited statistics of the MC sample
which are much larger than the model uncertainties and the last plot shows the combination
of both uncertainties. As for the MC based non-closure test, the model uncertainty is small
compared to the statistical uncertainties. This explains why they are not drastically decreasing
with higher numbers of iterations. The same can be observed for the other distributions as
shown in Figure A4.

The difference between the unfolded distribution and the reweighted particle level distribution
is taken as an additional systematic uncertainty under the name model uncertainty.

As an additional cross-check, the procedure is repeated with the second (SuperChic 3.05)
sample resulting in consistent results (refer to Figure A.5).
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Figure 6.25: Scale factors with fit used for reweighting (upper left), non-closure from comparing
unfolded and particle level distribution (upper right), statistical uncertainty from the limited
MC statistics (lower left) and the combination of non-closure and statistical uncertainty (lower
right) are shown for the data-driven closure test for the di-photon invariant mass.

Influence of fiducial correction factors

As the distributions of the di-photon invariant mass m,, and the average photon (p; ) are

steeply falling, the influence of the fiducial corrections on the unfolded result is studied in
more detail to ensure that this behaviour is not leading to large changes at the lower edge of
the fiducial volume.
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Figure 6.26: Comparison between the unfolded results with nominal (line) and varied (points)
fiducial corrections for the di-photon invariant mass m,, (left) and the average photon mo-

mentum (pT,y) (right). The lower half of the plots give the ratio of the varied over the nominal
results.

To estimate the sensitivity of m,, and (pw) shapes around the fiducial region boundary, first
the alternative signal sample is reweighted to data using scale factors extrapolated to outside
the fiducial region by the same method as described for the data-driven closure test, except
that this time also events outside fiducial region are included in the reweighting procedure.

In the second step the fiducial corrections for this reweighted sample are calculated. Using
those varied fiducial corrections together with the unfolding matrix and efficiency corrections
from the nominal unfolding, the data is unfolded and compared to the results from the nominal
unfolding. The results from this study are shown in Figure 6.26. It can be seen that the influence
of the modified fiducial correction factors is small, being below 0.5 % and 0.3 % for the di-photon
invariant mass and the average photon p; respectively, and only present in the first bin.

Comparison of the two unfolding methods

Figure 6.27 shows a comparison between the differential cross-sections for all measured vari-
ables along with the ratio of the values for bin-by-bin over Bayesian. As can be seen the
differences between the two methods are small in most bins with the relative deviation being
below 5% for all distributions except for the di-photon rapidity where it is up to 10.5% in one
bin.

The good agreement confirms that the Bayesian unfolding works as expected and no major
mistakes are made in the unfolding procedure.
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Figure 6.27: Comparison of the differential cross-sections as a function of absolute di-photon
rapidity (upper left), di-photon invariant mass (upper right), average photon transverse mo-
mentum (lower left) and absolute di-photon | cos 8*| (lower right) as determined by Bayesian
(line) and bin-by-bin (points) unfolding. The ratio in the bottom of each plot shows the ratio
of the values for bin-by-bin over Bayesian. In this comparison only statistical uncertainties are
shown. It should be noted, that the statistical uncertainties are highly correlated.
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Results

In this section the differential fiducial cross-sections unfolded from detector to particle level
using the Bayesian unfolding procedure as a function of the absolute di-photon rapidity, the di-
photon invariant mass, average photon p; and the absolute di-photon | cos 6" are presented.
The unfolded distributions are shown in Figure 6.28 with all uncertainties, compared to the
prediction from SuperChic 3.0.

The measured differential cross-sections show fair agreement with the prediction except for
differences in the overall normalization. The shapes however, are in good agreement with
the prediction. This can be seen clearly in the normalized differential cross-sections shown in
Figure A.6. Aglobal X? comparison of data and prediction confirms the good agreement, yielding
X?/degrees of freedom of at most 5.8/4 for the | cos 6*| distribution.

The total uncertainties for all variables are dominated by statistical uncertainties ranging from
25% to 75%. Given the low number of measured event candidates this is expected. The sys-
tematic uncertainties are dominated mostly by the background uncertainties with up to 45%
in the upper bins of the di-photon rapidity and up to 20 % in the other distributions. This can
be explained by limited statistics within the control regions.

The theoretical uncertainty of the prediction are mainly caused by the limited knowledge of
the nuclear form-factors and the related initial photon fluxes which is discussed in [88]. From
this a 10 % flat uncertainty is estimated as the theoretical uncertainty.
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Figure 6.28: Measured differential cross-sections as a function of absolute di-photon rapidity
(upper left), di-photon invariant mass (upper right), average photon transverse momentum
(lower left) and absolute di-photon | cos8*| (lower right). The measured cross-section are
shown as points with error bars giving the statistical uncertainty. The grey band is denoting the
combination of systematic and statistical uncertainties. The measurement is compared with
the prediction from SuperChic 3.0 (red line) and the corresponding band giving the theoretical
uncertainty on the prediction.
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Limits on the production of axion-like-particles

Any particle created in a photon induced s-channel process which is decaying into two photons
would create a resonance peak in the di-photon invariant mass m,, spectrum. One prominent

particle postulated to couple to photons are ALPs which would produce a narrow resonance [79].
To search for any resonance consistent with ALPs a multi-bin fit is performed on the di-photon
invariant mass spectrum at various mass points. The expected ALP signal shape for that is
determined by simulation using STARlight 2.0 for various axion masses in the range 5GeV <
m, < 100 GeV. The background for this process is composed by the same backgrounds as for
light-by-light scattering, however, the light-by-light scattering process is now being considered
a background as well. No interference effects have to be taken into consideration as long as
the resonance is narrow enough which is the case for ALPs as detailed in [99].

Signal samples

The samples are generated for masses in steps of 1GeV for m , < 30 GeV and in steps of 10 GeV for
higher invariant masses. In Figure 6.29 the expected di-photon invariant mass m,, on detector
level after applying the full event selection is shown for a selection of samples together with a
Gaussian fit for each point to better visualize the expected shape. For each mass point 10000
events have been generated.

3000

2500

2000

1500

Events / GeV

1000

500

NI TTTTTT T T TT T T TTTT
-

0 Nt . .| Lo/ | | | Jo! AWERYEL?
6 7 8 9 10 15 20 25 30 40 50 60 70 80 90 100
mYY [GeV]

Figure 6.29: Di-photon invariant mass m,, distribution on detector level for a selection of the

yy = a - yy samples generated with SuperChic 3 after applying the full event selection. For
each mass point a Gaussian is fitted to the distribution to better show the expected shape.

As a cross-check forthe STARlight 2.0samplesan additional set of samples is generated using
SuperChic 3.06. Both were found to be in good agreement within the statistical uncertainties
for all mass points. This is shown exemplary in Figure 6.30 for the samples generated with an
axion mass of m_ = 8 GeV for the di-photon mass m,, and the di-photon transverse momentum

vy
pr -
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Figure 6.30: Comparison of the nominal yy » a - yy sample at m_, = 8 GeV generated using
STARlight 2.0 with the alternative sample generated using SuperChic 3.06. Shown is the
di-photon invariant mass m,, (left) and the di-photon transverse momentum py’ (right). Both
show good agreement within statistical uncertainties.

Systematic uncertainties on the signal

The systematic uncertainties for the ALP signal are determined identically to the procedure
explained in section 6.8. The total systematic uncertainty in the central peak region is around
10 %. Given the narrow resonance, in the tails of the resonance the total relative uncertainty
rises to up to 90 % due to the variation of the energy scale and resolution.

Setup of the multi-bin fit

The extraction of the upper limits is performed using a dedicated framework for multi-bin
histogram-based analysis programmed in python called pyhf [100]. By using a multi-bin ana-
lysis the calculation of the upper limit is taking the shape of the signal into account. The
parameter of interest is the signal strength p which is expressing what fraction of the signal
sample can at most fit into the measurement. Nuisance parameters are included accounting for
the various uncertainties. The two samples in the fit are the ALP signal and the SM background.
As the overall normalization of the expected SM light-by-light scattering does not match the
data perfectly, different setups are tested to evaluate the influence of the background nor-
malization on the limits. In the nominal setup the background contribution from light-by-light
scattering is set floating by adding an overall normalization paramter for this background. The
background contributions from the CEP and e*e™ processes are fixed as their normalization is
determined from the measured data. As a cross-check the fit is repeated without the addi-
tional normalization parameter. To study the influence of the non-smooth shapes of the CEP
and e*e” backgrounds (c.f. Figure 619) the fit is repeated with smoothing applied to these two
backgrounds.

To reflect the uncertainty on the luminosity a flat 3.2% uncertainty is added. The systematic
uncertainties on the signal are evaluated as previously discussed in section 6.8, but as the
sources are influencing the signal and background in the same way they are not included in
the nominal fit. To cover for the limited knowledge of the initial photon fluxes [88] an additional
systematic of 10 % is added uncorrelated with the other systematics.

The statistical uncertainties are taken to be flat again with a value of 10 % for both signal and
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background.
The fit calculates the upper limit on the signal strength p with a 95% confidence interval. This
is then converted into an upper limit on the yy - a — yy cross-section o with:

Yy—=a-yy

Opyoaoyy = M * Ogen (619)

where Ogen is the generator cross-section for the Axion signal samples. In addition, the coupling
of the axion to two photons can be calculated using

1 1
S (6.20)
/\a /\gen

where A$®" is the coupling used in the generator.
The expected limit is found by testing the background only hypothesis.

The observed and expected upper limits are determined for each mass bin independently yield-
ing an upper limit for the full mass range. As no events are observed above m,, =30 GeV, the
limit in that range is calculated in steps of 10 GeV. The resulting observed and expected 95 %
confidence level limits on the cross-section o, and axion to photon coupling are shown

- y=a-yy
In Figure 6.31.
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Figure 6.31: 95% confidence level upper limit on the yy - a — yy cross-section Oyymramyy (left)

and on the axion to photon coupling (right). The expected limits (dashed lines) and the +1o
and +20 uncertainty bands are shown in addition.

Cross-checks

Comparing the resulting limits to the initial analysis published in [3] the limits presented here
are compatible but slightly more stringent. This is expected as including the shape informa-
tion gives more information for the upper limit calculated. To further very the procedure and
understand the impact of the fit setup, multiple cross-checks are presented in the following
section.
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Bayesian limits

As a first test, a Bayesian method for calculating the confidence intervals on the signal strength
in a signal plus background to data comparison is used. The method is explained in detail in
[101].

The observed value n is composed of n = n_+n,, where n_ and n, are the numbers for signal
and background events. Both are Poisson variables with means v, and v, resulting in n to be a
Poisson variable as well.

One can construct the likelihood as a function of v, for a uniform prior density as

(v + vb)”obs

L(nyelve) = e~ (Vs+vs), (6.21)

|
obs*

Using Bayes theorem on can find the upper limit for the number of signal events v/

up
fOVS L(ngpslvg)dvg

=0 1 (6.22)
fo L(ngpelvg)dv,
which, after integration by parts n_, . times, becomes:
e’(vgpwb) ZnObs (5" +p)"
B = T (6.23)
e 50 1o

n!

This equation can be solved numerically with for v/P, yielding for 8 = 0.05 the 95 % upper limit
on the number of signal events compatible with the observed events. To solve the equation a
minimizer from the python library scipy is utilized. As n ., n. and n, are plain numbers no
shape information is included in this calculation. Therefore, to use the method for the limit
extraction the bins containing the resonance peak are summed, and the sum is used for n_, .
and n,. The number of bins is chosen to contain at least = 90 % of the resonance peak inside
the selected bins. This results in 3 GeV wide bins for up to 30 GeV and 10 GeV bins above that.
In Figure 6.32 the limits calculated with the Bayes method are compared to the limits from the
previous section. It can be seen that those limits are slightly less stringent than the limits from
the fit in the previous section. This is expected due to not including any shape information in
the Bayes method. As another disadvantage of this method, it does not include any systematic
uncertainties. While this makes it inferior to the nominal method, it confirms the nominal
results shown before.

Influence of the background normalization and shape

In order to understand the influence from the background normalization and shape on the
upper limit calculation two variations of the upper limit fit are considered.

To investigate the influence of the floating light-by-light background compensating for the mis-
match of the overall normalization between the theoretical expected and observed event num-
bers in the light-by-light scattering measurements the upper limit extraction with pyhf is re-
peated with all backgrounds fixed.

Due to the low available statistics for the yy — e*e™ and CEP background shape extraction
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from data it is far from smooth, as can be seen in Figure 619. Hence, the limit calculation
is repeated with a smoothed background shape. To smooth the background shape a sliding
window averaging with a width of 3 bins is applied on the histogram and the resulting histogram
scaled to keep the number of events constant. During the limit calculation with the smoothed
background an additional systematic is added with the differences between the smoothed and
nominal background histograms.

In Figure 6.33 the resulting limits for both background variations are shown. It can be seen that
the smoothed background has no influence on the limits while the fixed background leads to
slightly weaker limits with the largest deviation being 30 %.
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Figure 6.32: Comparison of the 95% confidence level upper limit on the yy - a — yy cross-
sectiono,, ., extracted using the Bayes method (solid red) with the results from the nominal
method (solid black). The expected limits (dashed line) and uncertainty bands are from the
nominal results. A good agreement between both is seen.
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Figure 6.33: Comparison of the 95% confidence level upper limit on the yy - a - yy cross-

sectiono,, ., extracted with fixed backgrounds (left) and with a smoothed background (right)

to the results from the nominal method (solid red).
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Exclusion

Figure 6.34 puts the derived constraints on the ALP mass and coupling to photons into context
by comparing them to constraints from other experiments [81, 102-105]. This plot is made under
the assumption of a branching fraction for ALP into photons of 100 %. In the exclusion plot it
is obvious that for a mass range of 6 GeV < m_ <100 GeV the limits presented in this thesis are
the strongest limits as of today.
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Figure 6.34: Exclusion limits at 95% CL on the ALP to photon coupling 1/A, versus the ALP
mass m, obtained by different experiments. The existing limits are derived from [81, 102-105].
The limit labelled “LHC (pp)” are based on proton-proton data from ATLAS and CMS. For all
measurements a branching fraction into photons of 100 % is assumed.
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I I AS Run: 366994
Event: 453765663

EXPERIMENT 2018-11-26 18:32:03 CEST

Figure 6.35: Event display for a light-by-light scattering candidate event showing a rendering
of the ATLAS detector. The two photons are clearly visible with very low activity in the inner
detector.
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Conclusion

In this thesis the first direct observation and measurement of light-by-light scattering is presen-
ted with a total of 97 event candidates where 45 signal and 27 background events are expec-
ted. The background contribution is calculated using data-driven techniques for all relevant
background processes. The measurement strategy is improved significantly with respect to the
strategy used in the previous measurement which resulted in an evidence for light-by-light
scattering in 2017. This is achieved by dedicated selection methods for tracks to better sup-
press the yy — e*e™ background and improving the photon performance. The custom photon
identification method vastly improves the performance at lowest energies. This new identi-
fication method is based on neural networks trained with events from simulation and from
a background enriched region in data. Compared to the standard loose photon identification
from ATLAS the single photon identification efficiency is improved by 60 % at the lowest photon
energies.

The fiducial cross-section as well as differential cross-sections as a function of selected kin-
ematic properties are measured as well. The measured fiducial cross-section is found to be
Opq = 120 17 (stat.) + 13 (syst.) + 4 (lumi.) nb. This is slightly higher than the theoretical predic-
tions with 80 £+ 8 nb and 78 + 8 nb, however, the excess is not large enough to be statistically
relevant.

Moreover, the search for ALP exploits the measured spectrum of the di-photon invariant mass.
In contrast to previously published ALP limits [3, 81] the new limits are obtained including the
shape information of the ALP signal. The limits are retrieved by a multi-bin fit of the expected
ALP signal from simulation to the measured spectrum with the SM expectation as the back-
ground. As of today, the resulting upper limits are the most stringent available in the mass
range 6 GeV < m_ <100 GeV.

The measurement takes advantage of the LHC as a photon collider in a genuine manner, open-
ing a large field of possible measurements in a previously mostly unexplored scenario. The
results encourage further similar measurements to constrain new physics in the light-by-light
scattering processes.

Search for Axions at the LHC
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/.| Introduction

The experiments installed at the LHC in the previous runs have focussed mostly on searching
for new particles which are heavy (at TeV-scales) and have large couplings. They are sensitive
to new particles with high transverse momenta which would be produced isotropically around
the IP. The opposite end of the spectrum are light, weakly interacting particles with masses in
the range of MeV-GeV. Those lighter particles would not be produced isotropically but rather
with transverse momenta of p; = 100 MeV - GeV. However, as the coupling of new particles in
that range are expected to be small, a high rate of such particles is required to allow for their
observation. Given the large inelastic proton-proton cross section of 0, =78.1+2.9 mb [106]
[ Oipe =713 £35mb [107] at JSuy = 13TeV one would expect a huge amount of particles being
produced in the far forward region in the low energy range. For future runs of the LHC at
JSwn = 14TeV the number of inelastic proton-proton scattering events is estimated to be

N._ ., =11x10% (2.2 x10"),

inel.
at an integrated luminosity of 150 fb™ for LHC Run 3 (3ab™ for High-Luminosity LHC (HL-LHC))
assuming a similar inelastic cross section [108]. From this it is calculated that at the HL-LHC
N_o = 4.6 x 10" pions and N, = 1.4 x 10" B-mesons will be produced per hemisphere.

Given that the coupling of new particles to SM particles could be small, the particles produced
by decays of those mesons are long-lived and can travel a large distance before decaying back
into SM particles. They may be highly collimated e.g. new particles from pion decays are pro-
duced within angles of 6 ~ Ay, /E, where E is the energy of the particle. Given they are light
the energies are expected to be high with E ~ TeV. At energies this high the spread of such
particles is only on the order of 10 cm - 1m after having travelled = 500 m downstream. Hence,
such particles may be observed using a small detector placed in the far-forward region.

The FASER detector is designed to do exactly this. It is located 480 m away from the ATLAS IP
centred on the line-of-sight of the beam collision axis and has a decay volume of only 0.047 m®.
The small size of the detector allowed for a very short timescale from publishing the Letter of
Intent [109] and a Technical Proposal [110] in November 2018 to the installation of the finished
detector in March 2021. The material cost for the full detector including a later addition of a
neutrino detector (FASERvV) is below 2 MCHF.

The FASER experiment is located in an unused side tunnel called TI12 which was formerly used
for connecting the SPS to the LEP tunnel (which now isthe LHC tunnel) and is not used any more.
It is located perfectly to position the detector on the line-of-sight with only limited amounts
of civil engineering required. Using in situ measurements and simulations done by the CERN
Sources, Targets and Interaction group show that the background from high-energetic particles
is quite low. In addition, beam radiation measurements show that the radiation levels in the
tunnel are low.
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Figure 71 shows a schematic view of the far-forward region from the ATLAS IP to the FASER
location. The top shows the beam pipe with a 270 m long straight section which is the Insertion
pipe followed by the arced section of the LHC. As can be seen on the left of the detail view, most
charged particles in the forward region are bent away by the beam optics towards shielding
material. Other particles hit the absorber which is located directly behind where the proton
beams split. To cross from the IP to FASER in total 10 m of concrete and 90 m of rock must be
travelled through. As a result the only SM particles produced at the IP which can reach FASER
are muons and neutrinos.
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Figure 71: Schematic drawing showing the location of the ATLAS IP and the location of the FASER
detector. The top overview shows the 500 m length from the ATLAS IP to the FASER detector. The
detail view on the left shows the region around the ATLAS detector up to the shielding blocks.
The right detail view shows the area where FASER is located. Note that the vertical scale on the
left detail view is much smaller. Figure based on [108].

As this thesis is targeting the search for axions at the LHC the following sections will focus
on the potential production processes of ALP reaching the FASER detector and the decay into
two photons. For a detailed evaluation of the physics reach of the FASER experiment for other
long-lived particles refer to [108] and [111].

ALP production

ALPs may be produced from the IP in different processes. In this section the two processes
for which the FASER experiment is most sensitive are discussed: the production from photons
through the Primakoff effect and through the decay of heavy mesons.

The Primakoff effect denotes the interaction of a high-energy photon with the coulomb field
of an atomic nucleus leading to a resonant production of neutral pseudoscalar mesons. This
process is also postulated to produce ALPs. Under the assumption that the ALPs couple only to
photons, it is the dominant production mechanism in beam dump style experiments [30, 112].
Such experiments work by dumping the beam in a dense material to quickly absorb hadronic
particles only leaving weakly interacting particles. It is initiated by photons produced, e.g. from
% decays, interacting with nuclei from the various materials separating the FASER experiment
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from the ATLAS IP and thereby producing an ALP. The most notable type of material is made up
by the beam absorbers called TAN which are located = 130 m from the IP after the beam pipes
begin to curve (compare Figure 71).

A second postulated production process for ALPs potentially reaching the FASER detector is
the production in heavy meson decays, namely the B* meson and the kaon. Both processes
are based on an interaction called the flavour-changing neutral current (FCNC) which changes
the flavour of a fermion without changing its electric charge. For example a down type quark
becomes an up type quark through emission of a charged boson. This charged boson radiates
an ALP before interacting again with the up type quark changing its flavour making it a down
type quark once again.

While processes involving such interactions are allowed in the SM, they are heavily suppressed
by the GIM mechanism [113] resulting in small rates for SM FCNC processes [114]. This gives
ALP production in FCNC decays a striking signature and provides excellent prospects for dis-
covery [115].

Figure 7.2 shows the Feynman diagrams for the production of an ALP through both processes
discussed. For the production through heavy meson decay, the decays of a charged B*-mesons
and kaon K* are given as an example. For the kaon it should be noted though, that also neutral
kaons K, can decay via the FCNC process: K, - mla.

O Wy

Figure 7.2: Feynman diagrams showing the production of an ALP by the Primakoff process (left),
the charged B* meson decay (middle) and the K* meson decay (right).

ALP decay

Due to the low coupling constant, ALPs may travel long distances through material before de-
caying into two photons. Assuming an ALP momentum in the order of p, ~ TeV, a mass of

m, ~ 50MeV and a coupling constant Gapy ~ 1 1074 GeV~" the distance d is of the order of a
few hundred meters [30]. This makes it feasible for an ALP produced from the ATLAS IP to decay

within the FASER detector located = 480 m from the IP resulting in a measurable signal in the
detector.

The two photons from the ALP decay would be highly collimated due to the high energy and
low mass of the ALP. The separation is expected to be in a range between 0 to 2000 pm. This
presents a challenge in cleanly distinguishing between events with one photon and di-photons.
As background processes resulting in a single photon in the detector are expected to be low,
the observation of high-energy deposits in the calorimeter with no signal in the rest of the
detector would already give a strong hint towards new physics. Nevertheless, being able to
classify between single and di-photon events reliably would greatly increase the sensitivity of
the experiment as shown in Figure 7.3.
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Figure 7.3: Reach for FASER in the ALP mass — photon coupling plane depending on the minimal
separation 6 of the two photons distinguished as two photons in the preshower. This projection
assumes N = 3 signal events at an integrated luminosity of 3ab™". From [30]

Outline
In the scope of this thesis, multiple components of the FASER detector were designed and
fabricated. This includes:

- the design and construction of the upper support frame (c.f section 8.2),

- the initial module testing of the calorimeters (see section 10.1),

- the design of the PMT voltage divider and end-cap (see sections 10.2 and 10.4)

- the development and commissioning of a calorimeter calibration system (see chapter 11)

- the construction, simulation and performance evaluation of a possible future upgrade of
the FASER detector (see chapter 12) leading to a publication [4],

- the implementation of an existing procedure for testing the quality of individual tracker
modules and automation of the process (see section 9.2),

- the commissioning of several tracker planes following an existing procedure (see sec-
tion 9.4).

Search for Axions at the LHC
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3. ‘ Detector

In this chapter, a detailed description of the design of the FASER detector is given. It starts with
a short overview of the different sub-detectors before each individual detector is described in
more detail. It is based mostly on the FASER Technical Proposal [110], however, updates from
internal FASER meetings and personal design work are included. For these updates, no public
documentation exists at the time of writing this thesis, but a formal detector design report will
be published by the end of the year.

Overview of the detector components

Figure 81 shows a rendering of the FASER detector. Starting from the left, which is the side facing
Interaction Point 1 (IP1) and hence, where particles enter the detector, the first component is
the FASERv neutrino detector. It consists of a scintillator station for vetoing charged particles
and a chamber filled with alternating layers of tungsten plates and emulsion film. It is followed
by a first tracker station, which is used for correlating signals in the main FASER detector with
tracks in the emulsion film.

Next is another set of scintillators separated by a wall of lead bricks. These scintillators are
to provide a high efficient veto for discriminating against all event candidates originating from
charged particles, e.g. muons, entering the main detector. The lead bricks cause photons to
shower and allow to shield against photons entering the detector.

It is followed by the first of three permanent magnets with an integrated magnetic field of
0.55Tm. The magnets are necessary to allow for reasonable separation of two opposite-charged
tracks coming from high energetic particles. This first magnet is referred to as decay volume as
it is where particles are to decay for optimum reconstruction efficiency. It has a length of 1.5m.

Directly behind the decay volume another layer with scintillators is located. These are used to
measure exact timing information for the event.

It is followed by the two other magnets. Due to the limited space in the tunnel these magnets
areonly 1m longeach. They are surrounded and separated by the three silicon tracker layers for
reconstructing the path of charged particles through the detector. The far end of the detector is
occupied by a short and simple preshower detector as well as an electromagnetic calorimeter.

The magnets are fixed onto plates which can be moved using screws allowing for precisely
aligning the magnets on the line-of-sight of the beam collision axis. To ensure perfect posi-
tioning of the tracker station they are fixed to a rigid steel bar which is then mounted to the
top of the magnets in a single unit. All other components do not have as tight tolerances on
their location and are fixed to the so-called upper support frame. It is built from extruded
aluminium profile allowing for flexible positioning of all parts.
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All components are explained in some detail in the following sections. More detailed descrip-
tions of the tracker and the calorimeter are given in chapter 9 and 10.

@ \eutrino detector @) dipole magnet @ timing station @ calorimeter
@ veto station O tracker stations @ preshower

Figure 8.1: Computer rendering of the FASER detector showing all sub-detectors with the front
of the detector on the left. For better visibility the cables are hidden in the render.

Upper support frame

The upper support frame is holding various sub-detectors as well as serving as a support for
many electronics crates and distribution boxes. The frame is built using extruded aluminium
profiles with a cross-section of 40 x 40 mm? connected with angle brackets. The number of
custom parts is kept as low as possible to reduce both the total cost as well as the manufac-
turing time. It is broken down into five separate compact stations to simplify transporting and
installation of the frame. The individual sections are connected with horizontal beams to fix
the position of the stations and to hold accessories in place. It is designed to be as flexible as
possible to allow on site adjustments where necessary.

The design of the different support frame stations will be addressed in the section of corres-
ponding sub-detector.

Scintillator stations

In total there are three scintillator stations on the detector: a veto station, a timing station and
a preshower station. Each station will be shortly discussed in the following sections with some
remarks on design decisions.

Search for Axions at the LHC
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Veto station

The veto stations consists of four scintillators arranged in two pairs as shown in Figure 8.2 sep-
arated by lead bricks. To allow a close spacing of the two pairs they are rotated by +3.7° with
respect to the vertical axis. The impact of rotating the scintillators on physics is negligible. The
individual scintillator assemblies are made up from a 20 mm thick and 300 x 300 mm? plastic
scintillator covering not only the magnet aperture but nearly the full magnet. The plastic scin-
tillator material used is made by Eljen Technology and is called EJ-200. It is chosen for its good
efficiency paired with fast timing and a long optical attenuation length allowing for a good
time resolution at high efficiencies [116]. Due to the thickness of 20 mm a very high detection
efficiency of well above 99 % for a single layer can be assured. This is important to reduce the
background from radiative processes associated with muons coming from IP1. The scintillator
is coupled over a tapered plastic lightguide directly to a PMT for the signal acquisition. The
PMTs used are Hamamatsu H6410 [117]. The efficiency of each scintillator pair is required to
be at least 99.99% to reduce the background to negligible levels. Due to the redundancy of
using two layers the veto efficiency can be measured in situ as the inefficiencies should not be
correlated. Each scintillator assembly has an optical fibre glued into the light tight wrapping to
allow for monitoring the PMT response. It can also be used to validate the timing information
of the various scintillators.

By putting lead bricks in between the two scintillators, high energetic photons from e.g. muon
bremsstrahlung can either be fully absorbed or forced to shower and, hence, be easily detected
inthe second set of scintillators. This results in a highly efficient veto against incoming photons.

The scintillators are mounted using custom brackets fixing the PMT housing to the upper frame.
To prevent too much strain on the scintillator, it is also supported at the bottom with an alu-
minium wedge. This wedge can be moved side to side to adjust the vertical position of the
scintillator while keeping the angle constant. The lead blocks are just placed loosely on the
bottom plate of the scintillator station.

Figure 8.2: Rendering of the veto station assembly from different views without any of the sup-
port structure. The four scintillators with light guides and PMTs are shown. They are grouped
in two pairs with two layers of interlocking lead bricks stacked in between.
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Timing station

The main purpose of the timing station is to notice the appearance of charged particles origin-
ating from a decay within the decay volume. To be able to correlate the event with collisions
from IP1 and thus suppressing non-collision backgrounds, the time resolution of the timing
station has to be in the order of less than 1ns. To achieve that, the design varies from the
design used for the veto station. The scintillator plates used are only 10 mm thick with a width
of 400 mm and a height of 200 mm. The increased width is chosen to register muons entering
the detector at an angle missing the veto and the tracker stations and could induce showers
when travelling through the magnet.

Asvisible in Figure 8.3 the height of only 200 mm means that two scintillators need to be stacked
on top of each other to cover the height of the magnet. However, there are multiple reasons
for using the two individual plates instead of a monolithic approach. For one, the light guides
required to concentrate the light from a single plate would be much larger which would be
infeasible given the space constraints. Secondly, using two plates decreases the vertical time
walk. The stacking is done with a small overlap of the two scintillator plates of around 4 mm to
prevent any gaps in the active area. Each of the plates is read out on both sides to increase the
sensitivity and to be able to compensate for the longitudinal time walk increasing the timing
resolution of the station.

To reduce the width of the whole station as much as possible the light guides coupling the
scintillator to the PMTs have a 90° bend in them to allow the PMTs to be oriented parallel to
the detector. This more complicated setup is inevitable due to the space limitations in the
detector location. As for the other scintillator stations, a Hamamatsu H6410 is used for the
readout and optical fibre inputs are attached to the scintillators. As the scintillators are read
out from both sides, each scintillator features two individual fibres.

Due to the thin scintillator, the glue joint between scintillator and light guide is quite fragile and
the mounting method must not over-constrain the scintillator assembly. To minimize strain on
the glue joint, the assembly is held only at the PMT housings and the scintillators are supported
on the bottom edge. To hold the PMT housing in place, without putting force on it, common pipe
clamps with rubber padding are used. These can be adjusted precisely to clamp the assembly
in its natural position. The lower scintillator is resting on an aluminium bar while the upper
scintillator is connected to the lower one using a set of 3D-printed brackets.
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Figure 8.3: Rendering of the timing station assembly from different views without any of the
support structure. It includes the two scintillators with bent light guides on both sides and the
PMTs. The top scintillator rests on top of the bottom scintillator with two black brackets.
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Preshower station

The purpose of this station is to identify events only consisting of photons with a high effi-
ciency. This signature would otherwise only leave a high-energy deposit in the calorimeter
which could not be differentiated from e.g. deep inelastic scattering of a high-energy neut-
rino, as the calorimeter itself has no longitudinal segmentation. To force the electromagnetic
particles to produce showers, tungsten plates with a thickness of 3mm are used as a radiator.
This is equivalent to approximately 1 Radiation Length (X)) [7] each. Three blocks of graphite
with a thickness of 50 mm each are placed around the scintillator layers to absorb backsplash
from low energetic particles produced in the showers from travelling backwards through the
detector. Graphite is chosen as it is able to absorb the low energetic backsplash while not
degrading the energy measurement.

Figure 8.4 shows a rendering of the preshower station. The scintillator assemblies are of the
same design as the veto station. This allows for less individual components to be produced
and the spare scintillators can be used for either of the two stations. In addition to being used
to identify physics signals, this station also features as a second trigger and timing station. As
both previous stations, the scintillators of the preshower station are equipped with an optical
fibre.

To hold the scintillators in the support frame, a similar clamping method is used as in the veto
station. The bottom edge of the scintillator rests on an aluminium plate on which the graphite
and tungsten plates are resting as well. To hold them in place they are just wrapped together
with Kapton tape.

Figure 8.4: Rendering of the preshower station assembly from different views without any of the
support structure. It shows the two scintillator plates with light guides and PMTs, the graphite
blocks (light grey) and the tungsten plates (dark grey).

Electromagnetic calorimeter

The electromagnetic calorimeter is the last component in the detector. It provides a strong
identification criterion between electrons/photons over muons and hadrons. However, even
for an electron-positron-pair having travelled through the whole magnetic field, the expected
separation in the calorimeter is smaller than a few mm. Hence, it is not feasible to measure the
energy of the individual electrons/photons and as a consequence, only the full event energy
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will be measured The tight space constraints in the cavern do not allow for the installation of
a leakage detector resulting in degrading performance at the highest energies. The amount of
leakage is to be determined in a future testbeam.

To reduce the amount of development and detector costs, the calorimeter is built from spare
detector components from the Large Hadron Collider beauty (LHCb) experiment. For that, LHCb
provided eight spare modules from their outer electromagnetic calorimeter for FASER to use.
These modules are so called Shashlik-style calorimeters [118]. This style of calorimeters is con-
structed by stacking alternating layers of absorbing and scintillating material with Wavelength
Shifting (WLS) fibres going perpendicular through all the layers. In the case of the LHCb mod-
ules, 66 layers of 2 mm thick lead and 4 mm thick plastic scintillator plates make up the calor-
imeter module, resulting in a total of 25 X,. The individual plates are 121.2mm? x 121.2mm? in
size with the full module (including PMT) being 754 mm long. Figure 8.5 features a technical
drawing of such a module where the stacked layers and the WLS fibres are clearly visible. The
65 WLS fibres collecting the light from the various scintillating plates are bundled together in
the rear of the module and are coupled to a PMT through a light mixer. To form the calorimeter,
four modules are put together in an 2 x 2 array and wrapped together to prevent light leaking
into the modules. To reduce efficiency loss caused by gaps between the separate modules and
by the non scintillating fibres going straight through, the modules are rotated by 2.8° both in
the vertical and the horizontal axis. This is enough to prevent particles from travelling notable
distances through the calorimeter volume without hitting the absorber.

Similar to the scintillators of the various scintillator stations, the calorimeter modules feature
a port for attaching an optical fibre. A WLS fibre going straight through to the centre of the
module to the PMT makes sure that nearly all incoming light reaches the PMT. The calibration
and fibre connection is further discussed in chapter 11.

The calorimeter station consists of a simple frame construction with an aluminium plate to
support the calorimeter modules. To set the rotation of the modules correctly, two silver steel
pins are pressed into the aluminium plate to align the modules against. To fix the modules
together, aluminium brackets are fitted to the edges and everything is tied together with long
ZIp ties.

WLS fibre: @ 1.2 mm
| Quantity: 1+ 64
Bundle: @ 10.8 mm

0121.20 mm

754 mm 15.25 mm

Figure 8.5: Technical drawing of a module for the LHCb electromagnetic calorimeter (based on
[119]). On the left side, a side view of the module is shown with the alternating layers being
visible. The green WLS fibres penetrating all layers are bundled at the rear end and are coupled
to a PMT through a light mixer. On the front of the module, a port is available for attaching
an optical fibre for calibration purposes. On the right, a single scintillator plate is displayed
showing the holes for the optical fibres.
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Tracker

For reconstructing the path of charged particles in the detector, it is equipped with three track-
ing stations. The stations are located at the end of each magnet. The number of stations is
optimized for sufficient redundancy and resolution while keeping the amount of material in
the detector as low as possible. High energetic low mass particle decay into highly collim-
ated particles with an included angle of 6 o m/E. For a Long-Lived Particles (LLP) with mass
m =100 MeV and an energy E = 1TeV this leads to an opening angle of 8 = 200 urad. This angle
is too small to resolve the two tracks clearly, but as the tracks are opposite-charged, the sep-
aration can be increased by the magnetic field. This would in principle also give the possibility
to reconstruct the momenta of the charged particles using the curvature of the reconstruc-
ted tracks. However, considering the limited magnetic field strength and detector length, the
achievable measurement is not expected to yield a precise measurement of the particle’s mo-
mentum.

To save time and cost, the tracker stations are constructed using spare modules from the ATLAS
SCT. These modules have been originally developed for the barrel region of the ATLAS ID. The
module is constructed from four 6.36 cm x 6.40 cm silicon detectors with 768 strips resulting
in a pitch of 80 ym. Two 12.8 cm strips are built by wire-bonding two detectors together. The
two strips are then glued back-to-back with a thermal pyrolytic graphite baseboard for cooling
and mechanical connections in between forming a full module. The layers are rotated by an
included angle of 40 mrad to allow for a two-dimensional position reconstruction. Assuming a
setup with four SCT layers in perfect alignment, this yields a resolution of 16 um for the precision
coordinate and 580 pm for the other direction [120]. A bare module is depicted in Figure 8.6.

For the readout, a flexible Printed Circuit Board (PCB) is wrapped around the module. It is
housing six Application-Specific Integrated Circuits (ASICs) per module side and the silicon is
connected to the PCB with wire-bonds. On one edge of the flexible PCB it has a connector for
connecting to the readout electronics.

Each station is built up from three planes with eight SCT modules each. A photography of an
assembled plane is shown in Figure 8.6. It shows the aluminium plane support frame equipped
with eight modules. The frame is providing both a stable fixation of the SCT modules as well
as cooling. While the cooling is not strictly necessary for the silicon detectors given the low
radiation at the FASER location, the ASICs must be actively cooled. To ensure proper heat
dissipation, the plane support frame has internal bores for circulating chilled water.

Magnet system

As stated before, FASER uses dipole magnets to achieve a better separation between opposite-
charged tracks and to allow a coarse momentum measurement. As the detector location has
no infrastructure for cryogenic cooling, using super conducting magnets is out of question and
the use of permanent magnets is the only feasible option for the experiment. The magnets are
built from multiple neodymium-magnets (NdFeB) arranged in a Halbach-array [121] to create
the dipole field. The size of the magnet and hence, the magnetic field strength possible is
highly limited by the available space in the detector location as well as the transport capability
within the LHC tunnel. With an aperture of 200 mm diameter and an outer diameter of 430 mm,
a field of 0.55T is achieved with a fixed homogeneity of +2 %.
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Figure 8.6: Photography of a bare SCT module [122] (left) as well as an assembled plane (right).
The top silicon detectors are visible with the edge of one of the bottom detectors peeking out
on the lower edge due to the stereo angle of 40 mrad. The wire-bonding can clearly be spotted
in the area where the two top layer detectors meet.

Readout and reconstruction

This section gives a short introduction into the FASER readout system. A more detailed descrip-
tion can be found in [123].

The detector is read out by multiple acquisition boards controlled by a custom software stack.
The full setup is designed with an expected rate of 500 to 1000 Hz in mind. Most signals will be
induced by muons produced at the ATLAS IP crossing the FASER detector. These will mostly pro-
duce signals in the scintillator stations while energetic deposits in the calorimeter are expected
at a rate of around 5Hz

To read out the scintillators and calorimeter modules, a digitizer (CAEN VX1730) is used. It
features 16 input channels with a 14-bit resolution at a sampling rate of 500 MS/s. The digitizer
isable to produce triggers for all input channels at individual threshold settings. The thresholds
for scintillators will be set below the expected signal for a single minimum ionizing particle
while the calorimeter threshold will be set at an energy deposit of 20 GeV.

The trigger signals produced from the digitizer are fed to the Trigger Logic Board (TLB). The TLB
performs the central trigger decision and sends out the global trigger accept signal (L1A) to
the digitizer and tracker readout boards to start the event readout. To keep the tracker data
in sync with the TLB events, the tracker readout boards are supplied with a clock signal and a
bunch counter reset (BCR) signal which is pulsed on every LHC orbit signal. Once a L1A signal is
received, the full detector is read out and the full raw information is written to a ROOT file. The
data is copied from the data acquisition (DAQ) computer to a storage server in regular intervals
to keep the local disk space free. This allows to reconstruct the data without interfering with
the detector operation.

The reconstruction for FASER is performed using the FASER offline system, called calypso [124].
It is based on the athena and Gaudi frameworks developed by the ATLAS collaboration. Ca-
lypso processes the raw detector information and associated metadata and produces ROOT
files in the AOD format. This includes fits of the PMT waveforms with baseline subtraction,
reconstruction of tracks and calculation of track parameters and vertices.

No established method exists so far to analyse the reconstructed files. However, a program
was written in the scope of this thesis to produce NTuples for the test beam analysis.
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O. | Tracker hardware and tracker
commissioning

In this chapter, a detailed description of the FASER tracker is given. It opens with an overview
on the working principle and the digital front-end of the SCT modules. The modules used are
spare modules from the ATLAS silicon strip tracker, which have been in storage for multiple years
under uncertain environmental conditions. Therefore, each module must be tested individually
to confirm that all operating parameters are still in the nominal range. The next part is, hence,
focussed on the setup used to test the modules and the results from this Quality Assurance
(QA) process.

It is followed by a description of the on surface commissioning procedure for the assembled
tracker stations performed before installation in the experimental cavern.

SCT module

The ATLAS SCT modules combine silicon strip sensors with analogue and digital readout in a
compact package. Each module has four single sided sensors in two layers. Each sensor is
6.36 x 6.40 cm? in size and has 768 strips with a pitch of 80 pm. The two sensors on the same
layer are wire-bonded together to form 12.8 cm long strips. The two layers are glued back-to-
back, with a thermal pyrolytic graphite baseboard for cooling and mechanical connections in
between, forming a full module. The two layers are rotated with respect to each other by an
angle of 40 mrad to enable reconstruction of two-dimensional hit positions. A flexible PCB is
wrapped around the detector housing six ASICs on each side. Wire bonds connect the individual
strips to the flexible PCB and, thereby, to the ASICs.

A schematic drawing of an SCT module is shown in Figure 91. There, one can also see the mech-
anical mounting features of the module. The baseboard holding the four square sensor extends
over the module boundaries on both long sides to fix the module to a support structure. Beryl-
lium oxide sheets are glued to the exposed baseboard. Beryllium oxide is an electrical insulator
and features excellent thermal conductivity enabling an efficient heat dissipation from the sil-
icon to the support structure. The flexible PCB extends even further over the baseboard and
has a 36-pin connector for connecting the module to the readout system.

Two washers are fixed to the mounting surface to precisely align the module on the detector
support structure. The datum washer is a precise round washer constraining the position in
both axes, while the slotted washer has a slot to allow for movement in one axis. Together, the
washers perfectly align the module without over constraining it. This is important as otherwise
stress in the baseboard could cause the module to bend or in the worst case mechanically
damage the module.
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Hybrid assembly Slotted washer

ABCD ASIC

Silicon sensors

Figure 9.1: Schematic drawing of the bare SCT module. Clearly visible is the angle between the
two silicon sensor layers. The ASICs are marked with their numbering in the readout chain. Two
washers on the bottom right are used to precisely align the modules on the detector support
structure. Adapted from [125].

The ASIC, called ABCD, is designed especially for the ATLAS silicon tracker and features all ne-
cessary analogue and digital circuits for reading out the silicon detectors [126]:

- integrating the strip charge,

- pulse shaping,

- discriminating based on pulse amplitude,

- storage of data in a pipeline until a trigger signal is received,
- de-randomisation and compression of the data,

- generation and injection of calibration pulses,

- transmission of the data via a serial daisy chain link.

For each channel, the signal is first amplified in a transimpedance preamplifier and, sub-
sequently, shaped in a pulse shaper. To detect if a strip was hit by a charged particle, the
resulting signal is fed into a discriminator. The threshold for this discriminator is set with a
single 8-bit Digital-to-Analog converter (DAC) and is common to all 128 channels of an ABCD
chip. Using a common threshold for all channels arises the problem that all comparators must
have the exact same behaviour to guarantee a uniform performance. As this could not be
achieved in the first prototype stages, a 4-bit DAC was added to each channel, named TrimDAC.
This DAC is used to offset the threshold for each individual channel. The range of the TrimDAC
can be adjusted by another 2-bit setting to allow for larger, albeit less precise, corrections.

A capacitor is connected to each channel to inject calibration pulses at various amplitudes.
The channels are grouped into four groups with every forth strips capacitor being connected
together. The group for the charge injection is selected with a 2-bit register. This allows for
studying cross-talk between the strips as the strips surrounding the one under test are always
without charge. The calibration strobe signal can be shifted with respect to the main clock by
a tunable delay up to two clock periods. The strobe delay setting is common for a whole chip
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and thus affecting 128 channels.

The signal from the silicon detector, taking into account any possible smearing of charge by the
magnetic field and diffusion effects, is in the order of 1fC. In order to limit the maximum noise
occupancy to 5 x 107, the Equivalent Noise Charge (ENC) must not exceed 1500 electrons. The
timing performance is defined by the requirement of clearly associating hits to a specific bunch
crossing, which leads to a maximum allowed time-walk of 16 ns. Given that the expected rate
for FASER is magnitudes below the bunch crossing rate, this is by far sufficient for the FASER
experiment.

The data transmission is realized by chaining the chips on each side in series. Each side has
one dedicated master chip, four slaves and one end chip. Each module has two transmission
lines to interface the module from the DAQ. The two lines are connected to the master chips on
each side of the module, which take care of communicating with the chips on the corresponding
side. Two prevent a module rendering unusable in case of a single chip failure, each chip is not
only connected to the next chip in the chain but also two the next-to-next chip. In case one of
the end chips is broken any slave chip can be configured to act as the end of the chain. The
module can function even in the case that one of the master chips is broken which results in
the full module being read out over a single master chip.

Module quality assurance procedure

The silicon tracker modules used for FASER are spare modules left over from the inner de-
tector of the ATLAS experiment. They were individually packaged in a metal transport housing,
wrapped in plastic bags and stored inside open boxes. The individual plastic bags were how-
ever not sealed and no control over temperature or humidity was in place. Due to this storage
situation and the fact that is unclear how the modules were treated after the initial quality
control by ATLAS each module needed to be tested.

While the basic test procedure already existed, it was optimized and automated as much as
possible in the scope of this thesis.

The FASER readout was not ready in time for the quality assurance performed in spring of
2019 and therefore, a readout system was borrowed from the University of Cambridge [127]. It
provides the functionality to write the configuration of the ASICs, inject test pulses with variable
charge and readout hits from the silicon strips.

In addition to the readout, three power supplies are used: one for the ABCD chips on the hybrid,
one for an adapter card and readout and one for the High Voltage (HV) bias of the silicon. Two
general purpose power supplies, namely Agilent E3646A [128], are used for the low voltage
of the digital circuits on the hybrid. These are fixed to the necessary voltages and are just
turned on/off for switching the module. For the high voltage a precision source meter (Keithley
2400 [129]) is used to both supply the bias voltage as well as precisely measure the current
drawn. To automate the quality assurance procedure the power supply for the bias voltage is
not controlled manually, but controlled remotely using a serial interface.

To keep the modules sufficiently cooled a water chiller is used to cool down an aluminium plate
on which the modules are placed. The aluminium plate is surrounded by a polystyrene box with
a detachable lid. This helps keeping the full module at a uniform temperature. To prevent any
condensation the temperature and humidity within the box is monitored constantly to ensure
operating above the dew point. In addition, the box is constantly flushed with dry air to keep
the humidity levels down and approximately constant. The full setup can be seen in Figure 9.2.
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Power
supplies

Figure 9.2: Setup at CERN used for the quality assurance of the individual SCT modules. The
module is kept in its transport housing and placed on top of a water cooled aluminium plate
in an insulated box.

All modules were tested using the same procedure. It starts with taking the module from its bag
and noting the module’s serial number. Next, the cover protecting the flexible PCB housing the
module connector is removed and the adapter card for the readout is attached. The module is
placed on the cooling plate in the polystyrene box as shown in Figure 9.2. The chiller is switched
on with a set point of 12°C. When the module’s temperature has reached a stable level, a scan
of the current in dependence of the bias voltage is performed up to a voltage of 300V. The
scan is performed using a dedicated software developed in the context of this thesis which
controls the power supply via a serial connection. It is written in Python [86] and based on
the framework PyMeasure [130]. The parameters for the scan are set in a graphical interface
with the nominal testing procedure measuring in steps of 5V up to 25V and in 25V steps up
to 300V. The ramp up and down speed is limited to 1V/s to keep the current flow low during
ramping of the voltage. Once the desired voltage is reached the program waits for 10 s to allow
for the current to stabilize and then measures the current five times saving the average value.
After the scan is completed the voltage is ramped back down to 150V for the next steps in the
QA procedure. Figure 9.3 shows the interface for this tool after a scan is completed. The scan
results are saved in a csv file for further analysis.

When the bias voltage has reached 150 V the low voltage for the readout system and the ASICs on
the module are enabled and the temperature is noted once stable. A so-called threshold scan
is used to evaluate the noise level on each strip. This scan measures the per strip occupancy,
meaning the number of hits per strip, at different thresholds. The threshold is varied between
0 and 60 ADC counts in steps of 1 with 10000 triggers per value. The measured number of hits
in dependence on the trigger threshold is fitted with an error function to extract the threshold
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Figure 9.3: Screenshot of the program used for measuring the current in dependence of the bias
voltage in the module QA.

above which noise is not triggered any more. The error function is defined as:

F(t)=A - erf(t_t0> (97)
_ =2): _

where the t, is giving the strip noise. The threshold scan for a single strip of a module is
shown in Figure 94 together with the per strip noise distribution for the full module. The dual
peak structure is caused by the noise level distribution being different between the two silicon
detectors of the module.

The last test is a gain measurement. It is basically the same procedure as for the noise scan
except for injecting charges into the strips with the charge injection feature of the SCT module.
In this scan, the threshold is varied between 0 and 100 ADC counts in steps of 1 with 100 triggers
per value and performed once for each charge value. Again the function in Equation 91 is used
to fit the measured threshold scans and extract the edge. By injecting pulses with 1.5fC, 2.0 fC
and 2.5 fC the gain for each channel can be extrapolated using a linear fit. The fit results for a
single strip as well as the gains for a full module are shown in Figure 9.5.

In addition to this procedure, one module was selected and undertaken a set of more advanced
tests to confirm that the thermal stability of the modules could still be relied on. In the first
step, the standard testing procedure is performed on the module. To ensure that the meas-
urement of the leakage current is stable it was kept powered on over a duration of 72h and
the leakage current and module temperature is measured once per minute. This test did not
show any abnormal behaviour. Using a coordinate-measuring machine multiple markers on
the modules surface were measured and compared to the nominal values from the ATLAS pro-
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Figure 9.4: Results from the noise threshold scan for a single strip fitted with an error function
as defined in Equation 91 (left) and the distribution of the noise for a full module (right).
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Figure 9.5: The measured signal versus three injected charges (1.5, 2 and 2.5fC) with a linear fit
for a single strip (left) and the distribution of the resulting gains for a full module (right).

duction documentation. The module was then putinto a climate chamber and the temperature
was ramped from 20 °C to 60 °C and back in 100 cycles. After thermocycling the standard test-
ing procedure is performed once again. This revealed that the electrical performance of the
module did not change due to thermocycling.

Results from the module quality assurance

The first quality criterion checked is the leakage current at a voltage of 150V. The distribution
over the modules is shown in Figure 9.6a. Module with a leakage current larger than 1.5 pA
are considered bad and are not further considered for the usage for FASER. This removes six
modules from the selection. The measured curves of the leakage current versus the bias voltage
show no abnormal behaviour for any of the remaining modules.

By evaluating the activity on each strip in the noise and gain scans different failure modes can
be tested for. The following four failure modes are considered:
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- dead strips: strips that do not respond to injected pulses at all thresholds

- low efficiency strips: strips which register hits only in 10 %-90 % of triggers (evaluated at
the most efficient threshold)

- noisy strip: strips with a high level of noise
- cross talk: strips which show a large amount of cross talk from neighbouring strips.

To find strips with high cross talk the threshold is found at which the hit occupancy with charge
injection is 95 %. If the hit occupancy at the same threshold for events with no charge injection
in that strip is over 10 % the strip is considered prone to cross talk. The most frequent fault is
noisy strips with a total of 71 strips over all modules finally selected for the FASER tracker. In
total the selected modules showed 108 strips falling into one of the four failure modes during
the initial quality assurance. This corresponds to less than 0.1% of strips with defects in the
selected modules for the tracker stations.

The gain is found to be relatively consistent over all modules. In Figure 9.6c the per module
average gain is shown and is in the range of 43 to 50 mV/fC. The average over all strips of the
installed modules in the quality assurance data is 47.6 mV/fC. While this is slightly lower than
the design target of 50 mV/fC [126], it is still acceptable. This difference is not fully understood
but most likely it is caused by the readout software; not supporting all tuning features of the
ASIC. This is further endorsed by the results observed during commissioning of the assembled
tracker stations with the final readout system where an average gain of 54 mV/fC is measured.

The equivalent noise charge is measured to be around 1100 electrons for test pulses of 1fC.
This is far below the nominal value of 1500 electrons at 1fC [126]. As can be seen in Figure 9.6d
only two modules surpass this target and are not usable. An additional noise study using data
from the three-point gain measurements where the noise is measured with charge injection
enabled leads to a noise of = 1760 electrons on average while the ATLAS quality assurance
found an average noise of = 1650 electrons using this method. The difference is only = 6 % and
could be either explained by differences in the measuring setup or environment or by the fact
that ATLAS selected the best modules for their detector and thus the test results are biased
towards higher noise levels.

Plane and station commissioning

Using the results from the QA explained in the previous section the best modules are selected
to be assembled into the FASER tracker. The assembly process is performed in two steps: first
eight modules are fixed into their frame to form a so-called tracker plane. These planes are
then tested individually to ensure that the modules were not damaged during installation and
all electrical connections are good. Only if they pass all checks three planes are assembled
into a full station. This allows for bad modules to be replaced before assembling a full sta-
tion and hence, reduces the risk of damaging modules during repeated station assembly and
disassembly. Considering the tight timeline for building the FASER detector this also gives the
advantage that finished tracker planes can be tested while the other planes of a station are
still in assembly.

In the following sections the different setups are explained, followed by the commissioning
procedure and finally, the results found from the commissioning are given. In the scope of this
thesis, multiple planes and one station have been commissioned using the existing procedure.

Search for Axions at the LHC



116 9. Tracker hardware and tracker commissioning

40 60
C 50
8 30f s
3 f 3 40
<] L o
IS L IS
S 20 ‘S 30
) L o)
a B o
% L e 20
Z 10+ Z
L 10
0 0
0.0 0.5 1.0 15 2.0 0.0 2.5 5.0 7.5 10.0 12.5 15.0
Leakage current [pA] Number of bad strips
18 16
14
3 3
= = 12
3 3
< c 10
G— [
o © 8
T 8 )
Qa S ¢
E ¢ S
= =
4 4
2 2
0 0 |||||||||||||||||I|
40.0 425 45.0 47.5 50.0 52.5 55.0 750 1000 1250 1500 1750 2000

Average module gain [mV/fC] Average module ENC [e]

Figure 9.6: Leakage current at 150V (top left), number of bad strips per module (top right),
average module gain (lower left) and average module equivalent noise charge (lower right) as
measured in the quality assurance used to select the modules for building the FASER tracker
stations.

Commissioning setups

To allow commissioning of multiple planes in parallel two commissioning stations in different
labs are used. The first lab is only setup to commission a single plane while the other lab
has the required equipment to run both tests in parallel on a single plane as well as on a full
station. After a full plane is assembled it is first tested in the first lab and once three planes are
tested completely they are assembled into a station. This station is then tested in the second
lab. The single plane setup in the second lab is mostly used to run tests on an early prototype
plane to debug the firmware of the readout boards and the DAQ software on the PC side. It is
also used to occasionally test planes to validate the results from the other lab.

Both setups use the same readout and monitoring system and same power supplies as are
used during operation in the cavern. The most notable components are:

- low and high voltage power supplies,
- Tracker Interlock Modules (TIM),
- readout card,
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- computer for readout and controlling the Finite State Machine (FSM).

The Tracker Interlock Module (TIM) is an important safety system for operating the tracker as it
monitors the temperature of each module and the module frame and switches off the power
in case the temperature is increasing above the safe operating range. It is using discrete logic
to make the interlock decision purely hardware based but also features a microprocessor to
enable reading the temperature values over ethernet.

Figure 9.7 shows the setup used for commissioning the assembled tracker stations in the second
lab. The station is held in a temporary support frame to allow for manipulating its position and
orientation. This is especially useful as it permits to run either the normal commissioning
sequence or take cosmic data by rotating the station to be horizontal. Not shown in the picture
are the power supplies for the tracker, the chiller and the readout computers. To keep the risk
of condensation on the plane as low as possible the station is wrapped with plastic foil and
dry air is flushed around it. The setup in the plane commissioning lab is similar except for the
planes just laying flat on a table instead of mounted in a frame.

L lhaaagys - 4

Figure 9.7: Setup used for commissioning of the FASER tracker stations as of July 2020. The
station is held in a temporary frame to allow for manipulating its position and orientation
while keeping the connections protected.

Testing procedure

The testing procedure is explained only for the station commissioning in the following as the
procedure for plane and station commissioning are mostly identical. The main difference is
that all tests have to be run for each plane in parallel for the station commissioning.
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Figure 9.8: Temperature (left) and analogue rail current (right) for Plane 10 in the powered on
and configured state as measured during plane commissioning and station commissioning.
Both results agree with exception for module 2 which was replaced during station assembly.

In preparation of running the tests, the station is cabled carefully following the cabling diagram
and the connections are noted in a dedicated spreadsheet. The dry air supply and chiller for
the water cooling are turned on and the cooling loop is inspected for leaks. To confirm that
the cabling of the module power supplies is correct the low voltage is turned on for a short
duration module by module. Using the TIM monitoring it is confirmed that the temperature is
rising in the correct module and henceforth, the cabling is correct.

This is followed with a scan of the leakage current against bias voltage as done in the module
QA up to a voltage of 150 V in steps of 10 V. At each step the voltage is kept constant for 20 s and
the current is continuously recorded. When the scan is finished, the bias voltage is switched
off again before continuing.

The next steps are focussed on the electrical and thermal behaviour of the ASICs. First the
temperatures for all module and frame sensors are noted without any power applied. Next the
low voltages are switched on for all modules and after waiting for the temperatures to stabilize
the measured voltages and currents as well as the temperatures are noted. Next the modules
are configured which increases the power consumption for the analogue rail and consequently
the temperature of the module rises. Once again, all values are noted. A comparison between
the results from plane and station commissioning for the temperature and analogue rail current
is shown exemplary for plane 10, used as layer 0 in station 3, in the powered on and configured
state in Figure 9.8. Good agreement is visible there with some deviations in module 2 which
was replaced after the plane commissioning. The same is observed for all the other layers.

The next tests are all performed using a dedicated calibration software developed by the FASER
DAQ team called tcalib. Itis able to run a sequence of tests either on a full plane or a selection
of modules. All analogue tests are based on a threshold scan either with or without injecting
test charges. Depending on the aim of the scan a different parameter is changed during the
threshold scan procedure.

The first test in the sequence is a so-called mask scan. It is searching for strips with high
noise level to exclude them from further analysis. The next scan is needed to find the optimal
delay for the calibration strobe to ensure that the pulse is properly captured by the digitization.
Without tuning this correctly the results from the threshold calibration might be skewed. It is
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called the strobe delay scan, in which the value for the strobe delay is varied between 0 and
64 and a threshold scan is run for each setting with 100 pulses per value. The value resulting
in the highest measured charge for all strips of a module is taken as the optimum value.

Once the values for the optimum strobe delay are found for all modules a three point gain
measurement is executed. As in the QA procedure the three point gain is measured by injecting
charges of 1.5, 2 and 2.5fC and measuring the response. In this range the gain is most linear
and the scan can verify that the chip is working properly. Its purpose is only to validate the
analogue performance of the chip but not to precisely calibrate it. The measured gains and
noise levels from this scan are shown in Figure 9.9 for comparison with the gains measured
during the module QA given in Figure 9.6. The noise level is higher compared to the module QA
results as the noise in the station commissioning is measured with charges injected where the
module QA measured the noise without any charge injection. The difference in gain is due to
the final readout system allowing more precise tuning of the SCT modules which is not possible
with the system used during the module QA.

The next step is tuning the values for the TrimDAC to ensure a uniform response for the full
module. This is done to minimize the threshold variations at a charge injection of 1fC so that
the efficiency is as close to identical as possible. The scan procedure measures the threshold
at four different TrimDAC values for each channel which is then fitted with a linear function.
Using the linear function the best TrimDAC value is calculated. The hit occupancy for a single
chip before and after applying the optimum TrimDAC values is shown in Figure 910. There, one
can clearly see the importance of tuning the TrimDAC values to get a uniform tracking efficiency.

It is followed by another three point gain test to ensure that the TrimDAC settings are giving
the expected result before running a time-consuming response curve scan. The response curve
scan is an extended version of the three point scan injecting charges of 0.5, 0.75, 1.0, 1.25, 1.5,
2,3, 4,6 and 8fC and is also referred to as a 10-point gain measurement. As a result from this
scan, precise information on the gain and offsets of the preamplifiers are calculated that are
used to update the module configuration. A full response curve measurement for a single strip
is shown in Figure 911.

Results

Performing the extensive testing on each module multiple times allows for gaining a good
understanding on the behaviour and stability of the tracker system. A few modules were found
that showed problematic behaviour or did not perform consistently. The problems observed
were, among others, that chips would sometimes fail and prevent a full group of 128 strips not
being read out. Those modules were consequently replaced before the station assembly. In
addition to those problematic modules two modules were mechanically damaged during the
assembly procedure and were replaced as well.

The overall performance is found to be excellent with a very small amount of defect strips and
all modules functioning nominally. In the scans performed after installation of the detector in
the cavern a total of 46 dead and 59 noisy strips are found for the three main tracker stations,
which corresponds to less than 01% of all strips. Cosmic tests both on the surface prior to
installation and in the cavern confirm the expected performance.
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Figure 9.9: Measured per chip gain (left) and noise (right) for all modules used in the tracker.
The noise is calculated from the threshold scan with 1fC charges injected.
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Figure 9:10: Hit occupancy for a single chip of a module before optimizing the TrimDAC (left) and
after applying optimum TrimDAC settings for said module (right).
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Figure 911: Measured response for different injected charges used to determine the response
curve for a single channel of the first module of the first station (points) with the fitted response
curve (red line).
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10. | calorimeter

As previously discussed, the calorimeter is built of four spare calorimeter modules from the
outer electromagnetic calorimeter of the LHCb experiment which kindly provided eight modules
in total. This allows to select the best performing modules for installation in the experiment
and having additional modules for on surface testing or usage as replacement in case of failure
of a module.

This chapter focusses on tests of the calorimeter modules themselves, the PMTs used and the
design of a custom PMT voltage divider base. In the scope of this thesis, the initial module tests
were performed and the voltage divider and PMT end-cap where designed and fabricated.

Initial module testing

The integrity and basic functionality of the calorimeter modules is tested at CERN in the same
setup originally used for commissioning of the modules for the LHCb experiment. It relies on a
radioactive source being moved along the module under test by a linear actuator and thereby
scanning over all scintillator plates. This allows to verify that the scintillator plates are working
as expected and that the WLS fibres are intact and guiding the scintillation light to the PMT.

The radioactive source used is an ’Cs source emitting photons with an energy of 662keV. A
PMT" is used along with the power supply and readout by LHCb. For all eight modules each
side is placed down on the fixture and scanned with the radioactive probe. The whole setup is
covered in black cloth to prevent light leakage into the module. A picture of the setup without
the black cloth and the scan result for one side of a module is shown in Figure 10.1.

Looking at the scan results one can see the response of the calorimeter module versus the
position of the radioactive source. The measured signal is slowly rising until the radioactive
source reaches the front of the calorimeter module at a distance of = 90 mm. At that point
the signal is steeply rising followed by a slight rise overlaid by an oscillation. The rise can be
explained by the light attenuation becoming smaller the shorter the distance to the PMT be-
comes. The oscillation on the other hand is produced by the alternating layers of lead absorber
and scintillating material. Within each module the response is found to be nearly identical for
all four sides. A comparison between the modules is not possible as the absolute signal yield
depends strongly on the positioning of the PMT which was not reproducible among the scans.
However, one can state that the overall performance is found to be as expected with no obvious
damages in any of the eight modules tested.

"Hamamatsu R7899-20
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Figure 101: Setup by LHCb to test the response of a calorimeter module (left) and the scan
results for one side of a module (right).

Photomultiplier and power supply

To detect the scintillation light produced in the calorimeter so called PMTs are used. PMTs are
a special kind of vacuum tube and produce a measurable signal from single incident photons.
They are made of an evacuated glass tube with electrical connections fed through on one end of
the tube. On the other end of the tube, a photocathode is situated which allows for conversion
of photons to electrons through the photoelectric effect [131]. The emitted photoelectrons are
focused onto a conducting plate, called dynode. An electric potential applied to the dynode
causes the electrons to be accelerated and hence, on impact on the dynode secondary electrons
are emitted from it. This process repeats in each of the subsequent dynodes increasing the
number of electrons in every step. The electrons emitted from the last dynode are collected
on the anode producing a measurable electrical signal.

The number of electrons being produced per initial photoelectron is referred to as the gain of
a PMT. The gain depends on the average number of secondary emissions 6 and the number of
dynodes n and can be calculated by:

g=05" (101)

The average number of secondary emissions itself depends on the material used for the dyn-
odes and the potential difference E between each adjacent dynodes:

5=a - Ef, (10.2)

where ais a constant and k is a material specific constant normally in the range of 0.7-0.8 [131].
Under the assumption that the interstage voltage is equally distributed, one can set E = n—‘;
where V is the overall potential difference. Inserting this relation and Equation 10.2 in Equa-
tion 101 yields:

—a”(L>M—A ykn (103)

9= n+1/ ' :

where A is combining all device specific constants and the potential difference between the
individual dynodes. Figure 10.2 contains a schematic view of the components of a PMT and
the flow of electrons. For the overall efficiency of a PMT, in addition to sufficient gain, one
also has to take into account, that not all photons will cause a photoelectron to be emitted
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Figure 10.2: Schematic drawing showing the main components and the working principle of a
photomultiplier. The electrical connections from the base to the components are left out for
clarity (based on a graphic from [131]).

from the photocathode. The probability for the emission of a photon is given by the quantum
efficiency. The quantum efficiency depends on the material and quality of the photocathode
and the photon’s wavelength. A typical range for the quantum efficiency is 10 to 20 %.

To realize the required voltages at the various dynodes the most common solution is to use
resistive voltage divider circuits. This allows to operate the PMT with a single HV power supply
and to change the gain by varying this voltage. It should be noted though that depending on
the use case other means of biasing are more appropriate. For example for high occupancy
applications an active voltage generator can be favourable over a fixed voltage divider as it
provides better stability under higher current flows.

The PMTs used in FASER to detect the scintillation light are the same type as originally used in
the calorimeter and were kindly provided by the LHCb collaboration along with the calorimeter
modules. They are produced by Hamamatsu and have the model number R7899-20 [132]. This
model is a custom variant for the LHCb experiment and is based on the R7899-01 variant with
the key difference of having the pluggable solid connectors replaced with longer flying leads for
soldering directly onto an adapter PCB. The R7899-20 has 10 dynode stages and can be operated
up to a voltage of 1800V at which it features a gain of = 2 - 10’.

LHCb uses an active voltage generator for their calorimeter [133] which is a good solution when
using a large number of PMTs as the cost per channel is lower compared with a voltage divider.
As the FASER calorimeter only needs four PMTs in total using this or a similar system is not
an option and a classic resistive voltage divider is preferred. Due to the soft leads of the PMT
the commercial voltage divider bases by Hamamatsu can not be used and a custom voltage
divider is required. The mechanical design of the voltage divider is inspired by the LHCb solu-
tion consisting out of a round adapter PCB and a rectangular PCB for the electronics connected
by an angled pin-header allowing the assembly to fit within the tube at the end of the calor-
imeter module. The schematic for the voltage divider is following the recommendations by
Hamamatsu for the specific PMT and is shown in Figure 10.3.

The potential difference between the stages is not equidistant, but is tapered to both ends. This
partially counteracts charge up effects in the later stages and henceforth, stabilizes the gain and
increases the linearity. In addition, capacitors are added to the last four dynodes to compensate
voltage drops during short peaks in current flow caused by the electron amplification.

The round adapter PCB is using pin receptacles for the leads of the PMT soldered through
holes in the PCB which allows to detach the PMT from the voltage divider for various tests or
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changing the base in case of failure without having to desolder it and risking of damage it in
the process. The PCB for the voltage divider is dual sided with components only placed on
the top layer and only a few traces being routed on the bottom layer. This is done to reduce
possible leakage current between the dynode stages through the PCB material which would
degrade the overall performance of the PMT especially reduce the linearity. All components are
surface mount in the fairly large 1206 cage style (3.2 x 1.6 mm?). The large cage style is chosen to
prevent arcing between the two contacts due to the high potential difference of up to = 350 V.
The resistors and capacitors are selected based on recommendations in [131]. The resistors
have a tolerance of 1% on the resistance and a temperature stability of 100 ppm/°C. For the
capacitors ceramic capacitors with a high impedance and a voltage rating sufficient for the
corresponding interstage potential difference are used. The tolerance on the capacitance itself
is not particularly important as they are chosen with a capacitance higher than the minimum
requirement to allow for degradation over time without notable changes in the performance.

Solder pads at the rear end of the voltage divider board allow to solder cables to connect the
HV power and the signal readout.

500k 200k | 500k 200k | 300k 300k | 200k 200k | 200k 200k 200k 200k 200k 200k 200k 300k 300k

Figure 10.3: Schematic for the resistive voltage divider as implemented for the calorimeter PMTs.
The anode is directly connected to a solder pad to attach a BNC connector.

Optical filter

Given that the expected energy of decay products being measured in the calorimeter is in the
order of TeV, the amount of scintillation light produced by it is quite substantial and would
easily saturate the PMT output. As explained previously, the gain depends on the applied bias
voltage one way to mitigate this problem is to operate at a low bias voltage yielding a low gain.
The required gain would be in the order of 10° and it would result in the PMT being operated
far outside its intended operating range.

As a compromise to allow observation of both signals from muons crossing the calorimeter
which are important for calibration purposes and also measure the energy for highly energetic
particles a combination of lowered bias voltage and an optical filter is chosen. The optical
filter is a so-called neutral density filter. The name neutral density filter comes from the fact
that the transmission has only minor dependence on the wavelength within the optical spec-
trum. The filter used is a non-reflective 25 mm diameter filter by Edmund Optics [134]. The
nominal transmissivity of the filters used in the experiment is 10 % with a tolerance of +1% for
wavelengths between 400 and 700 nm. By placing the filter in front of the PMTs entry window
the light reaching it is reduced by 90 %. Using a dedicated setup at CERN the transmissivity of
one of the filters in dependence of the wavelength was measured in two spots. The resulting
transmission curves are shown in Figure 10.4 and the filter is found to be well within the bounds
of the specification by the manufacturer.

Search for Axions at the LHC



10. Calorimeter 125

Transmission [%)]
(o))

0
200 300 400 500 600 700 800
Wavelength [mm]

Figure 10.4: Transmissivity of a neutral density filter used in the calorimeter in dependence of
the light's wavelength in two different positions on the filter (red and blue line). The grey band
highlights the specified tolerance by the manufacturer for wavelengths between 400 to 700 nm.

Mechanical assembly

The full assembly of the light detection is located in a tube attached to the back of the calor-
imeter. To ensure that light mixer and optical filter are in the correct position a 3D-printed
holder is fabricated which holds both the light mixer and the filter in position. A notch in the
filter holder allows to attach a string to easily retract it from the tube for removing or inserting
the filter in the assembly.

At the end of the tube a 3D-printed end-cap is fixed which holds both an SHV connector for
the bias voltage and a BNC connector for the signal output. It is designed to be light tight
to prevent any ambient light from altering the energy measurement results or even triggering
false measurements. The light tightness of the printed holder is confirmed in a dark room using
a torchlight with the PMT bias voltage raised up to the maximum voltage of 1800V. In this test
no influence on the noise or signal distributions could be observed. Three set screws are used
to fix the end-cap to the tube which hold it in position even when attaching or removing the
cables. To reduce the noise levels the end-cap is shielded by wrapping it with aluminium tape.

A computer rendering of the complete assembly with the tube and end-plug being shown in
section view is displayed in Figure 10.5.

Figure 10.5: Rendering of the readout assembly for the calorimeter. The tube and the end-
plug are cut open to allow visibility of all components. The components from left to right are:
the filter holder (light blue) with both the filter (black) and the light mixer (light green), the
photomultiplier connected to the voltage divider via the adapter PCB and the end-plug with
the electrical connections.
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11. 1 calorimeter calibration system

As stated before, the calorimeter system of FASER consists of four spare modules from the LHCb
outer electromagnetic calorimeter read out using one photo multiplier per module. To ensure a
good and stable energy measurement, the calibration of the PMTs has to be checked from time
to time. In experiments which expect a large number of charged particles from known processes
this calibration can be done using measurements from those processes without having to rely
on additional hardware. For example the energy calibration for photons and electrons in ATLAS
is determined by Z boson decays into electron-positron pairs [65].

This is however not the possible for FASER as there is no high rate of known decays which could
be used to calibrate the energy measurement. The only known particles which will cross the
calorimeter with high rates are muons. However, as they are minimum ionizing their signals are
quite small and can not be detected at the low gains the PMT will be operated at. The only way
to use the muons to calibrate the energy is to run at higher gains and then extrapolate down
to the nominal operating range. This requires a possibility to inject a known amount of light
into the module while lowering the voltage in steps and tracking the change in amplitude. To
realize this the modules have a calibration port in the front where a fibre can be attached as
can be seen in Figure 8.5.

In this chapter the design of a calibration system for this purpose along with the accompanying
components is discussed, which was designed and commissioned in the scope of this thesis.
First, the overall design requirements are laid out. Next, the circuit for driving the Light emitting
diode (LED) and the design of the calibration board is discussed. It is followed by a characteriz-
ation and results from commissioning the board. Finally, the procedure for the calibration and
results from testing the method are given.

Requirements

The most important feature for the calibration system is the ability to create short light pulses
(O (10 ns)) with a variable but known amplitude. The light should be guided to the four calor-
imeter modules using optical fibres. The amplitude should be stable over time to reduce sys-
tematic errors in the calibration due to drifts in the amplitude.

The amount of light produced must be sufficient to create a measurable signal in the PMT
with the optical filter installed, and the light fed to the calorimeter module over optical fibres.
This must be fulfilled over the full gain range of the PMT demanding a high dynamic range
of the calibration pulses. To independently monitor the pulses amplitude in situ originally it
was planned to add an additional fibre to feed some light to a PIN photo diode. However,
during prototyping the overhead in required equipment and needed development time for this
solution was found to be too large compared with the gain in functionality.
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Another important requirement is the connectivity of the system. It must be controlled over a
standard ethernet connection to allow for connection to the control system from outside the
tunnel without any special communication electronics. A simple Application Programming In-
terface (API) interfaced via standard HTTP is chosen to reduce the complexity of communicating
with the system which enables sending commands to the board from basically any program-
ming language without any special libraries. For simple testing it can even be controlled by just
opening the website in a standard web browser.

In addition to the channel for the calibration of the calorimeter, a second channel is required
to validate the performance of the PMTs in the various scintillator stations. This is less about
the gain of those PMTs but more about checking the overall performance and testing the timing
resolution as well as relative timing delays between the PMTs.

Regarding radiation hardness of the electronics or the optical fibres no special requirements
are imposed as the background radiation at the FASER location is expected to be negligible.
However, to ensure that no pulses are accidentally generated during normal data taking oper-
ations, the low voltage for the LED driver circuit is to be turned off after a calibration run has
been finished.

LED driver circuit

Before its was decided to build a custom driver circuit existing implementations from other
experiments have been inspected (e.g. LHCb, NA62, CALICE). However, all of those implement-
ations were found to be to complex or not fulfiling the requirements. Therefore, a different
approach is chosen for the driver circuit.

This section focusses on the general design of the driver circuit, the functional principle of the
most important components and the first prototype for the driver circuit.

The Kapustinsky circuit

A popular method to generate ultra-short light pulses that is commonly used in experiments is
a circuit known as Kapustinsky circuit which was proposed by J. S. Kapustinsky in [135] back in
1985. It features a very simple, low cost design that only needs a handful of components, but
is still very flexible and can be tuned for different scenarios. The original circuit as presented
in the original paper is shown in Figure 11.1.

To pulse the LED the circuit relies on a capacitor which is quickly discharged through a thyristor-
like element formed by a matching pair of High-Frequency (HF) transistors. To reduce the dura-
tion of the pulse further an inductor is put in parallel with the LED which will produce a current
opposite to the current from the discharging capacitor and therefore, reduces the decay con-
stant of the light pulse.

In the original design the thyristor-like element is triggered using a negative square pulse riding
on a negative DC offset. The negative DC bias of up to -24V is used to charge the capacitor and
together with the main capacitor defines the amplitude of the generated light pulse. The decay
constant of the light pulse on the other hand can be tuned by changing the inductance in
parallel to the LED.
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Figure 11.1: Schematic for a LED driver circuit used to generate fast light pulses with durations
of O (ns) and variable amplitudes as presented by Kapustinsky in [135]. The circuit is triggered
by a square pulse riding on a negative DC offset applied to the bias input on the left.

Transistor + thyristor

Transistors are the most basic ‘active’ electronic components and are made from semiconduct-
ing materials. Semiconductors are materials with an electrical conductivity between conductors
and insulators. When building semiconducting electronic components silicon is generally used
as the semiconductor and a small amount of atoms from a different element is added to the
material in a controlled way to modify the electrical behaviour. These atoms are called impur-
ities. One differentiates between p-doped and n-doped semiconductors. In p-doped materials
an element like Boron is added which has one electron less in the conduction band than sil-
icon providing holes that can accept electrons and effectively allow for transport of positive
charges through the material. For n-doping an element like Phosphorus is used which has an
additional electron in the conduction band and therefore, increases the density of negative
charge carriers. [136]

In the region where two differently doped materials meet, the holes and electrons combine and
effectively a small region with no available charge carries is created called depletion region.
Applying a potential across the two layers with the higher potential at the n-doped side causes
the holes in the p-doped layer and the electrons in the n-doped layer to be pulled away from the
junction effectively increasing the depletion region and preventing nearly any current flow. This
changes whenthe electrical potential is applied across the two layers with the polarity switched.
In this configuration the potential at the n-doped side is lower than at the p-doped side causing
the holes and electrons to be pushed towards the depletion region and thereby decreasing its
size. When the potential is large enough the depletion region becomes sufficiently small to
allow for current to flow through the junction. The potential at which the junction becomes
conductive is called diffusion potential V. This behaviour is used in so-called diodes which
allow current to flow only in one direction.

Transistors are made from three layers of semiconducting material with metal connectors on
each layer for connecting to an electrical circuit. One differentiates between npn-and pnp-type
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transistors. The names arise from the type of doping of the semiconducting layers. A npn-type
transistor is built from two n-doped semiconducting layers sandwiched around a thin p-doped
layer while the pnp-type transistor has two p-doped layers around a thin n-doped layer. The
electronic symbols as well as the layer stack up for both types of transistors are shown in
Figure 11.2. The number of impurities in the different layers differs with the emitter being doped
stronger than the base and the base being doped stronger than the collector.

In the following the working principle of a npn-type transistor is explained, the same applies for
pnp-type transistors with all polarities inverted to reflect the inverted doping of the layers. One
can picture transistors as a set of two diodes connected in opposite directions which share one
layer in the middle. Therefore, when an electrical potential is applied between the collector
and emitter V., > 0 the transition region between the base and emitter is shrinking and current
can flow between the two layers. The depletion region between the base and collector however,
is increased and, hence, does not allow any current to flow between the collector and emitter.
If in addition, a voltage larger than the diffusion potential of the junction is applied between
the base and the emitter with V. >V the junction between the base and emitter becomes
conductive and electrons are flowing from the emitter into the base and holes from the base to
the emitter. Due to the higher doping of the emitter the electron-current surpasses the current
from the holes. Given the high number of electrons flowing into the base only few of them
recombine with holes in the base while the other electrons can pass through the thin base
layer reaching the collector. This means current is flowing between the collector and emitter.

The number of electrons flowing from the emitter into the base depends on the base-emitter
voltage V.. Therefore, the current flow between collector and emitter can be controlled by
varying the base-emitter voltage.

C Collector (C) E Emitter (E)
B
B Base (B) Base (B)
E Emitter (E) C Collector (C)

Figure 11.2: Electronic symbol and semiconductor layer stack up for npn-type transistors (left)
and pnp-type transistors (right).

Using a npn-type and a pnp-type transistor with matching parameters connected in a special
configuration forms a so-called thyristor. As shown in Figure 11.3 the collector of the pnp-type
transistor is connected to the base of the npn-type transistor and the base is connected to the
collector. This effectively creates a component with three p-n-junctions and three electrical
contacts. When applying a positive potential V, . between the anode and the cathode, the first
junction is forward-biased while the second junction is reverse-biased and hence, no current
can flow between anode and cathode in either direction. This holds true as long as V,. is
smaller than the breakdown voltage. By applying a positive voltage between gate and cathode
the breakdown voltage is lowered substantially and a breakdown of the junction occurs even
at low V, .. Once the thyristor is switched to the conducting state it keeps this state as long as
the potential difference V, - is applied and a sufficient amount of current is flowing even when
the voltage at the gate is removed. Once the potential difference V, . is removed the thyristor
switches to the off state and needs to be activated by applying a voltage at the gate once again.

This behaviour makes a thyristor ideal to quickly allow to discharge a charge stored in a ca-
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pacitor through a component. The current charging the capacitor must be smaller than the
current needed to keep the thyristor conducting otherwise the thyristor will not fall back to the
off state and prevents from charging the capacitor.

Anode

Gate

Cathode

Figure 11.3: Electrical connection of a npn-type and a pnp-type transistor forming a thyristor.

First prototypes

To understand if the amount of light produced with a Kapustinsky style driver is sufficient
prototypes have been built and tested with both a single PMT and with a calorimeter module
at CERN. The first prototypes were identical to the Kapustinsky circuit except that the trigger
line is separated from the bias voltage and is made accessible through a LEMO connector. One
problem observed with the first prototypes was caused by instability in the lab power supply
utilized for the bias voltage leading to uncontrollable fluctuations in the pulse amplitude. In the
final driver circuit prototype this is mitigated using a precision voltage reference (REFO1 [137])
outputting 10V + 0.3 %. By design the voltage reference is intended to be used as a positive
voltage reference, however the current needed for biasing the driver circuit is small enough
that it can be operated as a negative voltage reference by connecting the positive output to
the boards ground and using the outputs ground connection as the negative pole. To vary the
bias voltage a potentiometer is added in a voltage divider configuration allowing to set a bias
voltage between 0 and 10V. The schematic and photographs of this prototype are shown in
Figure 11.4. To reduce the turnaround time the boards are isolation milled in the lab using a
small CNC machine.

The main goal of this prototype is to ensure that the amount of light producible with this kind
of driver is large enough to be detected by the PMT when being fed to the calibration port of
a calorimeter module via an optical fibre. The setup and measured results from this test are
shown in Figure 11.5. The plot shows the measured PMT response which has an amplitude of
1.5V at a PMT bias voltage of -1300V and a pulser bias voltage of = 10V. In this test the optical
filter is not installed which would reduce the pulse height to only 150 mV. The test is considered
a success anyway as the fibre used in the test has a diameter of only 325 ym and is only coupled
using a makeshift fibre holder. In addition, the driver circuit is only biased with 10V while it
can be biased with up to 24V leading to higher amplitudes.
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Figure 11.4: Schematic for the first prototype of a LED driver with adjustable bias voltage and
the fabricated board.
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Figure 11.5: Picture of the setup for testing the LED driver circuit (left) and the measured PMT
response (red line) along with the trigger pulse (blue line) as measured with an oscilloscope
(right).

Figure 11.6: Picture of the calorimeter calibration board with the fibre connectors removed and
no enclosure.
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Calibration board

The calibration board can be divided into multiple functional blocks as displayed in Figure 11.7.
In the following each part of the calibration circuit will be explained in detail. Figure 11.6 shows
a picture of the final calibration board.

Ethernet —_— Main Logic —_— Bias Voltage
| .
Power supply PIN diode

Figure 11.7: Schematic block diagram of the various blocks in the calibration board. The arrows
show the data flow/electrical connections. The power supply connections are not shown for
clarity as it connects to all components.

Power supply

The calibration board needs bipolar power with positive polarity for driving the digital electron-
ics and negative polarity for biasing the LED driver circuit. While the first prototype is supplied
with 5V and -24V the later versions feature a switching power supply on the board producing
5V to allow running it with a symmetrical +24V power supply. This change is made to reduce
the voltage drop over the wires from the FASER power supply box to the back of the detector
where the calibration system is installed. A second linear voltage regulator is utilized to pro-
duce 3.3V for the ethernet communication circuit. In total the system uses around 100 mA on
the 24V rail and 2 mA on the =24V rail.

Main logic unit

The main logic unit is responsible for the control of the pulser and trigger and handling com-
mands received via ethernet. As the controller, an 8-bit AVR microcontroller called ATmega328P
manufactured by Microchip is used. This chip is used in a multitude of applications and there-
fore support and experience is widely available. It runs at a frequency of 16 MHz which is plenty
given the task at hand.

The firmware for the main logic is written in the programming language C and compiled using an
open source cross-platform compiler from the GNU project called avg-gcc [138]. It implements
the communication protocols, controls the bias voltage and generates the trigger signals for
the trigger outputs and the LED driver circuit.

Bias voltage

To control the negative bias voltage for the LED driver circuit a 12-bit DAC is used, which out-
puts a set voltage and can be digitally controlled from the main controller. It contains a resistor
network with resistors in series between the supplied reference voltage and ground with di-
gital switches to connect the output to one of the resulting voltage divider stages. This allows

Search for Axions at the LHC



134 | 11. Calorimeter calibration system

setting a voltage between the reference voltage and ground in 4096 steps. The model used is
a MCP4922 [139] by Microchip and features two independent outputs making it perfect to drive
both driver circuits. In addition to the DAC, a second stage is needed as the output range of
the DAC can only produce positive voltages smaller than the 5V supply rail. The second stage
is built from a rail-to-rail Operational Amplifier (OP) which is connected in an inverting amp-
lifying mode with an amplification factor of = =5.35. This produces a bias voltage in the range
from slightly under 0V down to -21.94V in steps of = 535 mV. It can not reach exactly 0V as the
positive supply voltage of the OP is tied to ground. Originally this should have been tied to 5V,
but needed to be changed due to the OP drawing the 5V rail below 0V when being switched
on before the switching power supply was stable. This triggered a fault detection mode in the
switching power supply and prevented it from starting up. Consequently, when both power rails
were plugged in at the same time the 5V rail would stay at 0V.

LED driver circuits

While the LED driver is in principle identical to the circuit described already in subsection 11.21,
the calibration board now houses two independent drivers for the two output LEDs. The main
difference is the selection of the transistors due to availability problems of HF PNP transistors
which is no longer produced. The best match for a PNP transistor is the BFT93 [140], which
proved to be a good replacement for the original choice. It should be noted however, that this
model also went out of production and is only available from leftover stock in low quantity with
no real alternative being available. This is not a huge problem for the FASER experiment where
the number of channels is low but potentially rules out this style of pulse generator for larger
experiments.

PIN photodiode feedback circuit

The original plan included adding a PIN photodidode as an additional means to measure the
generated pulse amplitudes without the PMTs. It was included in the first prototype of the
calibration board. The implementation there was however lacking proper filtering due to a
design mistake and was not properly tuned for the photocurrent produced. Also, the amplitude
of the signal from the photodiode was quite small requiring huge gains to make the signal easily
measurable. Due to the complexity of optimizing the circuit to provide the required gains with
low noise and the short timeline it was decided to drop this requirement and instead only
ramp the voltage for one PMT while monitoring the pulse height with the other PMTs instead
of relying on an additional photodiode.

Tuning the driver behaviour and LED selection

To evaluate the behaviour of the pulser circuit simulating the circuit with LTspice [141] is tested.
Unfortunately, no suitable model for the LED is available and simulating the light emission of
the LED is not possible. Due to those reasons the simulation was found to be insufficient to
predict the performance of the driver circuit.

Therefore, the behaviour is tested by installing various capacitors and inductances in the circuit
and the response is measured with a PMT. This is tested for all possible combinations for a range
of values'. The results from these measurements are shown in Figure 11.8. As can be seen the
influence of the inductance on the pulse amplitude is minor at higher capacitances and plays a

1C =100 pF, 120 pF, 180 pF, 220 pF, 180 pF, 330 pF, 1nF, 10 nF
222nF and L =10 nH, 47 nH, 100 nH and 220 nH
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larger role for small capacitances while the opposite is seen for the pulse area. This is because
it mainly defines the pulses decay constant and hence, the duration of the pulse. In the final
configuration a capacitance of 10 nF and an inductance of 220 nH is used. This configuration
provides sufficient light yield with an acceptable overall pulse width.

25 012
L I —e— 10 nH
C 010 E—e— 47nH
v 20 [ —e— 100 nH
= E E 0.08 -—®— 220 nH
[0} C = o
=] 15 = L
© -
= L C
= % 0.06 -
5 10 3 ¥
E —e— 10 nH E 0.04 n
> —&— 47 nH r
& 05 C
—e— 100 nH 0.02 -
—o— 220 nH
0.0 | MR | Lol 1l 0.00 Tl Lol 1l
01 018 0.33 1 10 22 01 018 0.33 1 10 22
Capacitance [nF] Capacitance [nF]

Figure 11.8: Pulse amplitude (left) and pulse area (right) measured with a PMT with different
capacitor and inductance values.

In addition to tuning the circuit for maximum amplitude multiple LEDs are evaluated to find a
good signal shape and sufficient light yield. Five different LEDs are tested by directly placing
it in the calibration board in front of a PMT. To allow for quick modifications of the board and
test the setup, a light-tight box is built from wood covered with a light tight foil called Mavel
Guard. This setup and the pulse shapes as measured by a PMT for various LEDs are shown in
Figure 11.9.

As can be seen the LED used initially (OVL-5523) is producing the largest light yield with the
HLMP-CB1A being slightly smaller with an acceptable pulse shape but with a larger second
peak. Hence, the OVL-5523 is used in the final calibration system.

Fibre optics and mechanics

To transport the light from the calibration system to the calibration port of the calorimeters
and the scintillator stations optical fibres are used. For the calorimeter custom fibre bundles
are developed due to the large amount of light required there. As the gain in the scintillator
stations is much higher, commercial fibre optics cables can be used. In the following sections
the production of the fibres and the mechanical connections are discussed.

Calorimeter fibres

To maximize the light yield the fibre bundles for the calorimeter are built from 1Tmm diameter
cladded fibres. On the LED side four fibres are fixed into an adapter which is held in place
using a captive nut with an M22 thread as displayed in Figure 11.10. The tapered fibre holder
fits into the outer housing ensuring the fibre holder being centred on the LED and a light tight
connection. Using the simple screw connection permits quick changes of the fibre bundles in
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Figure 11.9: Photography of the light-tight box used for various measurements with the lid re-
moved revealing the calibration board and the PMT (left) and the measured waveforms for
various LEDs (right).

case of failures or for debugging purposes. All mechanical parts are fully 3D-printed from PETG
using an FDM-printer.

For building the fibre bundle first four fibres are cut to length and using a dedicated tool the
cladding is removed over 3cm on one side of each fibre. This end is then glued into the fibre
holder using a slow setting two part epoxy (Araldite 2011). Different glues were tested with
Araldite 2011 showing the best results regarding uniform coupling in all fibres and good fixation
of the fibres. To get the fibres as closely packed together as possible the bore in the fibre holder
is tapered with only the last few mm being cylindrical. The cylindrical partis printed undersized
and opened up with a drill to allow for tight tolerances.

The other end of the fibre is liberated from its cladding and first ground flat using sandpaper
and subsequently polished using a jig for polishing fibres for the telecommunication industry.
Afterwards, the screw connectors provided by LHCb fitting the calorimeter calibration port are
glued onto the fibre cladding using a drop of cyanoacrylate glue.

Fibres

i Fibre holder
Captive nut

LED

Figure 1110: Section view of the fibre connection at the LED side for the calorimeter fibre bundle.
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Scintillator fibres

For the scintillator fibres commercially available fan-out cables are used to distribute the light
to many output channels. Specifically, a cable is used which has an MTP-connector on one
side where 12 fibres with 50 um diameter are exposed in a row next to each other as seen in
Figure 1111. To couple this connector to the LED another 3D-printed holder is designed. It is
a two part design consisting of @ main housing with a recess for the MTP-connector and a lid
clamping the connector in place and providing a light tight seal.

On the other end of the cable are twelve individual fibres with a single channel LC-connector
each. This enables using commonly available fibre optic cables and couplings for the vari-
ous connections between the splitter bundle and the individual scintillators. Each scintillator
station has a dual channel LC-LC adapter mounted next to it to the upper frame where short
fibres are connecting to the scintillators. Due to the various couplings and the small fibres the
amount of light reaching the scintillators is much smaller than for the calorimeter. However,
the PMTs are operated at higher gains compared to the calorimeter which compensates the
lower light yield.

Fibres

Channel
for seal

MTP-Connector

Screw holes
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Figure 11.11: Picture of a MPO connector (left) and a schematic section view of the opened MPO
holder used for coupling it to the LED on the calibration board (right).

Characterization and commissioning of calibration board

To get a good understanding on how the calibration system is behaving in respect of the overall
performance and stability multiple test procedures are used. In this section first the test setup
with all hardware used is explained in detail, following the findings from the different studies
are discussed.

Measurement setup

For all studies the same overall setup is used. It consists of two PMTs, a HV power supply,
two lab power supplies, an oscilloscope, a microcontroller with an environmental sensor and a
computer. The two PMTs are of different models with one Hamamatsu R7899-20 with the custom
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voltage divider discussed in section 10.2 and one Hamamatsu R2076 with a stock voltage divider.
Each photomultiplier is housed in a metal tube with a 3D-printed cover on the front allowing
to connect a calibration fibre with the same connector as used in the calorimeter modules. In
front of the PMTs optical neutral density filters are placed similar to the one used in the final
FASER setup. The signal and bias supply cables are fed out of the rear end of the tube covered
with black tape to prevent any environmental light from entering the tube. The bias voltage for
the PMTs is provided by a 6 channel negative voltage power supply (CAEN V6533). The signals
from the PMTs are digitized using an oscilloscope, which is also calculating the integrated pulse
signal and the amplitude. Most measurements are done using a Rigol DS12027Z-E.

Using a calorimeter fibre bundle the PMTs are connected to the calibration system. The power
for the calibration board is provided by the two lab power supplies connected in series to
achieve a bipolar supply with 24 V.

To monitor the environmental conditions an environmental sensor (Bosch BME280) is attached
to a microprocessor. It provides measurements for the temperature, pressure and humidity.
Using the microprocessor all values are read and stored at an interval of 10s.

All devices are controlled or read out by a computer using a custom lab control system de-
scribed in section B.2 and automated using various scripts. For most tests only the accumulated
measurements are read from the oscilloscope instead of each individual pulse due to the slow
communication protocol available. However, for most tests at least one waveform is fully read
out from the oscilloscope and stored to review the shape of the signal.

Linearity of the bias voltage

As the bias voltage for the LED driver circuit is an important part of the calibration system the
linearity is measured for one of the boards in each prototype generation. This is the only meas-
urement performed manually due to the oscilloscope not being suited for accurately measuring
voltages over such a large range of 0 to 24 V. Hence, wires are soldered to the output of the bi-
asing circuit and using a digital multimeter® the output voltage at different amplitude settings
is measured. During these measurements only the bias voltage is enabled while the pulser
itself is disabled. The voltage is measured at different DAC values for the amplitude in steps
of 50 DAC counts between 0 and 4050. As can be seen in Figure 1112, the bias circuit shows
perfect linearity in both channels. Using a linear fit the parameters for the bias voltage are
extracted which are in perfect agreement with the theoretically expected value of 5357 mV per
DAC step for nominal resistor values in the OP circuit. Small deviations of the expected slope
are due to the resistor values being slightly off nominal. The difference observed between the
two channels has no impact on the performance of the calibration system as the channels are
used independently and no correlation between the two channels is required.

Pulse amplitude scans

The next test is aimed at understanding the pulse amplitudes at different pulser bias voltages.
At each DAC value 1500 pulses are triggered and the average integrated charge and pulse height
for each of the two PMTs is measured with the oscilloscope. The normalized signal amplitude
and integrated charge in dependence of the pulser bias voltage are shown in Figure 1113 where
the conversion between the DAC to a voltage is done using the results from the linearity meas-
urement. The normalization is performed to allow to show the measured values for both PMTs

3A Voltcraft VC175 is used with an accuracy of (0.8 % + 8 digits).

Search for Axions at the LHC



11. Calorimeter calibration system 139

0= Bias(DAC) = 177mV - 5346 mV - DAC 0= Bias(DAC) = 24 mV - 5355mV - DAC
-5 :— -5 :—
= a = C
) C 9] C
® 0fF g -0F
= - = -
o r o -
> — > -
%) o %) -
S 15— S 15 =
® C @ C
20 F -20 |-
C 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I C 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I
0 1000 2000 3000 4000 0 1000 2000 3000 4000
DAC value DAC value

Figure 1112: Measured pulser bias voltage on the final calibration board for channel A (left) and
B (right) with a linear fit (red line). The uncertainties are determined by the accuracy of the
multimeter.

in the same graph and easily compare the response shape”. It can be seen that the amount of
light produced is following an s-shape where it is slowly increasing at low bias voltages, then
rising quickly and falling of again at higher bias voltages. In the setup used for the character-
ization below a bias voltage of 3.7V no signal is observed, however, the minimum amplitude
is limited by the capabilities of the oscilloscope. It can also be nicely seen that the response
differs for the two different models of PMTs, however, the overall behaviour is similar. At a bias
voltage of around 10V the upper limit of light emission of the LED is nearly reached and the
increase of light yield with higher bias voltages becomes smaller. While one could have limited
the voltage and thus, increased the resolution of the bias voltage it was decided to keep the
full range of 24V in case of degradation of the LED light yield over time.

In the final calibration procedure it is currently planned to set the amplitude of the calibra-
tion pulses such that it is just within the bounds of the digitizer used for the readout at the
highest PMT gain and keep it constant while ramping the PMT HV down. Therefore, it is not
crucial to precisely know the relation between the pulser bias voltage and the amplitude. The
measurements are useful nonetheless to test that the boards are working properly over the
full range.

Frequency scans

The capacitor which is discharged through the LED to produce the light pulse is charged over
a resistor. Hence, after a pulse is triggered the capacitor takes some time to be fully charged
again. When the trigger frequency of the circuit is larger than the time it takes to charge the
capacitor the amount of light emitted will decrease as well. To evaluate how strong the fre-
quency dependence of the light output is in reality, a similar scan as described for the pulser
bias voltage is performed where this time the pulse frequency is altered.

The measurements are performed in a frequency range from 1Hz to 5kHz with steps of 2Hz
up to 200Hz and in steps of 50 Hz above. After setting the frequency the signal response is
measured for 30 s and the average values are saved. For frequencies below 10 Hz the recording
time is increased to 150 s to increase the number of pulses.

“The unnormalized graphs are given in the appendix on page 185.
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Figure 1113: Measured normalized signal amplitude (left) and integrated charge (right) for both
PMTs at different pulser bias voltages. The values are normalized to allow for better comparison
of the two PMTs to the value at a DAC setting of 4000.

In Figure 1114 the measured normalized signal amplitude and integrated charge in dependence
of the pulse frequency®. The normalization is performed using the values at a pulse frequency
of 1Hz. While the frequency response between the two channels of a board are similar at low
frequencies, the behaviour is different at high frequencies. This can be explained by tolerances
in the properties of the defining components which mainly are the LED and the inductance.
However, as the differences only start at frequencies where the light yield is steeply decreas-
ing this effect is not relevant for the experiment. The behaviour of the signal amplitude and
integrated change is slightly different with the integrated charge starting to fall at lower fre-
quencies with respect to the amplitude. This is an expected trend as the amplitude is saturated
above some bias voltage level where the pulse length and, hence, the integrated charge is still
increasing with higher bias voltages.

At low frequencies the decrease in light yield is visible, but at a frequency of 200 Hz the fall of is
less than 1%. This is negligible, but it should be noted that a full calibration sequence should
be performed at a constant frequency to prevent introducing systematic effects from the small
change.

Uniformity of the fibre bundles

As the fibre bundles are custom-built for the purpose the uniformity of the light output is not
given by default. Due to the calibration procedure being performed relative to the initial signal
in each calorimeter module a perfect matching of the fibres is not needed. However, having
the light yield for each fibre being close to uniform prevents problems with one PMT being
saturated with another PMT barely detecting the pulse at all.

To measure the difference in light yield each fibre is connected to the same PMT one after the
other and the amplitude is measured. Using the same PMT reduces variations in gain, however,
the bias voltage must be deactivated for the fibre to be switched, which can have a small effect
on the measurement. This effect is expected to be small compared to the variations expected
in the light yield of the fibres.

5The unnormalized graphs are given in the appendix on page 185.
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Figure 1114: Measured normalized signal amplitude (left) and integrated charge (right) for two
channels of a calibration board at different pulse frequency settings. The values are normalized
to allow for better comparison of the different channels to the value at a frequency of THz

In Figure 1115 the results of this test for a fibre bundle are shown. It can be seen that the
light yield is not perfectly uniform along all fibres but sufficiently close. The difference in the
integrated charge between the fibres with the lowest and highest light yield is = 27.5%.
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Figure 1115: Measured waveforms (left) and integrated charges (right) for each fibre in the same
PMT one at a time. The waveforms are shifted in time to fit them in a common plot.

Long-term stability

To evaluate the stability of the system and possible degradation of the LED performance due
to the high currents the pulser is run at stable settings over a period of = 357 hours and the
signal in the PMTs is monitored. The pulser is run with a bias setting of 1200 DAC counts,
a frequency of 100Hz and the pulse heights and area are averaged in intervals of 10s. In
Figure 1116 the integrated charge normalized to the average of the first measurements is shown
along with the environmental temperature. For the normalization the first 20 measurements are
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chosen to ensure a stable baseline. Some correlation can be seen between the environmental
temperature, but it is obviously not the only parameter responsible for the drift. However, given
that the amplitude not only depends on the amount of light produced but is also influenced
by the PMTs' bias voltage and the stability of the oscilloscope’s Analogue-to-digital converters
(ADCs) no definite source for the drift can be named. As the deviation on the relative integrated
charge is below 1.7 % and it is only increasing over the measurement time no obvious degrading
of the LED’s performance is observed.
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Figure 1116: Measurement of the long-term stability of the calibration board with the pulser
at a constant setting over = 357 hours. The top plot shows the integrated charge normalized
to the average of the first 20 measurements while the bottom plots shows the environmental
temperature.

Test of the calibration system in a test beam

The calibration system performance and procedure was also tested with a high energy particle
beam at a test beam in August 2021 at a beamline in the North Area at CERN. This beamline
is supplied by a proton beam from the SPS which can produce a secondary beam of different
particles by selecting appropriate targets. Using a set of chicanes and collimators the energy
of the secondary beam can be adjusted.

The test beam setup is shown in Figure 1117 and consists of a pair of trigger scintillators, the
Interface Tracker (IFT), the preshower station and six calorimeter modules. Four of the six
calorimeter modules are the selected modules for the FASER experiment and were extracted
from the TI12 cavern for the test beam while the other two modules are spare modules. The
DAQ is done using the same setup as in the final FASER setup with some minor changes to
the configurations to account for the different channel mapping in the test beam setup. Three
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different triggers are set in the test beam: coincidence of trigger scintillators, LED calibration
pulser and a random trigger. Of those only the first two are used in the described analysis. The
calibration pulser is set to continuously fire at a rate of 10 Hz.

All components are placed on a platform which can be moved in both axis perpendicular to the
beam axis allowing to scan the full setup. During the test beam various measurements with
this detector were taken to extract an energy calibration of the calorimeter and preshower as
well as studying the performance of the tracker station. By now only preliminary results on the
performance of the calibration system itself can be presented as no simulated samples of the
setup are available yet and studies on the exact tracker alignment needed for the energy cal-
ibration are still ongoing. The focus of this section is therefore on showing that the calibration
system is performing as expected and that the overall calibration procedure is feasible.

To be able to inject calibration pulses to all six calorimeter modules, the connector for the
scintillator stations is removed from the calibration board and replaced by a second connector
for calorimeter fibre bundles. While this means that not all modules are fed by the same LED it
allows using the same fibre as in the final experiment setup. Thereby, the four main calorimeter
modules are connected to the first channel and the remaining two are connected to the second
channel.

To test the calibration procedure the energy response at the centre of each of the six calorimeter
module is measured at different PMT bias voltages starting from the nominal setting for each
PMT. At each position the bias voltage is set to 100, 200, 300, 400, 500, 550, 600, 650, 700, 750,
800V below the nominal working point when reducing the voltage and to 700, 600, 500, 250V
on the way back up.

Figure 1117: Rendering (left) and photograph (right) of the detector setup used for the combined
calorimeter and tracker test beam.

Calibration procedure

The calibration procedure for the in-situ calibration follows a simple scheme. First the PMTs
are operated at a sufficiently large gain to observe signals produced from muons crossing the
calorimeter. After recording an adequate number of muon events, the calibration system is
turned on with an amplitude to produce a large signal which is still safely within the range of
the digitizer. Once the calibration pulses are observed to be stable the bias voltage for one
PMT at a time is lowered in steps of around 100V with the remaining PMTs being used as a
reference to verify the stability of the calibration pulses. Using the integrated charge at each
voltage step the gain can be extrapolated from the high voltage where the muons are observed
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to the nominal operating voltage of the PMTs,

To finally convert the measured signal into an energy a cross calibration between the muon
signals and measured responses at different electron energies is applied while taking into
accountthe gain as measured by the LED calibration procedure. The model for cross calibrating
is yet to be finalized, but will be extracted from the test beam measurements. Therefore, in the
following studies instead of starting from muon signals the response is tested with electrons.

Analysis of the test beam

First, the recorded raw data is processed with the Calypso framework using a simplified track
reconstruction method. The produced files are converted into NTuples to simplify and speed
up the subsequent analysis procedure. The most important variable is the integral calculated
from the fit to the waveform.

For each run the events triggered on the calibration system and the coincidence of the trigger
scintillators (beam events) are treated separately. To select clean events a series of selection
criteria is imposed on the events.

For the calibration events the following set of criteria are used:
- event triggered by the calibration system,
- remove events where the waveform fit did not succeed,
- veto against events with signal in the trigger scintillators.
For the beam events the selection criteria are:
- event triggered by the coincidence trigger,
- signal in the preshower scintillators,
- rectangular cut to ensure the track is pointing to the module under test.

For each run the mean of the integral is calculated and the RMS /N is used as the uncertainty
on the integral. In addition, the values are determined using a fit with a Gaussian for the
calibration pulses and a Crystal ball function. Both values agree within less than 1%. Hence,
the simple mean method is used for the further analysis. To evaluate that the calibration
system is working as expected the ratio between the response to the calibration system and
the beam events can be evaluated. This is shown in Figure 1118 where the ratio between the
calibration and beam events is shown for the upper centre module at different PMT bias voltage
settings. The histogram in the same figure shows the integrated charges measured in the other
five modules where the voltage is kept constant during the measurement. It shows that the
signal from the calibration system is constant with the largest deviation being below 0.5 %. This
shows that the pulses generated by the calibration system are very stable for the duration of a
calibration run.

To extract the gain curve from the measured data the normalized integral is fitted with the
expected gain curve from Equation 10.3 except for replacing A = b". The integral is normalized
to the value at the nominal bias voltage of each PMT. This is chosen as the voltages have been
previously adjusted to achieve the same Minimum lonizing Particle (MIP) response.

The response to the calibration system and beam events in dependence of the PMT bias voltage
for a single module as well as the fitted results for all modules are shown in Figure 1119. It
shows that the gain of the two spare modules (modules 0 and 5) is smaller than the gain of the
other modules as expected from the initial commissioning. Only minor deviations between the
observed and expected gain curve are visible at lowest bias voltages.
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Figure 1118: Ratio between the integrated charge for calibration pulses over the integrated
charge for beam events at different PMT bias voltages of the upper centre module (left) and
the integrated charge for calibration pulses relative to the integrated charge of the first run in
the other five modules (right).
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Figure 1119: Normalized integral in dependence of the PMT bias voltage for the upper centre
calorimeter module for LED pulses (blue) and beam events (red). In green a fit to the data for
the beam events with a typical gain curve function is shown. The right plot shows the fit results
for all modules. It can be clearly seen that the gain of the modules 0 and 5 is smaller than the
gain of the other modules.
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Conclusion

In this chapter the development of a scintillator and calorimeter calibration system for the
FASER experiment is discussed. It includes the schematic and circuit design as well as firmware
development. The driver circuit for flashing the LED is tuned to match the requirements of the
FASER experiment and the full system is extensively studied to gain a good understanding of
its behaviour. To connect the calibration system to the calorimeter custom fibre bundles are
produced.

The overall performance during characterization and also during the first commissioning stud-
ies is found to be within the expected specifications. However, due to the LHC not being in
operation, full in-situ calibration runs of the system have yet to be performed. In a combined
tracker and calorimeter test beam campaign the performance of the calibration system is tested
and found to be within the expected working parameters. The full energy calibration and the
exact calibration sequence is yet to be finalized once the relevant accompanying studies are
concluded.
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12. ‘ Preshower upgrade

Clearly detecting the signature of an ALP decaying into two photons with the currently installed
FASER detector is difficult because both the preshower detector and the calorimeter are lacking
any transversal segmentation. Hence, it is close to impossible to clearly discriminate between
events containing two high energetic photons from a single photon produced by a different pro-
cess. Possible processes producing background with potentially a single photon in the calori-
meter are [111, 142]:

- high energetic neutrinos interacting with a neutron in the preshower material via Deep
Inelastic Scattering (DIS),

- off-orbit protons from the LHC beam initiating particle showers close to the FASER de-
tector,

- particles produced in beam-gas interactions by the beam entering the FASER detector
from the back, where no substantial rock shielding is available.

In principle, knowing the expected number of events with high energy deposits in the calori-
meter with no signal in the charged-particle veto, the scintillators and the tracker would allow
determining limits on the ALP production cross-section even without clearly differentiating
between single and di-photon events. However, the cross-sections for the background pro-
cesses are not precisely known resulting in huge uncertainties on the expected number of
background events.

Therefore, it would be advantageous to replace the simple preshower with a more powerful
detector featuring transversal segmentation to allow separating one and two photon events.
The discrimination between one or two photon events is to be done using a neural network.
A possible design for a potential future upgrade of the preshower detector is studied in this
thesis. The studies are based on simulated samples generated using a dedicated simulation
setup which is tuned with data from an electron test beam.

This chapter opens with an explanation of the prototype design and the working principle of
the utilized detector technology and readout. It is followed by the setup and results from the
electron test beam used for tuning the simulation. In section 12.3 the simulation setup, the
tuning of the simulation to data and a comparison between data and MC is given in detail.
Afterwards, the neural network for discriminating between single and di-photon events is ex-
plained. The chapter closes with a conclusion summarizing the results and giving a prospect
for further steps in the development of the preshower upgrade. The study of the preshower
upgrade is published in [4].
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Prototype design

With the preshower upgrade having to be a drop-in replacement of the currently installed
simple preshower station, the size of the upgrade is limited to the space taken by the current
preshower detector. This limits the longitudinal extent of the preshower upgrade to 240 mm.
Because of this limitation, the preshower prototype is built from three layers of interleaved
tungsten plates and active detector. To allow for varying the amount of absorber material, 1mm
thick tungsten plates are used and clamped into a 3D-printed holder in front of the detectors. A
schematic drawing of the detector is shown in Figure 12.1. In this design, it would be in principle
possible to add more layers of absorbers and active detectors. However, for the final detector
most likely graphite blocks would be inserted in the currently free space to reduce backsplash
from the preshower reaching the tracker station directly next to it upstream.

As the active detector, gas detectors called micromegas are utilized. For the prototype, a set
of small test chambers available from unrelated efforts with an active area of 90 x 90 mm? are
used.

Originally, it was planned to use 1X, worth of material in front of the first two layers and 2 X, in
front of the last layer. This was inspired by initial studies from another group. However, during
simulation of the setup it was found that the photon conversion rate is improved significantly
when doubling the amount of material in front of the first station. This improved geometry is
therefore used in the development of the event discrimination algorithm.

The working principle of said detectors as well as the readout and acquisition setup are ex-
plained in the following two sections.

Figure 12.1: Rendering of the preshower prototype used for the test beam as seen from the front
(left) and the side (right). The 3D-printed holder and clamps for the absorber plates are shown
in green in the front view.

Micromegas detectors

Micromegas detectors can be seen as a successor of the famous multi-wire proportional cham-
bers (MWPC) [143, 144]. Hence, to explain the working principle of micromegas, it is beneficial
to first remember how MWPCs function.
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A MWPC relies on a volume filled with a gas which can easily be ionized by crossing charged
particles [145]. The volume is enclosed by conducting plates at the top and bottom and thin
wires are stretched in between the plates parallel to each other at a distance of a few mm. By
applying a high potential to the wires and grounding the plates, an electrical field is created
within the gas volume. This causes electrons from an ionization process to drift towards the
wires while the ions are drifting towards the cathode-plates. In the direct vicinity of the wires,
the electrical field is sufficiently large to accelerate the electrons to high enough energies that
they ionize the gas once again and create more free electrons. With these new electrons being
accelerated, the process repeats and an avalanche of electrons is produced. The drifting elec-
trons produce a measurable signal in the wire allowing for detecting the passage of a charged
particle through the detector.

Instead of stretching wires in a gas volume, in micromegas detectors the anode-wires are re-
placed by copper traces etched on the surface of a PCB with a pitch in the order of 250 pm. To
achieve sufficiently high field strengths for producing avalanche amplification, the gas volume
is separated into two field regions by a fine stainless steel mesh with a 128 um high amplific-
ation region and a larger (O (cm)) drift region where the main ionization is to take place. The
position of said mesh is ensured by pressing it onto small support pillars added on top of the
PCB as shown in Figure 12.2. One common problem is the PCB bowing away from the mesh
and, thereby, varying the amplification gap size. To prevent this, a common practice is to add a
high precision flat support structure built from an aluminium honeycomb structure laminated
in between two plates of blank PCB material. This lamination provides great stiffening with a
relatively small material budget.

incoming partide/ cathode

- drift region
> mm E ~ 600 V/cm
|amplification region # """ <0 mesh
~100 um E~42 kV/Cm &h&m}\,"‘] ‘fﬁ , \ -~ p|“ar

B resistive strips [ Kapton [0 FR4 [l x-strips |l y-strips

Figure 12.2: Schematic drawing of a two-dimensional micromegas detector with a charged
particle (teal line) passing the detector. The drift lines of the produced electrons are shown
in red. The drawing is not to scale and in reality the number of electrons is much higher. For
better clarity, the ions drifting back towards the cathode and mesh are left out.

By grounding the mesh and applying a negative voltage of 300V to the cathode, a homogeneous
electricfield is produced between the mesh and the cathode preventing electron-ion-pairs from
recombining and forcing the electrons to drift towards the mesh and the ions to drift towards
the cathode. A positive voltage of = 550V is applied to the strips on the PCB generating a much
stronger electric field between the PCB and the mesh with a field strength of = 42kVcm™. The
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arising field in the amplification region extends slightly through the holes of the fine mesh.
This guides the electrons through the holes resulting in an electron transparency of = 90%
although the optical transparency of the mesh is only 40 %.

In the amplification region the field is sufficiently large to cause avalanches creating signals
on the strips. The advantage of the small amplification region is the short path the ions have
to travel before recombining at the mesh. This is important because the ions are roughly 1000
times heavier than the electrons and hence, have a much lower drift velocity. By choosing a
small amplification gap size, the dead time of the detector is reduced, and the detector can be
operated at high rates without charge up effects causing the electric field to degrade. However,
the small gap size comes with the disadvantage that electric sparks can easily form between
the strips and the mesh causing the high voltage to drop and hence, reduce the electric field
strength. This is further complicated under the presence of small dust or dirt particles within
the amplification region, imposing high demands on cleanliness during the assembly of such
detectors. To mitigate the effect of discharges in newer generations of micromegas detectors
the strips on the PCBs surface are covered with an insulating layer, followed by another set
of so-called resistive strips made from a material with a high surface resistance in the order
of 5to 20MQ cm™ [146]. This limits the current flow through a discharge and causes a local
voltage drop on the resistive strip without tripping the power supply. Thus, the electric field is
weakened only locally while most of the detector is still operational.

Another benefit of the resistive strips is that due to the high resistance, the charge inserted on
the strip by the avalanche is only slowly dissipated to the ends of the strip. The moving charges
induce measurable currents on the readout strips in the layer below due to inductive and
capacitive coupling. By orientating the strips on the surface of the PCB (y-layer) perpendicular
to the resistive strips and adding a second layer of strips parallel to the resistive strips (x-layer)
in the inner layer of the PCB, a two-dimensional readout is possible.

For the detectors used in the prototype, the resistive strips and the strips in the x-layer are
200 pm wide while the strips in the y-layer have a width of only 80 um. For all layers, the pitch,
meaning the centre-to-centre distance between two strips, is 250 um. The difference in strip
width between the two readout layers is to compensate for the large distance of the x-strips
to the resistive strips and hence, the coupling being weaker than for the y-layer [147]. In total
each layer has 360 strips resulting in an active area of 90 x 90 mm?.

The detectors are operated with a mixture of Argon:CO, with a ratio of 93:7. While argon is used
due to its low ionization energy, the CO, is added as a so-called quencher. The quencher gas
is added to absorb any photons emitted from excited atoms or the anode material to prevent
them from producing secondary ionizations. For this purpose, a polyatomic gas is best suited
as it can dissipate the absorbed energy through elastic collisions or dissociation.

Readout electronics

To read out the micromegas detectors, a data acquisition (DAQ) system based on the Scalable
Readout System (SRS) is used, which was developed by the RD51 collaboration [148]. It consists
of an ADC card and a Front-End Concentrator card (FEC). On receiving a trigger signal, the FEC
card initiates the digitization process in the ADC card and assembles the event information.
Using standard HDMI cables, multiple pre-amplifier cards are connected to the ADC card. This
connection is used both for the power supply as well as the analogue and digital signals.

The pre-amplifier cards used in the prototype setup are called APV hybrid and are based on a
custom analogue pipeline ASIC named APV25, originally developed for the CMS experiment [149].
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It is designed for reading out 128 input channels. For each channel, the ASIC features a dedic-
ated low-noise amplifier and pulse shaper. The APV hybrids come in two variants: a master and
a slave version. Each master hybrid has the ability to control a slave hybrid and synchronizes
all communications with the SRS.

As the name suggests, the analogue pipeline ASIC is not digitizing the signals on the pre-
amplifier boards but instead integrates the charge in windows of 25 ns for every strip and stores
itin an analogue buffer on the chip. On receiving a trigger signal from the SRS, up to 30 samples
with 25ns each are sent to the ADC card over an analogue pipeline. On the ADC card the re-
ceived signals are demultiplexed and digitized using the ADCs. The digitized samples are sorted
and assembled into events by the SRS and transmitted to the readout computer using the User
Datagram Protocol (UDP) over a standard ethernet connection. The readout computer runs
a software called mmdaq, also developed by RD51 [150], for receiving the events as well as a
slow-control program for configuring the SRS and APV hybrids. The DAQ program takes care of
translating the APV number and channel number to the corresponding physical strip location
and detector. In addition, a per channel pedestal subtraction is performed based on pedestal
information recorded with a random trigger. This ensures a good baseline for each individual
channel suppressing electrical noise. The events are written to a tree stored in a standard
ROOT-file. For each event, the local event time and event counter, the APV ID, detector ID, strip
and the integrated charges are stored.

As shown in Figure 12.3 each detector needs six amplifier cards, meaning 18 APVs are necessary
for a full readout. With a single SRS, however, only 16 APVs (8 master and 8 slave) can be
used. As the available electronics does not support synchronized running of two SRS, the first
detector layer is only read out with two APVs per layer, reducing the active area to 60 x 60 mm?.
To keep the reduced area centred with respect to the subsequent layers, the first detector is
shifted in the transverse plane by a few cm.

Figure 12.3: Photography of a micromegas detector seen from the front. Around the entrance
window the printed tungsten plate holder is visible (green). The six APV chips are found on the
top and left sides of the detector.
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Electron test beam

In order to properly simulate the response of the prototype to high energetic electromagnetic
particles, measured data is required to allow tuning the simulation accordingly. As during the
long shutdown of the LHC and the pre-accelerators no particle accelerators delivering electrons
with highest energies are available, the studies are performed at much lower energies. A test
beam is conducted at the particle accelerator of the University of Mainz called Mainz Microtron
(MAMI) in 2020 [151]. Data is recorded with different amounts of tungsten absorber plates at
the maximum available energy at the test beam location of 8551 MeV.

In the next two sections, the test beam setup and the analysis procedure are described in detail.
It is followed by a section summarizing the results.

Test beam setup

For the test beam, the prototype assembly discussed in section 121 is augmented by a set of
trigger scintillators to detect electrons entering the prototype detector. At MAMI the setup is
placed at a specialized facility for detector tests where a piece of the beam pipe is removed.
The system is clamped firmly to a movable table which allows to position the setup relative to
the beam in the two axis perpendicular to the beam axis. The frame of the preshower proto-
type is put on wooden blocks to raise it high enough for the beam to pass through the centre
of the detectors. The ability to move the setup precisely is important to temporarily move the
detector out of the beam line during regularly performed accelerator machine optimizations,
which require running with high beam currents. Exposing the detector to such high beam cur-
rents would introduce the risk of damaging the readout structure even with the high voltage
disabled. Two cameras are placed to monitor the setup remotely. One camera is showing the
movable table to enable operating it from the control room safely. The second camera is tar-
geted on the exit window of the beam pipe where, at high currents, the beam is producing a
visible point used to validate its alignment after machine optimization.

The micromegas detectors and trigger PMTs are powered using a CAEN V6533 power supply for
the negative rail and a desktop power supply (CAEN DT1471HET) for the positive rail. The signal
from the trigger PMTs is fed into a leading edge discriminator (CAEN V895). Using a program-
mable logic unit (CAEN V2495) and a custom firmware, the discriminated trigger signals are
put into coincidences. All components are controlled from the computer using the LabControl
project described in appendix B.2.

The gas is mixed on site using a precise mass-flow based mixing system being fed from an
Argon and a CO, bottle. The gas is flushed constantly with a rate of = 3L/h. The constant
flushing ensures that the gas composition and humidity are stable over time. The pressure in
the chamber is only slightly above the environmental pressure to prevent gas from flowing into
the detector from possible leaks in the seals.

Pictures of the full setup and a close view on the prototype preshower are displayed in Fig-
ure 12.4. It shows a full overview over the setup with the movable table as well as a detailed
view of the prototype detector under test. In the detailed view, the two scintillators used for
triggering are clearly visible.

Analysis procedure

The recorded test beam data is processed event-by-event using a python based analysis frame-
work. To filter out signals arising from noise, a series of cuts is applied at strip level. For de-
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Figure 12.4: Photographs showing the test beam setup at the MAMI accelerator. The left picture
shows a complete overview of the setup with the beam direction being from left to right. On
the right, a detailed view of the prototype detector from the front is shown with the trigger
scintillators being clearly visible.

termining where a particle hit the detector, it is however not sufficient to look at the signal of
single strips. This is because the avalanches produced by particles passing through the de-
tector do not only create a signal in a single strip but rather produce signals in neighbouring
strips where the signal is approximately Gaussian distributed around the actual hit position.
Hence, to extract the actual hit positions, neighbouring strips with a charge deposit need to be
combined to clusters. For alignment studies, the found clusters are then matched in between
the layers of a detector to reproduce the two-dimensional information. Due to ambiguities with
higher number of clusters, this is however only possible for low hit multiplicities and is only
used for alignment studies performed to validate the analysis.

The analysis procedure for each event therefore consists out of the following steps:
1. read event information from ROOT file and collect the hit strips per detector layer,

2. remove all events where the maximum charge is lower than a specified threshold to filter
empty events,

3. search for cluster candidates and select good quality clusters in each layer,

4. if hits can be matched between the two layers of a chamber, a two-dimensional hit map
is constructed (only for reference runs).

The information available for every event consists of the charge measured on every strip in 27
time slices of 25ns each. This allows a close inspection of the signal development over time.
Figure 12.5 shows part of the raw data from the middle detector for a single event. The measured
charge is encoded by colour and normalized such that the maximum charge observed is equal
to 1. One can see two clearly separated clusters in both layers with noise on a single strip in
the X-layer in strip 130. The signal shape in the Y-layer shows a characteristic V-shape with
long tails which is produced by the charge dissipating slowly to the ends of the resistive strips
crossing multiple strips in the Y-layer. This effect is not visible in the X-layer as it is oriented
parallel to the resistive strips and hence, the signal is spanning over fewer strips than in the
Y-layer.

A series of criteria are imposed on the raw strip charges to reject bad or empty events. To
ensure the event is not empty, the maximum charge must pass a configurable threshold in one
of the layers at least. To reject events where the waveform is only partially recorded due to the
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trigger arriving either to early or to late, the time slice containing the maximum charge in each
layer must be within 5 and 18. In addition, an upper limit is imposed on the maximum charge
in the first time slice to enforce a stable baseline.
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Figure 12.5: Raw data for the X-layer (left) and Y-layer (right) from the middle station detector
for a single event. The charge is normalized such that the maximum observed charge is equal
to 1.

To find clusters, the maximum charge on each strip is extracted to remove the time dependence
and reduce the complexity of the cluster search. For low hit multiplicities with good separation,
the clusters can be identified by just grouping all neighbouring strips with only one strip not
carrying charge in between to take into account dead/low efficiency strips. This simple method,
however, does not work if the clusters are close to each other and are partially overlapping.

To separate overlapping clusters, a different approach is taken using a peak finding method
implemented in the ROOT analysis framework. With this peak finder the position of the peak
maxima is located. To determine the extent of each cluster, the strips next to the peak maximum
are iterated in both directions until either a neighbouring peak is reached or two consecutive
strips are found with no observed charge. In case the iteration is stopped due to reaching a
neighbouring peak, the strip with the smallest charge between the two peaks is taken as the
edge of the cluster. In the latter case, the edge is given by the last strip carrying charge.

The cluster candidates are required to contain at least two strips and, as a baseline, at most
10 strips in the X- and 20 strips in the Y-layer. Given that the cluster width is influenced by the
gain and the exact detector properties, the parameter for the maximum cluster width is tuned
for the different detectors. Additionally, a lower limit is imposed on the maximum charge in
the cluster as well as the integrated charge of the cluster. This eliminates clusters consisting
of noise.

In Figure 12.6 the maximum charges per strip are shown for a single event in the Y-layer of
the middle detector. Each cluster found by the cluster finder is drawn in a different colour.
The cluster candidate around strip 121 is not coloured as it does not pass the cluster selection
criteria on account of the charge being below the required threshold.

The final step is matching the clusters in the two layers of each detector. However, with two
hits in the detector, already four possible hit positions are found at the four positions where
the strips cross. This can be resolved to some extent by comparing the charge ratio of the
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Figure 12.6: Maximum charges on each strip in the Y-layer of the middle detectorin an event from
the test beam with eight identified clusters (each drawn in a different colour) demonstrating
the separation of overlapping clusters. The two strips at strip position 121 are from noise and
do not pass the cluster selection.

clusters in the X- and Y-layer. For detector assemblies designed for track reconstruction, more
than three detectors, this could be resolved by initially allowing all possible combinations and
subsequently using more advanced track finding algorithms to find the most probable track
candidates [152].

As the preshower setup only consists of three detectors and the shower particles are mostly
seen in only one or two detectors, none of those methods are suitable for this setup. There-
fore, for the preshower studies, only the charge deposits per layer are evaluated without any
information on matching between X- and Y-layer. For alignment and performance studies, only
events with exactly one hit in each detector are selected to include only good quality tracks.

Resolution and alignment

Although perfect alignment is not necessary for the comparison between data and simulation,
alignment and detector resolution studies are performed to test the performance of the detect-
ors and the analysis framework. These studies use measurements with no tungsten absorber
plates installed in front of the detectors.

Having three detectors in a telescope configuration with straight particle trajectories allows
for an easy approximation of the detector’s resolution. The method relies on calculating the
expected hit position X, in a detector under test by extrapolating the linear trajectory using two
detectors as reference as shown in Figure 12.7. With x, and x, being the measured hit positions
in the reference chambers and d,, and d,, being the distance between the respective chambers
along the beam axis, the expected position for a straight trajectory is given by:

%= =1 d+x, (121)

Consequently the residual 6 between the measured position x, and the expected position X, is
given by:

S5=X,-X%X =X —x%—x (1+%) (12.2)
272 7N T g T d,
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Figure 12.7: Schematic drawing showing a misaligned middle detector and the definition of the
residual & between the expected (yellow dots) and observed hit position (green dots). The
residual is used both for alignment and resolution studies.

Evaluating this residual for every good quality event produces a distribution which for a straight
track is expected to be Gaussian distributed with a width of AS. To determine the exact resolu-
tion of each chamber, a setup with four detectors is required in which case a set of equations is
derived by applying Gaussian error propagation to Equation 12.2 for each triplet combination.
As in this measurement only three detectors are used, the resolution is approximated directly
by the width of the residual distributions for every layer.

In reality, the track of the particles is not perfectly straight, but instead small changes in dir-
ection are expected caused by multiple scattering [153]. Due to this, the distribution of the
residuals is not following a single Gaussian distribution but it is rather the sum of two Gaus-
sian distributions with a common mean but different amplitudes and widths. To separate the
effects from the detector resolution and the multiple scattering, the distribution is fitted with
the sum of two Gaussians given by:

£(6) = A, exp (—(6 _ “)2) LA exp (- (6-py ) (12.3)

2 2
2Ocore 201401

where A, and A, are the amplitudes and o, and o,,; are the widths of the core and tail

respectively while p is the expected value of the residuals.

Performing this procedure for every detector yields a good approximation for each layer’s res-
olution. The residuals with the fits are shown in Figure 12.8. All resolutions are found to be
within 119 and 168 um which is within the expected range. In the Y-layer a dual peak structure
is visible in the residuals. This is caused by the beam being centred exactly on a dead strip
in the first detector layer. This does not pose a problem though for the measurements with
tungsten plates installed as the showers are more spread over the active area.

Using the test beam results, the alignment of the detectors can be extracted. The simplest
alignment method is measuring shifts of detectors in the transverse plane. It assumes that
the particles travel on a straight track through the detector and uses the distribution of the hit
positions.
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Figure 12.8: Residuals for the X-layers (top) and Y-layers (bottom) of the preshower prototype
detector fitted with the sum of two Gaussians. The resolution of the detector is given by the

width of the core function Ocorer

In principle the rotation of the detectors can be extracted as well. This is not done here as the
detectors are ensured to be parallel by the support frame. The rotation around the beam axis
is also set sufficiently precise before the test beam takes place.

Results

To test the impact of the amount of absorber material in front of the detectors on the shower
development, multiple measurements are performed with different numbers of plates installed.
The configurations range from a baseline with no plates installed up to the intended prototype
configuration of approximately 1X, each in front of the first two detectors and 2X,, in front of
the last detector. With the 1Tmm thick tungsten plates this corresponds to a configuration of 3
plates each in front of the first detectors and 6 plates in front of the last one.

In Figure 12.9 the beam widening in the three detector layers is shown for various amounts
of absorber material. As the first two setups were run at different gains, the beam widening
is normalized to the third measurement. The standard deviation of the cluster positions in
each layer is used as a measure for the beam widening. As expected, it can be seen that
the beam is widening with increasing amount of absorber material. The beam widening is
compared with results from the detector simulation discussed in the next section. Reasonable
agreement between the test beam data and the simulation is observed with the simulation
slightly overestimating the beam widening.
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Figure 12.9: The beam widening as determined by the standard deviation of the hit position
normalized to the third run taken during the test beam for all three detectors for data and
simulated samples. The amount of absorber material is the full absorber material in front of
the detector layer.

Detector simulation

In order to simulate the expected behaviour of the preshower detector, a dedicated simulation
chain is set up. It consists of multiple steps to produce raw signals in all detectors for various
incidence particle configurations. Those samples of raw signals can then either be analysed
by the analysis framework described in subsection 12.2.2 or converted into input files used for
training the discrimination algorithm.

In a first step, the interaction of particles with the various materials is simulated. This is done
using the Geant4 simulation toolkit [74]. As a result of this simulation step, all energy depos-
its within the detector gas volumes are saved along with the position where the interactions
take place. In addition, the output includes truth information on the initial particles and an
association between hits and the corresponding initial particle. In the next step, those energy
deposits are used to create the digitized raw signals. The last step is the conversion into the
different formats used for machine learning or analysis with the analysis framework.

In the next two sections the simulation steps are explained in more detail. It is followed by the
tuning of the simulation to data and a comparison between both. Finally, an overview over the
various different samples generated for the neural network training or evaluation is given.

Material interaction

The basic idea of simulating the passage of particles through matter in Geant4 is that the
particle is moved through the material in discrete steps. In each step, the probability for vari-
ous possible physics processes is calculated and based on the likeliness, either no interaction
or one of the possible interactions is chosen. For that, the user has to define a set of pro-
cesses to take into consideration. However, in most cases this does not need to be defined
from scratch, but instead one chooses a so-called physics list which compiles a set of pro-
cesses. Geant4 comes with a range of such physics lists optimized for specific applications. For
simulating detectors for high energy particles, and especially calorimeters, a physics list called
FTFP_BERT is recommended [154]. It includes all relevant interactions and is thoroughly tested
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and validated.

Detector geometry

As the possible interactions of the tracked particle highly depend on the material the particle
is in, one of the most important aspects in the simulation is the correct description of the
detector geometry. This not only includes the position and dimensions of the various detector
parts but also requires correctly defining the material of the different elements.

In this simulation all parts of the detector are modelled as squares with 90 x 90 mm?. This
simplifies designing the geometry to a one dimensional problem as only the thickness and
position have to be specified. The geometry for the simulation of the preshower prototype as
seen from the side is shown in Figure 1210. Going from the front (left) to the rear (right) of
the setup, the first component is a Mylar foil representing the exit window of the beam pipe.
It is followed by the two trigger scintillators with a Mylar foil on each side for the light tight
wrapping. Next, are the three detector layers which consist of the absorber plate, one Mylar foil
for the entry window and another one for the cathode, the gas volume and the readout PCB.
The last two detectors have a stiffener made from blank FR4 and aluminium honeycomb. All
parts are placed into a volume filled with air which is approximated by 70 % nitrogen and 30 %
at a density of 1.2041kg/m?>.

Precisely modelling the honeycomb structure would greatly increase the complexity of the geo-
metry, massively increasing the computing time. As an approximation, the honeycomb is mod-
elled as a solid block with the density set to only 1% of that of aluminium to account for the

honeycomb structure.

I mylar foil M Scintillator [l Tungsten [ FRz [ drift volume [ honeycomb

Figure 1210: Geometry of the test beam setup used in the Geant4 simulation. The Mylar foils
are drawn thicker than they are in the simulation to make them more visible.

Primary particle generation

The first step for each event is the generation of one or multiple primary particles. In Geant4
this is done by supplying a class responsible for generating primary particles. In this class a
so called ParticleGun is configured to the wanted behaviour by setting its position, direction,
energy and the kind of particle generated. As the properties of the primary particles changes for
the different samples needed for the preshower studies, the primary generator is implemented
to be easily configurable using the Geant4 messenger protocol. This enables loading different
macro files at the beginning of the simulation program to specify the desired generator settings.

Search for Axions at the LHC



160 12. Preshower upgrade

The parameters of the particle generator not only support fixed values but also randomly gen-
erating values from a given range and distribution for each event. The direction for the particles
is always set perpendicular to the detectors. This is chosen also for the di-photon simulation
as the angle between the two photons from the axion decay is small enough to be neglected
here.

Sensitive detector

After the particles are generated, Geant4 takes care of stepping the particles through the pre-
viously defined geometry. Thereby, it produces information about each interaction with the air
or detector materials. The only active parts in the prototype are the gas volumes of the three
detectors. Hence, the interactions with all other parts are not of interest for the subsequent
simulation. To store only interactions within the active material, the gas volumes are defined
as “Sensitive Detectors” in Geant4. This causes Geant4 to call a function every time a particle
deposits energy in one of the gas volumes. The function has access to information about the
current volume, the energy deposited, the type of the interaction and the position both in the
global frame and in the local frame of the hit volume. This information is compiled into a Hit
object stored in a collection. At the end of each event, all hits are collected and written to a
tree stored in a ROQT file.

Hit digitization

The most accurate way of simulating the process in the micromegas detector is fully simulating
the drift of the electrons and the gas amplification in the electric field using a dedicated gas
transport simulation like Garfield++ [155]. This uses a high resolution representation of the
electric field and simulates the movement of the charged particles through the field including
the production of secondary electrons. The resulting charges at the anode can then be used to
simulate the signal formation and the response of the readout. This process obviously results
in the most detailed detector simulation possible.

The downside of said approach is the extremely high requirement on computational resources
with processing of a single incidence electron already taking several minutes to simulate. While
such a setup makes sense for detailed research of the signal formation in the detector for a
relatively low number of events, it is not feasible to simulate the full signal formation process
for the preshower prototype studies presented here. This is due to the high hit multiplicity and
the large number of events needed for training and evaluating the neural network.

As an alternative approach, the energy deposits from the Geant4 simulation are converted
directly into charge measurements in the readout electronic. This is achieved by sampling the
event shapes from a large collection of clusters extracted from data. To make sure that the
cluster samples are as clean as possible, only events with exactly one cluster in each of the
six layers are used to build the samples. As the final preshower detector should use a slightly
different readout system which does not sample the signal in multiple time slices but rather
stores only the maximum charge for each strip, the cluster information extracted from data
contains only the maximum charge on each strip normalized such that the integral over the
charges is 1.

To simulate the behaviour of the different detector layers more accurately, for each of the
six layers a unique collection is used. These collections are further filtered to find a cluster
matching the properties of the hit as close as possible. This includes the offset of the hit
from the centre of the closest strip to correctly incorporate the charge distribution on the
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neighbouring strips. In addition, the deposited energy is matched to the integrated charge of
the cluster in the collection. After filtering the collection for compatible clusters, one of the
clusters is randomly selected. As the charge per strip in the cluster samples is normalized, it
can then easily be scaled by multiplying the energy deposit with a gain factor. The resulting
charges are added to the corresponding strips stored as a one dimensional array. The gain
factor is specific to each detector with an additional factor to account for the difference in
signal strength between the X- and Y-layer.

The digitization program is written in Python with focus put on performance. As a first optimiz-
ation, numpy [156] arrays are used for all data structures. As numpy already uses native C types,
this alone already greatly improves performance compared to bare Python. In addition, the
data structures for the cluster samples are optimized to allow performing the filtering in bins
reducing the amount of comparisons needed to find compatible clusters. As a last optimization,
the main functions are compiled to machine code using Cython [157].

Tuning of the simulation

The beam characteristics in the Geant4 simulation and parameters like gain factors used in the
digitization are tuned by iteratively changing parameters and comparing the results to data.
The comparison is performed after digitizing the raw hits from Geant4 into charges on the
strips, converting them into the mmdaq event format and, subsequently, running the micromegas
analysis over the events.

Using this approach the final simulation results do not perfectly describe the expected data,
but yield distributions sufficiently close to use the simulation chain for first studies. In Fig-
ure 1211-1213 the comparison between data and simulation for different quantities is shown
for the original preshower setup with 1X,, 1X;, 2X, of tungsten in front of the three detectors.
The main deviation is found in the charge distribution which is mainly caused by the simulation
modelling a slightly different readout system as well as not including a detailed noise simu-
lation. As the front detector in the preshower prototype shows different behaviour than the
other two layers, the focus during tuning is set on the last two layers. The different behaviour
of the first detector can be explained by being operated with too high bias voltages during the
test beam.

To probe the influence of the charge mismodelling, rescaled samples are generated where the
strip charges are varied up and down by 10 %.

For samples with high energy particles, the factors representing the gain in the detectors are
lowered to prevent the signals from saturating. The shape templates and the gain ratio between
the X- and Y-layers are unchanged. This is equivalent to reducing the amplification voltage in
a real micromegas detector.

Simulated samples

Multiple different samples are simulated for both tuning the simulation to match the measured
data and for studying the behaviour at higher energies for training the neural network.

For the test beam simulation, the position of the generated electrons is set to be Gaussian
distributed in the transversal plane around the centre of the detectors with a width of 0.5mm
and a fixed energy of 8551 MeV corresponding to the values from the test beam. The distance
of the particle gun to the first detector is set to 225 mm, which corresponds to the distance
between the end of the beam pipe and the first layer in the test beam.
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Figure 12.11: Comparison of the number of clusters per layer and event found in data (blue
points) and simulation (red bars). The upper row shows the X-layers and the lower row shows
the Y-layers for the detectors from front (left) to back (right).
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Figure 12.12: Comparison of the number of strips per cluster for data (blue points) and simulation
(red bars). The upper row shows the X-layers and the lower row shows the Y-layers for the
detectors from front (left) to back (right).
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Figure 1213: Comparison of the total charge per cluster for data (blue line) and simulation (red
bars). The upper row shows the X-layers and the lower row shows the Y-layers for the detectors
from front (left) to back (right).

For the photon events at higher energies required for the neural network training and evalu-
ation, the same simulation is used as for the test beam. However, now the particle origin is
randomly sampled uniformly in the transversal plane within an area of 60 x 60 mm? around the
centre of the detectors. When generating di-photon events, the origin of the first photon is ran-
domly sampled. Subsequently, a distance d in the configured range and an angle ¢ € [0,2m]
is randomly chosen from a uniform distribution to calculate the origin of the second photon

using _
)G ()
Y, 2 cos)’

where x, , and y, , are the coordinates of the first and second photon respectively. This ensures
that both the distances and positions are uniformly distributed within the specified range.

To generate the energies of the photons, multiple strategies are implemented and can be se-
lected for the different scenarios. For the neural network training all quantities are sampled
uniformly. For single photon events the energy is chosen from a range of 200 to 7000 GeV while
for di-photon events the range is limited to 100 to 3500 GeV. This ensures that the total event
energy is consistent for both classes of events. The distance between the photons in di-photon
events is sampled in a range of 0 to 2mm.

Samples for single and di-photon events are always produced and processed independently
being merged only in the preparation of the samples for machine learning. In this merging pro-
cess various requirements can be imposed on the events. This allows, for example, to only con-
sider events where the photon(s) converts in the absorber material in front of the first detector
based on truth information. During this merging step, the samples are randomly permuted to
remove any potential patterns in adjacent events. Weights are applied for the di-photon events
accounting for the non uniformly distributed total event energy.
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The same amount of single and di-photon events are chosen to guarantee the same fraction of
both event classes. This is @ common practice in machine learning as it results in the weights
being updated for both classes equally. The selected events are distributed into three files
used for training, validation and testing as explained in subsection 3.4.2. The training sample
contains 70 %, the validation sample 10 % and the testing sample 20 %.

As previously stated, the original detector geometry used 1X, of tungsten in front of the first
two layers and 2 X, in front of the last layer. Based on truth information, however, it was found
that only 50.5% of all photons convert within the first absorber layer with this configuration. As
a consequence, the amount of material in front of the first layer is doubled to 2 X, increasing
the conversion probability in the first layer to 74.3 %.

In total 6 million single photon and 12 million di-photon events are simulated for the training
dataset. An additional 1 million single and 2 million di-photon events are generated for the
evaluation of the physics reach. The higher number of di-photon events is chosen to com-
pensate for the lower event yield when imposing a selection on the photon conversion and the
larger parameter space when determining the discrimination efficiencies.

Neural network

The toolchain for training the neural network is similar to the setup used for the neural net-
work used in the photon identification in the light-by-light scattering analysis discussed in
section 6.5. It is again using Keras with Tensorflow as the back end. The architecture of the
neural network, however, is slightly more complex due to the larger number of input variables.

The process of training the neural network, the tested architectures and the resulting perform-
ance are discussed in the following sections.

Training setup

As previously discussed, Keras is used for performing the neural network training. Due to the
large amount of events in each sample and the many input variables in each event, special care
has been taken to handle reading the data for training. While for smaller samples a common
approach is to load all data into memory at the beginning of the training, this is not possible
here. Instead, a library for reading the training samples from the hard drive on-the-fly is utilized.
It supports running the training and data loading processes in parallel using multiple threads.
In addition, it takes care of caching and pre-fetching a variable amount of samples to optimize
for run-time and memory usage. The sequence is also randomized to prevent training each
epoch with the same sequence of events leading to a better training performance.

To reduce the amount of processing required during loading of the samples, all normalizations
and the equalization of the number of events per event class are performed in a separate step
before the training. That way, the data can be loaded from disk and be used for training as is.

Binary cross-entropy as defined in Equation 3.6 is used as the loss function for training of the
network. The performance of the network is evaluated with the accuracy defined in Equation 3.7.
The training is run for up to 100 epochs with the best model being stored after each epoch.
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Selection of training data

To train and evaluate the neural network, a clean dataset is needed. Not all photons interact in
the absorber material and hence, some do not produce any hits in the micromegas detectors.
Including such events in the neural network training would result in bad performance of the
network as it would train on events which only have hits from a single photon but are labelled
as a di-photon event or even contain no hits.

To ensure that the training consists mostly of events where the photons converted, at least 25
hits per photon are required across the three detectors on truth level. This requirement is not
met by 10% of photons and hence, removes 10 % of the single photon events and = 20% of
di-photon events.

It should be noted that this selection is only imposed on the training and validation dataset
while it is not included in the evaluation of the performance or physics reach.

Neural network architecture

The neural network has two separate inputs for the detector signals and the total event energy.
The detector signals are input as a two-dimensional array with dimensions of 360x6 containing
the charge deposits on each strip of each layer. As the shape of the showers depends on the
energy of the particles and, in the FASER detector the total energy is provided by the calorimeter,
the energy is included as an additional input. To protect from overfitting, each layer is followed
by a dropout layer with a dropout rate of 0.1.

The first input of the network is accepting the detector signals. To find local patterns in the
spatial information, the data is processed by a 1D convolution layer followed by a maximum
pooling layer. As explained in chapter 3, this allows recognizing features independently of their
location. To reduce the number of dimensions, a flattening layer is added which concatenates
the neurons and reduces it to a single dimension.

Next, the second input, containing the total event energy, is concatenated with the results from
the convolution. This is followed by a set of dense layers and an output layer with a single
node.

The activation function for all layers is set to a rectified linear unit except for the output layer
which uses a sigmoid activation function. This ensures that the output of the network is fixed
in a range of 0 to 1and pushed towards 0 and 1 due to the form of the sigmoid function.

The specific number of dense layers and the number of neurons per layer are determined again
by using Tune [158] to test various different values in a defined search space. The search space
here is limited by the long training duration of up to 6 hours per epoch.

The search space is including the number of convolutional layers and their kernel and filter
size as well as the number and size of dense layers before and after adding the second input
with the total event energy.

The final architecture is summarized in Table 12.1.
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Table 121: Neural network architecture for the discrimination between single and di-photon
events. The dropout rate of 0.1 results in 10 % of the connections being randomly dropped
during training. As the parameters depend on the layer's type, empty cells are on purpose.

Layer type Neurons Kernel size Filters Activation function  Parameters
Input layer (charges)

1D Convolution 14 20 RelU 6800
1D Max Pooling

Dropout

Flatten

Input layer (energy)

Concatenate

Dense 40 RelU 576 080
Dropout

Dense 20 RelU 820
Dropout

Dense 10 RelU 210
Dropout

Output 1 Sigmoid il
Total 583921
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Performance evaluation

To study the discriminative power of the neural network, the signal efficiency and the back-
ground rejection are evaluated for various threshold values. By plotting the resulting values,
the so-called Receiver operating characteristic (ROC) curve is obtained. It is commonly used in
the optimization of binary classifier systems to quantify its quality. The larger the area under
the curve, the better the classifier works. For a ROC curve with an area of 0.5, the classifier has
no discriminative power and the decision is random.

The ROC curve for the preshower prototype is shown in Figure 1214 for different distance ranges
for two photons with an energy of 500 GeV each and for an asymmetric kinematic with ener-
gies of 800 GeV and 200 GeV respectively. Visually, the difference is minor but the area under
the curve (AUC) for the symmetric event kinematic is slightly larger than for the asymmetric
kinematic.

Comparing the ROC curves for the different photon distances, it becomes obvious that the
network can identify di-photon events with a large photon separation much better than di-
photon events with a small photon separation. This is expected as the closer the photons are,
the more their showers are overlapping and consequently, the harder they can be separated.

To come to a decision on the best working point, the expected background needs to be taken
into accountin order to calculate the signal significance. As a detailed background simulation is
not yet available, two working points are evaluated as an example. They are chosen to provide
background rejections of 90 % and 99.5% and are named loose and tight.
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Figure 1214: Background rejection over the signal efficiency for two photons with an energy
of 500 GeV each (left) and for an asymmetric kinematic with energies of 800 GeV and 200 GeV
respectively (right). While the difference is small, the AUC shows that the performance for
symmetric events is slightly better than for asymmetric energy distributions.

Using these two working points, the efficiency in dependence of the event kinematics are eval-
uated. The event kinematic is defined in three dimensions: the energies of the two photons
and the distance between the two.

Figure 1215 shows the resulting efficiency maps in dependence of the two photons energies for
two photon separation ranges for the loose working point. From comparing the two, it becomes
obvious that the signal efficiency increases with larger di-photon separation. Evaluating the
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efficiencies with the samples where the strip charges are systematically varied up or down by
10 % yields to a relative change of the signal efficiencies of at most 4 % and a relative change
of the background rejection of 3.7 %.

Given that 10 % of the photons produce less than 25 hits across all detectors, the inefficiency in
the event classification partially stems from one of the photons not producing any significant
signals in the preshower.

Figure 1216 illustrates the improvement in background rejection and the effect on the signal
efficiency when increasing the discrimination threshold. It becomes obvious that the better
background rejection comes at the price of a strong reduction of the signal efficiency.
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Figure 12.15: Signal efficiency for di-photon events evaluated in dependence of the two photons
energy in multiple bins for di-photon events with a separation of d < 300 um (left) and for
500 um < d < 1000 um (right) at an average background rejection of 90 %.
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Figure 12.16: Background rejection in dependence of the single photon energy (left) and signal
efficiency in dependence of di-photon distance (right) for both working points.
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Layer importance

To gain some understanding into how the neural network decision is made, the method ex-
plained in section 3.5 is used to determine the influence of the input variables on the classi-
fication results. Due to the large set of input variables, this is performed only on a per layer
level and only using 10000 events from the testing dataset. As can be seen in Figure 1217, the
decision is most sensitive to the contents of the last detectors. No consistent trend for the
importance of the X and Y layer is visible. In the last detector, however, the X-layer is having a
stronger influence on the decision than the Y layer. This could be explained by the cluster size
in the X layer being smaller and henceforth, allowing for a better separation of hits at large hit
multiplicities present at the last layer.

Alltogether, in a next iteration at least one additional layer should be introduced to measure the
shower profile at a higher longitudinal resolution. In addition, the large importance in the last
detector suggests that including a detector with higher resolution and better 2D reconstruction
at high multiplicities in the last layer of the preshower detector would be beneficial.

Detector 1X NENPA

Detector 1Y - 143 %
Energy l 59%
Detector 0Y l 5.4%

Detector 0X I 52%

Figure 12.17: Relative importance of the detector layer inputs and the energy for the event clas-
sification. The inputs of the first detector have relatively low influence as the showers are small
there. The most influential variables are from the layers from the second and last detector.

Physics reach

The most important metric to evaluate the abilities of the micromegas based preshower is the
parameter space in which the detector is sensitive to ALPs. This can be estimated by taking the
convolution of the expected number of events with the efficiency of the detector as extracted
from simulation.

The ALP production is extensively studied and simulated in [159]. The generated datasets were
kindly provided by the author and are used in this estimation. The dataset contains the expec-
ted number of events in dependence of the photon energies and their distance for a minimum
separation of 200 um and considers 1452 different combinations of the ALP mass m, and coup-
ing g,y

m,=01-2GeV and g,,,=5-107-8-10"Gev " (12.5)

The expected number of events for an integrated luminosity of 90fb™ is available in a three-
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dimensional histogram with a binning of

Ey1/2 = 0,200,300, 400,500,900, 1250, 1750, 2250, 3500 GeV

dW =0,200,300,500,1000, 2000 pm.

Multiplying the expected number of events for each event kinematic with the corresponding
efficiency yields the expected number of events observable with the preshower detector. This
is repeated for each of the ALP mass and coupling points available and the integral is calculated
to get the number of expected events for each model.

Based on the number of expected signal and background events, the physics potential can be
evaluated. As a detailed background simulation is not available at the time, the following cal-
culations are performed for the assumption of 10 and 200 background events for an integrated
luminosity of 90fb™". The reach is calculated for a signal-over-background significance of 3o.

This translates to a requirement of observing at least 3 - jée * Nyackground signal events with a

background efficiency of €.

Three different scenarios are studied. The baseline is the current FASER setup without any
preshower capable of discriminating single and di-photon events. This assumes a 100 % signal
efficiency, but at the same time no background suppression (¢ = 1). The other two scenarios in-
clude the preshower prototype with the loose and tight working points providing a background
rejection of 90 % (¢ = 0.1) and 99.5 % (¢ = 0.005), respectively.

The resulting sensitive regions in the ALP mass and coupling plane are shown in Figure 1218 for
the integrated luminosities expected for the partial LHC Run 3 (90fb™") and for HL-LHC (3ab™)
assuming a minimum di-photon separation of 200 um.

To improve sensitivity in this region, the classification efficiency at low photon distances would
need to be improved on. Nevertheless, the region where the micromegas based preshower
detector is sensitive is quite large given the simple and comparably cheap design.
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Figure 1218: Maximum sensitive region for 3o signal significance in the ALP mass and coupling
plane for integrated luminosities of 90fb™ (blue) and 3ab™" (red) assuming at most 10 / 333
(top) and 200 / 6660 (bottom) background events. The two working points of the preshower
prototype reflecting background rejections of 90 % (dashed line) and 99.5% (dotted line) are
compared to the current FASER setup with no single/di-photon discrimination capabilities (solid
line). As the expected number of events is only available for a minimum distance of 200 um,
the reach is only calculated for this fiducial region. Already excluded regions are shown in grey
and are taken from [160].
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Conclusion and further prospects

First studies on a potential preshower upgrade and its performance are presented. It is shown
that discriminating between single and di-photon events is possible with the micromegas based
preshower prototype. This provides a good baseline for a possible preshower upgrade which
can be produced at relatively low costs by reusing already existing detector designs. In addition,
the studies reveal promising improvements for later iterations of the experiment.

The most important information stems from the last detector layer, as seen earlier in the eval-
uation of the influence of the different detector layers on the prediction results of the network.
This observation can be explained by the shower being widest in this layer and the probability
that photons converted before reaching the last layer is maximum. Consequently, it would be
worth to experiment with adding one or two additional layers with 1X, of material in front of
each. To allow for additional layers while still fitting the preshower in the available space, the
micromegas detector could be built with a shared gas volume as demonstrated in [161] and
the absorber material be placed within the gas volume. When increasing the material of the
preshower, great care has to be taken to understand the influence on energy resolution of the
calorimeter.

Additionally, instead of only using detectors with a 2D-strip-readout, one or more detectors
could be replaced with a detector featuring an anode segmented in pads. The implementation
would be similar to [162] but with a higher granularity to increase the resolution. Due to the
significant increase in required readout channels, this would result in significantly higher costs
for the detector electronics. This could not be tested in the scope of this thesis as no test beam
data is available to tune the simulation chain for such a pad detector design.

A second option for reducing ambiguities and henceforth, delivering more information to the
neural network on the 2D-position could be adding readout planes with the strips oriented at
a different angle as done in [163]. At such high multiplicities, both options might yield better
cluster separation but the problem of ambiguously reconstructed hits would remain.

At the time of writing, the micromegas based solution is only considered as a fallback solution
for FASER. The baseline preshower upgrade will be built using dedicated monolithic silicon
pixel detectors which will have superior resolution and hit position reconstruction. However,
the price of the monolithic silicon detector is magnitudes larger compared with a micromegas
based solution.

Search for Axions at the LHC



173

13. ‘ Summary

In the first part of this thesis, a search for Axion-like-particles using the ATLAS experiment is
presented. The second part focusses on the FASER experiment. The design of the upper support
frame, the design and testing of the calorimeter modules, the development of a calibration
system for the calorimeter and contributions to the FASER tracker commissioning are presented.
In addition, a potential detector upgrade is developed and studied to provide a better sensitivity
to ALPs.

The search with the ATLAS experiment is based on measurements of photon scattering in Lead-
Lead UPC events from the measuring campaigns in 2015 and 2018. The analysis involves a
dedicated photon identification based on neural networks to select photons at lowest energies
with high efficiency and background rejection (cf. section 6.5). As detailed in chapter 6, this
measurement results in the first direct observation of light-by-light scattering. In the full data-
set 97 signal event candidates are observed with an expectation of 45 signal and 27 background
events.

The fiducial cross-section for light-by-light scattering is found to be o5, = 120 17 (stat.) +
13 (syst.) =4 (lumi.)nb. The observed cross-section is approximately 1.5 times higher compared
with the theoretical predictions of 80 + 8 nb [83] and 78 + 8 nb [71] the observed cross-section is
approximately 1.5 times higher, which corresponds to an excess of 1.720 and 1.81g, respectively.
In addition, differential cross-sections are derived as a function of the absolute di-photon
rapidity, di-photon invariant mass, average photon transverse momentum and absolute di-
photon | cos8*|. These results are published in [2, 3].

The di-photon invariant mass spectrum is surveyed for a resonant production of Axions using
shape information from simulated samples. No significant excess is found and hence, exclusion
limits in the ALP mass-coupling plane are extracted as shown in Figure 6.34. Those limits are
the most stringent limits for the mass range of 6 to 100 GeV published to date.

The observation of light-by-light scattering at the LHC demonstrates that it can be used as
a high energy photon collider when operating with heavy ions. The measured excess in the
fiducial cross-section suggests an extension of the heavy ion operation at the future LHC run
time. As the uncertainties of the current results are dominated by the limited statistics, longer
measuring campaigns should allow to significantly reduce the statistical uncertainties.

In the second part the development of a new experiment called FASER is laid out. It aims to
search for new light and weakly interacting particles like ALPs. As the first physics data taking
for the experiment will only start once the LHC resumes operation in 2022. The design and
commissioning of various detector components as well as a possible upgrade are covered.

A detailed description of the quality assurance procedure for selecting the tracker modules
to use from the available ATLAS spares and the subsequent tracker commissioning is given
(cf. chapter 9). The testing of the calorimeter modules and development of a custom voltage
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divider is presented (cf. chapter 10). A custom LED based calibration system is developed from
scratch including the schematic and PCB design. In various measurements including a test
beam the functionality of the calibration system is confirmed (cf. chapter 11).

Finally, the possibility of using Micromegas detectors in an upgrade of the preshower detector
is investigated. For this a simulation toolchain is implemented based on and verified with
results from a dedicated test beam campaign. It is shown that the proposed design is able to
achieve a reasonable separation of single and di-photon events at high energies. This result
is published in [4]. For di-photon events with a separation of 200 um an efficiency of 32.4%
at a background rejection of 90 % is achieved. For a separation above 1000 pm the efficiency
becomes 80 %. The efficiency is mainly limited by the resolution and the conversion probability.
It could be further improved by adding one or two additional active layers with 1X, of absorber
material in front of each. The results suggest further studies, whether the replacement of one
strip detector with a pixel detector improves the performance. Once opportunities for high
energy test beams become available again, an improved version of the preshower prototype
should be tested again to validate that the signal characteristics at lower gains match that of
the simulation.

All installed components of the FASER detector including the calibration system function are
ready for first beam in 2022. The foreseen and validated performance of FASER puts it into a
good position to either discover new physics within the next few years or to further constrain the
parameter space for multiple BSM models. In addition, with FASERv the experiment will deliver
measurements of neutrinos at the highest human-made energies ever recorded, broadening
the understanding of neutrino interactions.

Search for Axions at the LHC
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A. | Light-by-light scattering
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Figure Al1: Normalised photon shower shapes photon candidates radiated by an electron due
to final-state radiation in yy — e*e™ events with no photon PID imposed. Data (black points) is
compared with simulation (blue) and the two are in good agreement.
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Figure A.2: Normalised photon shower shapes from hard-bremsstrahlung photon candidates
emitted by an electron in yy — e*e™ events with no photon PID imposed. Data (black points) is
compared with simulation (blue) and the two are in good agreement.
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Figure A.3: Comparison of the alternative yy — yy signal sample used for the closure tests
in the unfolding to the nominal yy — yy signal sample. Shown are the di-photon transverse

momentum py’ (left) and the di-photon invariant mass m,, (right). Both are well in agreement
as can be clearly seen by the ratio plot.
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of iterations.
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Figure A.6: Measured normalised differential cross sections as a function from absolute di-
photon rapidity (upper left), di-photon invariant mass (upper right), average photon transverse
momentum (lower left) and absolute di-photon | cos 8*| (lower right). The measured values for
the cross-section are shown as points with the error bars showing the statistical uncertainty.
The grey band is denoting the combination of systematic and statistical uncertainties. The
measurement is compared with the prediction from SuperChic 3.0 (red line).
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Calibration system measurements

2.5 :_— Hamamatsu R7899-20 100 F—_ Hamamatsu R7899-20
[ == Hamamatsu R2076 ; [ == Hamamatsu R2076
— 20F = C
2 r & 80r
S C © C
2 15F S sl
= C 2 L
- +— -
: 10 F & -
s F g
wn - — -
05 g 20F
C »n L
0.0_||||||||||||||||| O_ PN I TR T N T
5 10 15 20 15 20
Pulser bias voltage [V] Pulser bias voltage [V]

Figure B1: Measured signal amplitude (left) and integrated charge (right) for both PMTs at dif-
ferent pulser bias voltages.
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Figure B.2: Measured signal amplitude (left) and integrated charge (right) for two channels of a
calibration board at different pulse frequency settings.
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Lab control

Many measurements related to the FASER related hardware design work and upgrade studies
involved the usage of various lab equipment in the Lichtenberg Group lab in Mainz. Before the
development of the lab control system presented here, all instruments had to be controlled
manually at the device itself and some new instruments had no way to control them at all. This
short chapter outlines the features and implementation details of the new control system.

Architecture and communication

MQTT Broker

Control Client 1 Control Client 2

mma CAEN V6533 == X-Ray Source

mma CAEN V895 mmas Gas System

mmas Discriminator mma CAEN 1471

ama Oscilloscope = o CAEN 1471

Figure B.3: Diagram of the lab control architecture showing the MQTT Broker as the central node
(blue) with two control clients (red) and one web client (orange) connected. The control clients
themselves communicate with the devices directly connected to them (green).

The control system is built in @ modular fashion allowing for multiple devices to send state
information and receive controls from the main control server. This is required as the devices
to be controlled are located at different locations in the laboratory and can not easily be con-
nected to a single computer. The user interface should be accessible from multiple locations
in the lab and support multiple users at once.

Figure B.3 shows a diagram of the control architecture with all devices currently setup in the lab.
The full project is written in Python except for HTML and JavaScript used in the user interface.

Each computer with devices connected to it runs a control software and thereby acts as a
control client. Each client is responsible for transmitting the current state for one or multiple
connected devices. The information is shared between the control clients and server using a
publish-subscribe network protocol called MQTT [164]. It is based on messages with two fields:
a topic and a message content. The topic is a string with the possibility to group topics in a
directory style fashion by using slashes in the name. The message itself is transmitted as binary
and can thus store various data types. The messages are sent to the server, also called broker,
which in turn distributes them to all connected clients. To ensure that the clients only receive
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message relevant to them, each client has to register what topics it wants to be updated on
reducing unnecessary transmissions.

To make the control system easily accessible from every computer in the lab the control system
is available as a website. This enables monitoring and controlling all devices from a standard
web browser. The website is dynamically created using a web framework called Flask [165]. The
website then uses JavaScript to directly communicate with the MQTT broker to receive updated
values from the instruments or send control commands. Figure B.4 shows a screenshot of the
web interface. Each device configured has its own tab selectable at the top. In the displayed
view the settings page of a high voltage power supply is open.

Remote Lab
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Figure B.4: Screenshot of the web interface for the lab control system. Each device has its own
tab selectable on the top. The screenshot shows the tab for a high voltage power supply with
two channels switched on.
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State Information

As said all state information is transmitted over MQTT. The topic for the messages follows a
fixed template to prevent name collisions and keep track of the various devices. The topics
are always structured in the following form:

51 JL rrvn R e i QSRS

Device Name Channel Property Name
(optional)

The device name is a unique identifier for each device in the system. The channel number
is optional and only used for devices with multiple channels. Devices with multiple channels
may also have global state variables, e.g. the measured temperature of the device or a device
interrupt. The suffix set is appended to the topic for messages intended to change the state of
the device. This exemplary message would update the current limit for channel 1 of the power
supply named caen_v6533_1 to the value specified in the message body.

The control client will acknowledge that it processed the message by sending out a message
with the same topic except for the set-suffix removed. The reply always contains the read back
value after trying to set the demanded value. This ensures that in case the new value is invalid
the web interface will update to the value actually set.

The message with the updated value is received by all open instances of the control website
leading to a nearly instantaneous update for all users. Given the flexible message architecture,
the devices can not only be controlled through the web interface, but also from scripts enabling
automated measurements. This is used in some of the measurements of the calibration system
to set the desired bias voltages for the PMTs.

In addition, each control client updates the measured values for each device in a configurable
interval defaulting to 5s.

Archiving

Often it is quite useful to have access to the conditions of the setup at a given point in time.
This helps significantly when investigating problems in the measured data as problems in the
configuration or unexpected power consumption are easy to spot.

To realize an automated logging of all conditions a simple bridge is written which subscribes to
all topics matching the device status updates and stores them into a database. As the database,
an InfluxDB is used which is optimized at storing time series along with metadata. To monitor
the live data or check the history a dashboard software called Grafana is used [166]. It can
quickly display graphs for a given variable in the database, works in the browser and is easy to
configure.

An example for a monitoring page is shown in Figure B.5. It includes the configured and meas-
ured values for all relevant systems: gas flow, detector bias voltages and the x-ray tube.
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Figure B.5: Screenshot of a Grafana dashboard for monitoring the micromegas x-ray setup. The
page shows the configured and measured values for all relevant systems: gas flow, detector
bias voltages and the x-ray tube.
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