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CHAPTER 1

Introduction

One of the most fundamental questions in physics is the question of what constitutes matter, or in other
words:
What are we and the universe around us made of?

To our current knowledge the Standard Model (SM) of Elementary Particle Physics is the best description
of our world at a sub-atomic scale. It embodies the current understanding of the elementary building
blocks of matter and interactions between them. However, the universe is made up of only 5 % of visible
matter as we know it [1]. Dark Matter (DM) and Dark Energy constitute the rest of the universe’s mass
and they are not included in the theoretical framework of the SM [2, 3]. The term dark matter was
introduced due to the invisible characteristics of this new form of matter, whose presence is inferred
mainly from cosmological observations such as gravitational lensing [4]. The search for DM has long
been of interest to scientists around the world and for many years the focus of DM searches were heavy
particles in the GeV to TeV mass range. Though previous and ongoing searches for heavy dark matter at
experiments in this mass range have so far been unsuccessful in finding such proposed DM particles. A
promising and not as well explored family of DM models contain dark matter particles with masses
below ~ 1 GeV. These models introduce a new so-called dark sector with its own gauge boson - the
dark photon. This dark photon can couple to the SM via a portal interaction, making the search at
experiments possible. A promising strategy is the production of dark photons at fixed target experiments
in a process similar to SM bremsstrahlung.

The LoHENGRIN experiment, planned to take place at the ELSA accelerator in Bonn is designed
to explore exactly this mass range - from MeV to GeV - for light dark matter candidates by indirect
measurement of the dark photon [5]. The experiment obtains an electron beam at an energy of 3.2 GeV
from the accelerator that can undergo dark bremsstrahlung in a target and thus possibly produce dark
photons. In such interactions the dark photon carries away a large fraction of the incident electrons
energy, causing a significant amount of missing momentum in the final state. The characteristic signal
is determined by a single incident electron, a recoiling electron with less than 75 MeV and no other
significant energy deposits in the final state. [5]

Hadronic final states comprise a particularly challenging background to the dark photon search at
LoHENGRIN, as single nucleons or mesons can be ejected from the target at large angles, evading the
detectors that are placed in forward direction and thus mimicking the missing momentum signal. Hence
the understanding and suppression of such backgrounds are essential. The main production mechanism
of hadronic final states are electro-nuclear interactions of beam electrons in the target. This leads to a
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critical question: Are the current veto strategies sufficient to reject hadronic backgrounds produced via
electro-nuclear interactions in the target?

By studying electro-nuclear interactions and investigating the angular distributions of secondary
particles, this thesis aims to answer this question regarding the existing veto strategy.

The structure of the thesis is as follows: Chapter 2 gives an introduction to the Standard Model
and extensions beyond it, including theoretical motivations for dark photons and light dark matter.
The LoHENGRIN experiment will be introduced in chapter 3, explaining the detector setup, the photon
production at the experiment as well as possible backgrounds and the physics reach. In chapter 4
electro-nuclear interactions using the GEanT4 simulation framework will be investigated to study
secondary particles from such processes. During this work it could be highlighted that GEaNT4 is
not applicable in the signal region of the LOHENGRIN experiment, as the simulation of electro-nuclear
interactions does not reliably cover energy transfers of more than ~ 94 % of the incident electron onto the
target nucleus. This is the reason for the exploration of an alternative event generator in chapter 5, which
is the simulation framework FLukA. In this chapter secondary particles from electro-nuclear interactions
are analysed to further strengthen the understanding of these processes. Additionally the impact of the
target material on the electro-nuclear interactions is investigated, photo-nuclear interactions are studied
and compared to the electro-nuclear process and an event selection is applied to the MC truth data to
get an estimate of hadronic final states in the signal region. The last chapter of this thesis - chapter 6 -
investigates the detector response and sensitivity to electro-nuclear interactions simulated in FLuka. A
stand-alone implementation of the detector geometry is implemented in GEANT4, to investigate the veto
efficiency with the current detector setup of the LOHENGRIN experiment.



CHAPTER 2

The Standard Model and Beyond

As mentioned above, the Standard Model (SM) of Elementary Particle Physics is the current under-
standing and description of the fundamental building blocks of matter and interactions between them.
This chapter begins with an introduction to the Standard Model of Elementary Particle Physics and
its key components and principles in section 2.1. Despite its success, the SM also has limitations
and not all observed phenomena today can be explained by it. The existing bounds of the current
state of the SM will be discussed in section 2.2. One of the unexplained phenomena not included
in the SM is Dark Matter (DM), which is an invisible form of matter, making up a large part of the
universe’s mass. Early efforts to explain DM with a minimal extension of the SM will be discussed
in section 2.3. A more recent development in the search for dark matter is the addition of a so-called
dark sector to the SM with its own gauge interaction. This dark sector allows for the search of light
dark matter (LDM) and is made up of a mediator and a dark matter particle that can couple to SM
particles under specific conditions. In section 2.4 the dark sector scenario will be introduced and
a production process of a mediator particle - in particular the dark photon- will be discussed in section 2.5.

2.1 The Standard Model of Particle Physics

The Standard Model (SM) describes three of the four fundamental forces, namely the weak, strong and
electromagnetic forces [6—8]. Even though gravity seems to dominate the universe at large scales, it
is negligible at the sub-atomic scales of particle physics [9]. In the SM the fundamental forces are
mediated by particles, which emerge from the fundamental requirement of local gauge invariance. The
force carriers in the SM are spin-1 gauge bosons that mediate between the fermionic matter particles
charged under the respective interaction. The force carriers in the SM are the massless photon, which
mediates the electromagnetic force, the massive Z and W* bosons mediating the weak force, and eight
gluons mediating the strong force. [10]

Other than the spin-1 bosons, the fermionic matter particles have spin-%. The fermions are comprised
of six flavours of quarks, six flavours of leptons and their respective anti-particles. Quarks are categorized
into three generations (families) based on their mass. The first generation of quarks is stable and is made
up of the lightest quarks - the up and down quark. The second and third generations contain the charm,
strange, top and bottom quarks, which are heavier and unstable. Quarks carry one of three different
colour charges: red, blue or green. However, only particles that carry no net colour charge are observed
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as free particles in nature - this is called confinement and leads to the phenomenon of hadronisation.
If an individual quark is created in any interaction, it almost instantly hadronizes into a bound state
consisting of two or three quarks. These states are so called hadrons. Two quarks form a meson and
three quarks combine to create a baryon. [10]

Similarly, leptons are grouped into three generations, with the first generation consisting of the electron
and electron neutrino. The second and third generations include the muon, muon neutrino, tau and
tau neutrino. The charged leptons of generations two and three are unstable and decay into leptons
from the lower generations. The electron, muon and tau are charged under electromagnetism and
weak interactions, while the neutrinos are uncharged under electromagnetism and charged under the
weak interaction. From electroweak unification, we learn that charged leptons exist in both left- and
right-handed states, while neutrinos are only left-handed. Since neutrinos are massless in the SM, only
left-handed neutrinos can exist, which is due to their weak hypercharge Y and how they couple to the
weak interaction. Left- and right-handedness refers to the particle’s helicity, whether its spin is aligned
(right-handed) or anti-aligned (left-handed) with its direction of motion. This distinction is fundamental
in the SM, where only left-handed particles participate in weak interactions. [10]

The last particle of the SM that was discovered is the Higgs boson. It is the only scalar (spin = 0)
particle in the SM and couples to all fermions by means of a Yukawa coupling that is proportional to
the mass of the fermion. Similarly, it couples to the massive gauge bosons in the SM [11]. A detailed
overview of the particles of the SM is given in figure 2.1.

The theoretical framework to describe the SM is the gauge invariant quantum field theory (QFT), based
on the symmetry group SU(3) X SU(2) x U(1), where SU(3) corresponds to the colour group for the
strong interaction and SU(2) x U(1) corresponds to the electroweak interaction, spontaneously broken
by the Higgs mechanism. Particles are thus described by excited states of their underlying quantum fields.
To describe systems and how they behave with time, the so-called Lagrangian £ is used in theoretical
physics. It is given by the difference between kinetic and potential energy in a certain system [13]. For
example the classical harmonic oscillator for a mass m sliding across a surface connected to a spring
with spring constant k has the following Lagrangian [14]:

L= %me - %kxz , 2.1)
where the first term corresponds to the kinetic energy and the second term is the potential energy of the
spring. In particle physics - so in quantum field theory - the kinetic and potential energies are replaced by
kinetic terms and their interactions. While kinetic terms inform about the free behaviour of the system,
the interaction terms give information on the interactions of the particles. Since in quantum field theory
fields are the fundamental quantities, the Lagrange function used in classical physics is replaced by a
Lagrange density, which describes the dynamics of these fields at every point in space and time. [13] The
SM Lagrangian is comprised of several partially independent terms: the kinetic terms for all particles
and the interaction terms, one for each fundamental interaction, as well as the Higgs potential term and
the Yukawa interactions. For particular physics processes, some of these terms can be neglected and it is
thus sufficient for this thesis to study the electromagnetic term. [13]

The quantum field theory of electrodynamics is so-called quantum electrodynamics (QED) and is
part of the U(1) gauge group [10]. The QED Lagrangian needs to be invariant under local gauge
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Figure 2.1: Overview of the known particles of the Standard Model of Particle Physics, adapted from [12].

transformations and is given by

1 - -
Larp = —ZF,NFW +y DYy —mypy 2.2)

where F,, = d,A, - d,A,, is the Maxwell tensor with vector A ,. To obtain the required local gauge
invariance, the derivative d,, is replaced by the covariant derivative D, = d,, +ieA , and written in slash
notation p, = o (8# +ieA,). The field A, arises from the need of local gauge invariance, and must
transformas A, — A;l = A, — d,x. This field corresponds to the photon and thus the QED Lagrangian

u
describes the electromagnetic interactions between charged fermions and the massless photon. [10, 13]

2.2 Bounds of the SM

Up to now the SM has successfully predicted and explained the existence and interactions of particles.
Two famous examples are the discovery of the top quark in 1995 and the Higgs boson experimentally
found in 2012 by the ATLAS [15] and CMS [16] experiments at the LHC. Though the SM was able
to predict the existence of particles that would later be experimentally verified, the SM is no “Theory
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of Everything” and cannot explain all phenomena observed in physics today. One obvious example is
the missing explanation and inclusion of gravity in the SM, which can be seen by the incompatibility
of General Relativity and the Standard Model. It is not possible to describe the two with the same
theoretical framework, namely quantum field theory [17, 18]. There are additional observations that
cannot be explained by the current state of the SM, like neutrino oscillations observed by, e.g. solar
neutrino experiments like the Super-Kamiokande [19]. They prove that at least two of the three known
neutrinos must have a non-zero mass, which is in contradiction to the SM massless neutrinos.

Another part of physics not explained by the SM is dark matter (DM) and dark energy. For this thesis
especially the former is of interest. The universe as we know it today only consists partly of luminous -
so electromagnetically interacting - matter [2, 20]. According to the cosmological SM, the rest is made
up of dark matter and dark energy [2, 3]. While black holes and other MACHOs (massive compact
halo objects) are not explained by the Standard Model, they can be understood within the framework of
general relativity and stellar astrophysics, without the need of physics beyond the SM [21, 22]. There are
however observations from cosmology that are not understood yet. One such example is the formation
and evolution of galaxies, especially disk galaxies. Disk galaxies consist - as the name suggests - of a thin
rotating disk with spiral arms. The stars and gas within the galaxy move on roughly circular orbits in the
disk plane and thus the kinematics of the disk are determined by its rotation curve V,(R). The rotation
curve expresses the rotation velocity as a function of galactocentricl distance. From the understanding
of gravity on a macroscopic scale, the expected rotational velocity of stars should decrease for larger
radii. Such rotation curves can be measured and for massive galaxies these typically rise rapidly at small
radii and are almost constant over the rest of the disk. Though variations between different systems are
to be expected. In figure 2.2 the measurement of the rotation curve of two galaxies can be viewed. The
left figure shows the typical behaviour for massive galaxies, while on the right the slower rise behaviour
for low-surface brightness galaxies is given. Most interesting in this observation is the constancy of the
rotation velocity at large radii, as it contradicts the expectation. Thus this is evidence that spiral galaxies
must have massive halos of unseen - dark - matter that interacts gravitationally. [23]

Other observations in cosmology that hint at the existence of dark matter are the effects of gravitational
lensing [24, 25] and the Cosmic Microwave Background (CMB), such as data from the Planck satellite
[26, 27] or COBE [28] and WMAP data [29]. Gravitational lensing is a geometrical effect present in all
instances of observing light from a source that travels through some form of inhomogeneities in space.
The most commonly known form of gravitational lensing is weak gravitational lensing, which can be
observed in any line of sight in the universe, as photons travelling along that line are affected by matter
inhomogeneities. The angular size and apparent brightness of an object are affected by weak gravitational
lensing and thus objects appear with different shape and brightness for two separate recordings. [4] This
gravitational lensing effect is much larger than could be accounted for by visible matter alone.

The Cosmic Microwave Background (CMB) is another crucial observational tool in cosmology to
study the universe. From its measurements, the existence of dark energy and dark matter can be deduced
and key features like the non-baryonic structure of dark matter were found by acoustic peaks in the CMB
power spectrum. [26, 29]

! galactocentric: meaning relative to the centre of the galaxy
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Figure 2.2: Rotation curves of the Sc galaxy NGC 3198 (left) and the F568-3 galaxy (right). Taken from [23].

2.3 Early DM searches

The search for dark matter in the universe has been an ongoing field of research in physics for several
decades and many theoretical models and experimental efforts have been proposed and pursued. Of
particular interest are models, which require only a minimal extension of the SM, consisting of a single
particle that interacts weakly with the SM.

One of the earliest proposals was introduced by Lee and Weinberg, suggesting heavy neutrinos to
account for the dark matter abundance [30]. At the time it was known that neutrinos could not exceed
masses of 40 eV, due to constraints on the present number density of neutrinos. Heavier neutrino masses
far above 1 MeV were not seriously considered as viable dark matter candidates.

By introducing a hypothetical heavy, stable, neutral lepton L they showed that such a particle could
be consistent with cosmological observations, if it annihilated efficiently with its antiparticle L' in the
early universe. The possible annihilation channels include:

LI 5 vy e et ut, nnt ete. (2.3)

These heavy leptons go out of chemical equilibrium2 at a “freeze-out” temperature 7, much larger than
1 MeV, caused by their annihilation rate being far less than the cosmic expansion rate at temperatures
below 10'° K. From this analysis a new lower bound - the so-called Lee-Weinberg bound - on the L°
mass was derived:

my(Na/A/Np)™' 252Gev (2.4)

where N 4 corresponds to a dimensionless fudge factor depending on the number of annihilation channels
open and on the details of the weak L°L° annihilation interaction and N r is the effective number of
degrees of freedom. N effectively counts the available annihilation channels, so the number of lighter
quarks and leptons than the heavy lepton and that can be produced in weak interactions. For N, = 14 and
N = 4.5 the lower bound of the lepton mass is given by m; > 2 GeV. Though if taking an uncertainty

2 Meaning the number density exceeds its equilibrium value.
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factor of 4 on the annihilation rate, the lower bound of the mass m; may range from 1 to 4 GeV. [30] The
idea of weakly interacting heavy neutrinos established a new path for the explanation of dark matter, as
particles with weak-scale masses and weak interactions, naturally yield the correct relic abundance. [31]

Based on this approach the so-called Wimps (Weakly Interacting Massive Particles) are introduced a
few years later by Steigman and Turner [32]. In the previous years various types of experiments pursued
the detection of Wimps, some of which are direct detection experiments like the XENONNT experiment
[33], the Lux-ZEPELIN experiment or the PandaX experiment [34]. Collider experiments like the Cms
[35] probe for Wimps and also possible dark sectors at their facilities and indirect detection is probed
with experiments like the Fermi Gamma-ray Space Telescope [36] or the IceCube neutrino observatory
[37]. Up to now, no search at experiments has yielded any promising results on the existence of Wimps.
Therefore the search for light dark matter (LDM) has gained momentum in the recent years, which will
be discussed in the next section.

2.4 Dark Sector Scenario

As explained in the previous section, it was obvious to search for dark matter with minimal extensions
of the SM and thus look for single possible dark matter particles such as the Wimps. Though since
no positive results have been found by many experiments regarding the existence of these heavy dark
matter particles, other extensions featuring light dark matter particles have been explored. In addition to
the DM particle itself, these models require the introduction of a new gauge interaction between the
dark matter particles, in order to explain the apparent relic density throughout the thermal freezeout
mechanism. This new gauge interaction must couples to the SM sector to explain the relic abundance
today, which is realised via kinetic mixing. The dark matter particle y and the gauge boson associated
with the new gauge interaction form a dark sector with minimal content.

There are several possibilities for a dark sector, depending on the mediator particle that couples to the
SM via a portal. The nature of the portal interaction between the SM and the dark sector is dictated by the
mediator’s spin and parity. The mediator can be a scalar, a pseudoscalar, a fermion or a vector. Though
the gauge and Lorentz symmetries of the SM impose constraints on how the mediator interacts with the
SM. The simplest variant of the new gauge interaction is a U(1) , symmetry with a vector mediator A’,
which is often called dark photon. Considering first a minimal kinetically mixed dark photon with vector
field Ap, ,, the SM Lagrangian can be extended by its own Lagrangian of the form [5, 38]:

Ly, = —%FD”VF;‘)V - mFg”Bw + %mi‘DA’[‘)ADﬂ —gpApdh (2.5)
Here Fp,,, = 8,Ap, — 9, Ap,, represents the dark photon field strength, B ,, = d,,B, — 0, B, denotes the
SM hypercharge field strength, Jg is the current, m 4 is the acquired dark photon mass, € is the kinetic
mixing parameter, 8y, corresponds to the weak mixing angle and g, is the dark sector coupling. The
dark photon therefore couples to the SM through a portal, which is realized by the kinetic mixing operator
o F SVB v+ SM fermions can couple to the dark photon mass eigenstate A;; with mass m ~ my .
This is one of the simplest dark sector scenarios itself, but could also be a small part in a more complex
dark sector.
Considering a mass range of MeV-GeV for the dark photon, the dominant effect of the kinetic mixing
after electroweak symmetry breaking, results in an analogous mixing term %eF gVF v With the SM
electromagnetic field strength F*”. In this framework the dark photon couples with strength ee to the
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electromagnetic current, assuming a basis with diagonal and canonically normalized kinetic terms. [5,
38]

To incorporate DM in the model, the minimal dark photon scenario can be extended. This DM
candidate can be a fermion y or a scalar boson ¢ coupling to the dark photon through dark sector gauge
interactions, as described by the following Lagrangian:

Loy =XiD=m)x . Lpys = (D'6)"(D,8) -mylo* (2.6)

where D, = (9, —igpA,) and g, is the dark sector coupling. Since the dark photon mediates
interactions between the DM and the SM electromagnetic current, detection of DM in laboratory
experiments could be possible. [38]

There are several possibilities of dark matter particles such as scalar elastic, scalar inelastic, Majorana
or pseudo Dirac DM [39]. The scalar elastic scenario assumes y to be a complex scalar particle with
U(1)p preserving mass terms and the current

I =il 0" x — xo"x") . 2.7

In the inelastic scalar scenario the y is also a complex scalar particle with U (1), but symmetry breaking
mass terms. The corresponding current

Ip =ix10" x2 = 20" x1) (2.8)

is only possible if the y couples to the dark photon inelastically and transitions into a heavier state.
However direct detection even for small mass differences of y, , is not possible due to the suppression of
direct detection signals. The y can also be a Majorana fermion, coupling through an axial-vector current

Ty =3y 2.9)
The pseudo Dirac scenario assumes the DM y to be a pseudo Dirac fermion. Dependent on the y mass
term and whether it is U(1), preserving, it is already constrained by the cosmic microwave background
(CMB) data. [40] If there is a particle-antiparticle asymmetry this constraint might be lifted. However if
the mass terms break the U (1), symmetry, then the y is split into two Majorana fermions. They couple
off-diagonally to the A" through the current

I =iny' (2.10)

An additional axial current couples to the A”. [39]

The thermal relic targets for each DM candidate can be viewed in figure 2.3 together with some
experimental projections. The missing momentum approach drawn with the red, dashed line, shows the
possibility to probe this sector via missing momentum experiments. In this context the thermal relic
target corresponds to a specific target in the parameter space of the dark sector scenario, namely the
thermal DM freeze-out. The thermal DM freeze-out predicts a thermally-averaged DM cross section of
~3x 1072 cm® s™! with small dependence on the DM mass and is one explanation of the abundance of
DM today. [38]

Some experiments that aim to probe the light dark matter sector are the Lpmx [39], DarksHINE [41],
Surp [42], Na64 [43] experiments and the LoHENGRIN experiment introduced in the next chapter 3.
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Figure 2.3: Thermal relic targets for DM candidates coupling to the dark photon A for the parameter space of
LDM in the y vs. m, plane, together with future experimental projections. Taken from [39].

Depending on the masses of the dark photon A" and dark matter candidate y there are two possible
annihilation scenarios: secluded and direct annihilation or more directly: visible and invisible dark
photons. From the Feynman diagram of the direct annihilation, the direct detection of DM can be

deduced and motivated.

Secluded annihilation

If the mass of the dark photon is less than the mass of the dark matter candidate: m,- < m,, then the
DM annihilates dominantly into pairs of A”. The corresponding Feynman diagram can be viewed on the
left in figure 2.4. The annihilation rate is independent of the SM-A" coupling €. If considering only
a simple model then this scenario is constrained by CMB data, ruling out DM masses below O(GeV)
for simple secluded annihilation. More complex models are viable, though they do not provide a sharp

parameter space target. [38]

10
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Figure 2.4: Feynman diagrams for secluded annihilation (left) and direct annihilation (right) for LDM. Taken from
[39].

Direct annihilation

In direct annihilation the mass of the dark photon must succeed that of the dark matter candidate:
my > 2m, . Then the DM annihilates via y y — A’ — ff to SM fermions through a virtual mediator,
the dark photon. Here the CMB data does not provide constraints on the model. A minimum DM
production rate at accelerators is implied from the observed abundance of DM, though the detailed
phenomenology depends on the ratio of the masses of the mediator and dark matter particles. The
Feynman diagram of the direct annihilation can be seen on the right in figure 2.4. If the Feynman diagram
is rotated, scattering off SM fermions is depicted and can be probed by accelerator experiments. [38]

2.5 Dark Bremsstrahlung

One of the main production channels of the dark photon is dark bremsstrahlung. It works analogously to
QED bremsstrahlung, where an incoming electron e~ interacts with a hadronic system # and triggers
the following process

e +H—oe +H+A (2.11)

instead of a SM photon a dark photon emerges from the reaction. In figure 2.5 the lowest-order amplitude
of dark photon production is given. The Feynman diagram on the left shows an electron undergoing
dark bremsstrahlung in the field of a nucleus with the exchange of a virtual photon. This process can be
probed by fixed-target experiments, where the dark photon A’ is produced in forward direction. The
dark photon will carry most of the beam energy after the reaction and the electron obtains a large angle.
Depending on the mass of possible DM candidates and the dark photon itself, the dark photon can
decay into a pair of DM and anti-DM particles. [38] One experiment to detect dark bremsstrahlung is
the LoHENGRIN experiment planned at the ELSA accelerator at the University of Bonn, which will be
discussed in more detail in chapter 3.
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Figure 2.5: Feynman diagrams contributing to the lowest-order amplitude of (dark) photon production in collision
of an electron with a hadronic system. The grey circle represents form factor evaluations and the dashed circle
represents the VCS amplitude. Taken from [5].
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CHAPTER 3

The LOHENGRIN Experiment

The LOHENGRIN experiment is a search for light dark matter experiment planned to take place at the
University of Bonn. It is a fixed target experiment supplied with a 3.2 GeV electron beam from the ELSA
accelerator and aims to detect dark photons via dark bremsstrahlung of the beam electron in a target.
In section 3.1 an overview of the accelerator will be provided, followed by an introduction of the dark
photon production at LOHENGRIN in section 3.2. Background processes relevant to the experiment are
covered in section 3.3 and the detector components are described in section 3.4. The signal region of
the experiment is detailed in section 3.5, while section 3.6 explains the modelling of electro-nuclear
backgrounds. The chapter concludes with an outline of the physics reach of the LOHENGRIN experiment
in section 3.7.

3.1 The ELSA accelerator

The Electron Stretcher Accelerator ELSA is located at the physics institute at the University of Bonn. It
is an electron accelerator planned to provide the beam for the LOHENGRIN experiment, as mentioned
above. The accelerator is able to deliver a high-rate electron beam with variable energy up to 3.5 GeV.
The electrons are accelerated in three stages to reach the 3.2 GeV necessary for LoHENGRIN. First 50 keV
electrons from a source are accelerated in a linear accelerator to 26 MeV and then injected into the
booster synchrotron. In the booster synchrotron the electrons are accelerated further to an energy of
1.6 GeV. To obtain even more energy, the electrons are then transferred to the stretcher ring. There are
three different operation modes of the stretcher ring. For a beam energy of 3.2 GeV the booster mode is
used. In figure 3.1 the facility map of the ELSA accelerator can be viewed, with its linear accelerator,
booster synchrotron, stretcher ring and its hadron physics experiments BGOOD and CB-ELSA. [44, 45]

From each filled bucket, electrons can be extracted with an expectation value of one electron per
revolution or less, which provides the experiment with a clean initial state. This is an advantage of the
experiment, as the initial state can be precisely determined with basic tagging detectors. The planned
extraction rate for LOHENGRIN is a bunch spacing of 2 ns, extracting 0.2 electrons from each bunch per
revolution. Thus it is also possible to have events with no electron or with more than one electron on
target. With this configuration an extraction rate of 100 MHz can be reached and the probability to
extract more than one electron in a single event is reduced to less than 1.8 %. [5]

! The meaning of which, no one may ever know.
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Figure 3.1: Schematic facility setup of the Electron Stretcher Accelerator (ELSA) at the University of Bonn. Taken
from [46].

3.2 Dark photon production

As mentioned in section 2.5, dark photons can be produced at accelerator experiments via dark
bremsstrahlung. This is also the underlying process of the dark photon production at the LOHENGRIN
experiment. The reaction given in equation 2.11 is made possible through the interaction term

Lo ZiQfer”fA;l , (3.1)
:

of the Lagrangian. Where f is the fermion with electric charge QO  and € is the reduced kinetic mixing
parameter. From this model the effective portal coupling ggM = Q ye arises. The value of € can range

between several orders of magnitude € ~ 10" = 107" and it is thus sufficient to choose it as a free
parameter. [5]

The lowest order Feynman diagram is given in figure 2.5, which has the most dominant contributions
from Bethe-Heitler (BH) scattering between the incoming electron and the nucleus. The incoming
electron exchanges a photon with the nucleus during this process. The nucleus can be treated as a scalar,
since contributions arising from its magnetic moment are suppressed by its inverse mass. Additionally
the target material at LOHENGRIN is tungsten, which is naturally mostly made up of three scalar isotopes
with J¥ = 182W(27 To) A5 W (31 %),56 W (28 %)). Only a small fraction of 14 % of a non-scalar
isotope Jr 2 (7§3W) can be found in the naturally occurring tungsten [5]. This fermionic component
of the material contributes to the cross section with its inverse mass squared and thus for simplicity
the target can be assumed to be scalar for modelling these backgrounds. [5] In figure 2.5 additional
contributions from virtual Compton scattering (VCS) to the dark bremsstrahlung process are drawn. For
VCS the radiation is emitted from the hadronic system rather than the electron. Since the dark photon
fundamentally also couples to quarks, this reaction is also possible. Other contributions to be considered
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are impacts from the hadronic system, for example the nuclear charge distribution of the target nucleus or
contributions from the nucleons of the target nucleus, which contribute with their charge and magnetic
moments. From a simulation done in a dedicated Monte Carlo framework called Lohengrin++, no
significant contribution to the missing momentum search from VCS or from individual nucleons could
be found. [5]

Since the LOHENGRIN experiment aims to detect dark photons, that do not interact with any kind of
detector material, it relies on the precise measurement of the electron after the dark bremsstrahlung
process. In such interactions the electron will receive a sizeable transverse kick, dependent on the mass
of the dark photon. The signal signature of the LoHENGRIN experiment is therefore the recoiling electron
with its transverse kick and no other detectable signal, causing the missing-momentum. In figure 3.2
the double differential cross section with respect to the energy fraction & and the solid angle € of the
recoiling electron is given together with its angle 6,. Four different benchmark masses for the dark
photon are presented: 1 MeV, 10 MeV, 100 MeV and 1 000 MeV. For a fixed target experiment this mass
range follows from the available energy in the center of mass frame, given by:

s=(P,+P,)* | (3.2)

where P, = (m,, 0) is the 4-momentum of the target nucleus and P,- = (E,-, p) is 4-momentum of the
incoming electron. Then follows

s=m?+2E,m, +E - — \/Ez\/mf+2Ee—mt+mg . (3.3)

Using a tungsten nucleus with mass 183.84 amu [47], an electron mass of 0.511 MeV [48] and an energy
of 3200 MeV, the center of mass energy is approximately

Vs~ 175.32GeV . 3.4)

Subtracting the tungsten rest mass, the maximum available energy for producing new particles - such
as the dark photon - is roughly 3.17 GeV. This value presents an upper limit, as the dark photon will
obtain momentum from the interaction and the recoiling electron also carries away part of this energy.
Additionally the production cross section is decreasing for increasing masses due to the smaller available
phase space. Therefore the mass range of 1 to 1000 MeV for the dark photon is reasonable.

One can see in figure 3.2, that for increasing dark photon masses the electron kinematics shift towards
lower energies and wider angles. The wider angles of the recoiling electron prove the transverse
kick obtained in the interaction. There is an upper and lower bound for kinematically allowed final
state electrons. The phase space window is enclosed by a low-energy boundary of ¢ > m,/E and a
high-energy boundary dependent on the dark photon mass. The number of signal events produced by
forward electrons possibly observed at LoHENGRIN depend on the target thickness, which is assumed to
be 0.1X, ~ 0.35 mm, and the dark photon mass. In figure 3.3 the number of signal events in dependence
of the dark photon mass for different amounts of electrons on target is presented. For dark photon masses
between 10 to 100 MeV, between 1 and 100 events are expected for 4 - 10'* electrons on target (e.o.t.),
which is the order of magnitude of signal events assumed for the rest of this thesis. [5]
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3.3 Background Processes

To be able to find evidence for the existence of dark photons, the necessary detector set up has to be
designed. It is obvious from the previous sections that the dark photon is only indirectly measured
via missing momentum. All SM interactions with a signal-like signature, imitate the kinematics of a
dark photon signal event and it is therefore of utmost importance to effectively reject backgrounds. A
short overview of the main background contributions at the LOoHENGRIN experiment will be given in the

following.
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Figure 3.3: Number of signal events in dependence of the dark photon mass for different numbers of electrons
on target for recoiling electrons in forward direction. The number of events is normalised by the suppressing
parameter €2. Taken from [5].

3.3.1 Elastic QED Backgrounds

The lowest order elastic QED background process at O(afz) is the process
e +H—oe +H |

where H denotes the nucleus of the target material. In this process however the electron does not
transfer much of its energy onto the nucleus and is therefore not relevant for the missing momentum
search at hand. [5] The dominant QED background source is SM bremsstrahlung with the radiation of a
high-energy photon from the target that goes undetected:

e +H—oe +y+H

Photons from SM Bremsstrahlung are emitted in forward direction in most cases and can be vetoed by a
forward electromagnetic calorimeter (ECal), see section 3.4. Since the angular coverage of the ECal is
limited, there are cases where the photon misses the calorimeter. These events cannot be vetoed and
create an irreducible background. In figure 3.4 the cross section of SM Bremsstrahlung in dependence
of the maximum veto-able photon angle is given. It is clearly visible that the cross section peaks for
forward photons and decreases with increasing angle. The design of the ECal therefore has a large
impact on the sensitivity of the experiment. [5]

Another component of the QED backgrounds is virtual Compton scattering (VCS), which has a more
isotropic emission of photons and could lead to irreducible background. From calculations this is not
expected, but needs to be measured properly in the early stages of the experiment. [5]

17



Chapter 3 The LoHENGRIN Experiment

E =32GeV, &+ = 51w

— 4 . _ e &b Y
107 e Pt — ety Q= Qhg v Qior VY Qe e

10° 4

lO—q T T T T T T
0.0 0.5 1.0 1.5 2.0 2.5 3.0

g7 [rad]

Figure 3.4: Cross section of the QED Bremsstrahlung process dependent on the maximum veto-able photon angle.
Taken from [5].

3.3.2 Inelastic electro-nuclear Background

Another crucial background is the creation of undetected photons and hadrons during inelastic electro-
nuclear interactions of the electron with the target nuclei. The beam electron can transfer a large amount
of energy onto the target nucleus via the exchange of a virtual photon, breaking it up in the process.
The low-momentum recoiling electron can be signal-like. During this interaction, various charged and
neutral hadrons as well as photons emerge from the target. This can be seen on the left in figure 3.5.
The number and type of particles produced during electro-nuclear interactions can vary largely. Some
example processes from simulations” are given in the following:

. e_+7-(—>e_+‘7-('+7r0+3n+5y ,

e e +H—oe +H +y+8n+2p+Ty

e e +H—oe +H +n +3p+4n+6y

e e +Hoe +H +272°°+ 7"+ K+ A+31n+9p + 5y

The H’ corresponds to the nucleus after the interaction, which might differ from 9. All of these
processes have in common that only a few O(1) of the secondary particles obtain a large amount O (GeV)
energy and the rest of the particles have energies of 1 to 100 MeV. In all examples the incoming electron
has an energy of 3.2 GeV and the recoiling electron has less than 100 MeV. Secondary particles from
electro-nuclear interactions can thus obtain a large amount of energy and large angles and might not
be detected by a forward placed calorimeter. It is therefore important that the veto strategy for these
particles is investigated and potentially improved, to reduce the background caused by electro-nuclear

2 The example events are simulated with the FLuka simulation framework.
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interactions. These backgrounds at LoHENGRIN are not yet well understood and are thus subject to the
studies of this thesis. In section 3.6 a modelling approach for electro-nuclear interactions is presented
and simulations regarding electro-nuclear interactions are investigated in the following chapters.

Figure 3.5: Schematic of an electro-nuclear interaction (left) and a photo-nuclear interaction of a secondary photon
from bremsstrahlung (right). The hadronic systems are denoted by two lines and photons by dashed lines.

3.3.3 Inelastic photo-nuclear Background

Another background are photo-nuclear interactions. A photon created via hard bremsstrahlung of the
initial electron can undergo a photo-nuclear interaction in the target or any other material in the detector
setup. In figure 3.5 on the right, the Feynman diagram of this process can be seen. The process is similar
to electro-nuclear interactions at LOHENGRIN, except a real photon interacts with the nucleus instead of a
virtual photon and there is an additional vertex from the hard bremsstrahlung. If the secondary particles
from this interaction are not detected, they contribute to the irreducible background. [5]

3.3.4 Neutrino Background

Neutrinos are produced mainly through the decay of secondary muons or pions or interactions with
the Z boson. Since neutrinos cannot be detected by the detectors presented in this thesis (see section
3.4), they contribute to the irreducible backgrounds for the LoHENGRIN experiment. However, events
where a high-energy neutrino carries a large part of the momentum and no other particle is detected, are
extremely rare. [5]

3.4 Detector Setup

In the context of the detector setup, the coordinate system is important and will be introduced shortly. In
the course of the thesis the z axis is always defined as the axis along the beam line and going through
the center of each detector component. The incoming electron beam is directed in the direction of the
positive z axis. The x and y axis make up the plane perpendicular to the beam axis, with the positive y
axis pointing upwards. The origin of the coordinate system is placed in the center of the target, and the
point (x, y) = (0, 0) lays in the center of the detector components at varying z. Important are also the
angles in this discussion, with the spherical angles 8 and ¢ defined as follows:

Px

N/ZE N

6 = arccosp,/r , ¢ = arccos 3.5)
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where the radius r is defined as,

r=\/pi+p§+p§ ) (3.6)

The components p,, p, and p, correspond to the momentum components of a particle traversing the
detector setup. The angle 0 is therefore the angle between particle track and beam axis and angle ¢
corresponds to the angle between the x axis and the projection of the particle track in the xy-plane. [49]

A schematic overview of the detector set up can be viewed in figure 3.6. The setup consists of a
tungsten target, tracking layers up- and downstream of the target, a magnet and corresponding magnetic
field and a hadronic (HCal) and electromagnetic calorimeter (ECal). Signatures of different particles are
drawn to schematically show the detection strategies. On the top an exemplary signal event is drawn
with the recoiling electron and the dark photon, which passes the detectors unnoticed. Additionally
in the center of the figure a background event with secondary neutral hadrons and photons is drawn.
The neutral hadrons and photons are detected via the creation of hadronic or electromagnetic showers
in the HCal and ECal. On the bottom of the figure a background event with a signal-like signature is
provided. In this case the created neutral hadrons and photons are not detected in the current setup.
Charged hadrons leave additional tracks in the tracking detectors downstream of the target and events
can thus be rejected if there is more than one charged track in the final state. It is important to investigate
what percentage of electro-nuclear events go undetected and thus leave a signal-like signature in the
detector setup.

In addition a CAD rendering of the current detector setup is supplied in figure 3.7. A short overview
of the components of the setup will be given in the following. For a detailed description and discussion
of the detector setup see [5].

Target

The target proposed for the LoHENGRIN experiment is made up of tungsten and has a thickness of
0.1- X, = 0.035cm [50]. In the xy-plane it extends from —7.5 cm to 7.5 cm making it 13 cm X 13 cm
large. The material tungsten was chosen mainly due to its small radiation length, which allows for a thin
target and thus reasonably thin material budget. Additionally the main isotope of tungsten is a scalar
nucleus, simplifying signal modelling and simulations. [5]

Tracking Layers

Up- and downstream of the target ultra-thin silicon pixel detectors measure the tracks of incoming beam
particles and outgoing electrons behind the target, as well as any charged final state particles. In the
current design of the experiment three tracking layers are placed upstream of the target and a number of
tracking layers are placed downstream of the target. This is used to measure the presence of a beam
electron in the initial state, as well as tracking of recoiling electrons in the final state. A preliminary
design for the tracking detectors is based on the TJ-Monopix2 ASIC, which consists of a matrix of
512 x 512 square pixels with a pitch of 33.04 um in both directions. Each tracking plane has 4 such
ASICs placed around the center of the xy-plane. However this is not yet the final design and optimisation
studies are still ongoing.

20



Chapter 3 The LoHENGRIN Experiment

Trackers Target

Electron Beam
3.2 GeV

Recoiling \—

® Electron =~

<75 MeV
Magnetic Field

Trackers Target

Electron Beam
3.2 GeV

Recoiling

® Electron

<75 MeV
Magnetic Field

Trackers Target Hadrons

Electron Beam
3.2 GeV

Recoiling
Electron
<75 MeV

®

Magnetic Field

Figure 3.6: Schematic detector set up for the LOHENGRIN experiment consisting of the target, the tracking layers
up- and downstream of the target, a magnetic field and magnet, an electromagnetic calorimeter and a hadronic
calorimeter. Drawn are the signal process (top), neutral hadron and photon backgrounds (middle) and signal-like
backgrounds (bottom). Adapted from [5].
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Figure 3.7: A CAD rendering of the detector setup for LoHENGRIN including the magnet, tracking layers, target, the
electromagnetic calorimeter and hadronic calorimeter. The path of the non-interacting electron beam is indicated
in purple. Taken from [5].

Magnet

The proposed design of the magnet surrounding the target and the tracking layers is an iron-dominated
magnet built in a rectangular ”C”-shape. The opening along the side is to avoid pollution of the tracking
region by backscattered electrons or particles produced during interactions with the magnet material.
With a magnetic flux of B = 0.9 T in the positive y-direction, it deflects the beam electrons away from
the ECal placed approximately 3.5 m behind the target. Additionally momentum measurements of the
recoiling electron can be obtained from the curvature of the track and the measurements in the tracking
detectors. The magnet shape can be viewed in figure 3.7 in red. The exact realisation of the magnet is
not finalised, and still under investigation.

Calorimeters

To veto both photons and charged and neutral hadrons an electromagnetic and hadronic calorimeter are
needed in the detector setup. Due to the high rate of SM photons the ECal needs to be able to process
high rates and must be radiation hard. Thus the electromagnetic calorimeter is a sampling calorimeter
made up of alternating layers of tungsten absorbers and active silicon layers. The design is oriented at
the CALICE ECal, see figure 3.8. It has the dimensions 48 cm X 48 cm in the xy-plane and is in total
(0.42cm + 0.01 cm + 0.065 cm + 0.54 cm) - 15 = 15.525 cm long. The thicknesses of the individual
components are d,,; = 0.42 cm for the absorber, d; = 0.065 cm is the thickness of the active silicon
layers and d, = 0.01 cm is the thickness of the air between the two materials to account for glueing.
Each tungsten-silicon layer is separated by d i jayer = 0.54 cm. The active silicon layers contain 96 X 96
segmented silicon sensors with pixel sizes of S mm x 5 mm. The ECal is designed in a way such that the
whole particle shower is contained in the depth of the detector, meaning a photon that will hit the ECal at
its center, will produce an electromagnetic shower that is contained in the ECal. However, leakages of
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Figure 3.8: Photograph of the CALICE ECal prototype from 2021, taken from [5]

particles in the HCal in the xy plane are possible, for example if the photon hits the ECal at its edge or
with a transverse angle.

The ECal is embedded into a hadronic calorimeter to provide an additional veto for hadrons. The
HCal is also a sampling calorimeter and has the dimensions of 270 cm X 250 cm in the xy-plane. For the
purpose of this thesis it consists of 71 layers of iron absorber material and active silicon material, which
will make it in total (1.72cm + 0.3cm) - 71 = 143.42 cm long. Where the thickness of the absorber is
d,,s. = 1.72 cm and of the active silicon layers d.,; = 0.3 cm. The exact dimensions and realisation of
the HCal are not fixed and are still under study. Additionally the HCal has a slit along the positive x axis,
extending through the whole depth of the calorimeter in z direction, as can be seen in figure 3.7. The
deflected beam electrons are directed through the slit and signal rates produced by beam electrons are
thus reduced in the HCal. [5]

With this geometric setup the calorimeters have an angular coverage of 0.1 rad for the ECal and 0.6 rad
for the HCal, which will become important throughout this thesis.

3.5 Signal region

The general idea of this thesis is understanding hadronic backgrounds of the LOHENGRIN experiment,
regarding the current detector setup. Especially interesting are backgrounds that mimic signal-like
signatures. A signal event at the LOoHENGRIN experiment has the following properties:

* asingle electron present in the initial state,

* exactly one signal electron with less than 75 MeV,

* no significant energy deposition in the ECal that is consistent with a high-energy photon,

* no hadronic activity in the final state, meaning no significant energy deposits in the HCal and
* the absence of any charged track other than the signal electron in the final state. [5]

If an electron leaves a signal-like signature in the detectors, all other outgoing final state particles
need to be detected, otherwise a fake signal-event would be produced. The detector setup is designed
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to account for backgrounds, as given in [5]. The focus of this thesis is on potential backgrounds and
veto strategies for electro-nuclear interactions not tackled by the strategies given above. The tracking of
the initial and final state electron plays a large role in the sensitivity of the experiment, but a detailed
summary of the tracking algorithm is beyond the scope of this work and can be found in [51]. The main
focus are electro-nuclear interactions and hadronic backgrounds produced from electrons in the target.

3.6 Modelling of electro-nuclear backgrounds

Hadronic backgrounds are produced by electro-nuclear interactions of the initial beam electron with
the nuclei of the target or any other sensitive material in the detector setup. To model electro-nuclear
backgrounds often the so-called Equivalent Photon Approximation (EPA) is used. Previously electro-
nuclear interactions have been introduced as an electron interacting with a nucleus via virtual photon
exchange. This concept is the underlying idea of the EPA and will be explained in the following. The
EPA approach starts with observations from electrons and photons traversing a gas volume: in both cases
gas atoms are either excited or ionised depending on the electrons or photons velocity. The underlying
interaction of an electrically charged particle with a gas atom is thus similar to that of a photon of a
specific frequency. If - for example an electron - traverses a point in space, a variable electrical field
arises at that point and if one decomposes that field via a Fourier Integral into only harmonic components,
then that field corresponds to the field produced by light of a specific continuos frequency distribution.
Placing an atom at that point and using the above considerations, it is obvious that the electric field
of the electron excites and ionises the atom in the same manner as the equivalent electric field of the
photon. Thus the interaction of an electron with an atom can be approximated as the interaction with an
equivalent photon. [52]

To obtain the cross section for the electro-nuclear interaction in dependence of the cross section of the
photo-production, the Feynman diagram in figure 3.9 is considered, which depicts the following reaction:

a+H->H+A | 3.7

where the incoming particle a corresponds to a very fast electron with momentum p, the nucleus H has
momentum P, before and P, after the interaction and A denotes possible particles created. The virtual
photon exchanged between the electron and nucleus has the momentum ¢ = P, — P,. At sufficiently
small q2 < mﬁ the right part of the graph in figure 3.9 corresponds to the interaction of a photon with
the incoming particle a of the form

vy+a—>A , 3.8)

producing a number of particles A. Thus the cross section o, of the electro-nuclear process can be
expressed using the cross section of the photo-process and is given by

2o do?®  dd? 2 2\2
do, = 2% G0 ¢4 [qz—(u) doy(w) (3.9)

with Z corresponding to the atomic number of the atomic nucleus, E; is the energy of the incoming

particle in the lab system, and m its mass. In this instance an integration over the angle ¢ has been
done already. The differential cross section of the photo-process is do,(w) and it is averaged over
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Figure 3.9: Feynman diagram of an electro-nuclear interaction of particle with momentum p on a nucleus with
momentum P, and a virtual photon with momentum g = P, — P,. Adapted from [53].

polarizations. It can be expressed by

(2n)*

2gym

do, (w) = gafle, R, ’6(q+p—Q)dl . (3.10)
Here dI" = IT 4 (d3 pil (27r)3, qo corresponds to the momentum of the photon in the system where p = 0,
f =1 af;, with f; = m;/E; for fermions and f; = %Ei_l for bosons. The factor g, is equal to m for
fermions and equal to % is the particle a is a boson. The momentum of the particles combined in A
is given by Q. [53] With this approximation the electro-nuclear interactions are calculated and thus
hadronic backgrounds can be modelled. Many simulation frameworks use this underlying model to
handle electro-nuclear interactions.

3.7 Physics reach

It has become apparent throughout the previous sections that the LOHENGRIN experiment aims to
detect dark matter via a missing momentum approach. To estimate the physics reach and feasibility of
experiments their sensitivity is estimated. Since the experiment is still in development, the sensitivity of
the experiment can be estimated using various factors. The baseline scenario will be introduced here and
a more aggressive signal region and thus physics reach can be found in [5]. In the baseline scenario the
signal region is determined by:

* asingle electron present in the initial state,

* asingle electron present in the final state with an energy between 25 to 75 MeV,
* energy depositions below ~20 MeV in the ECal and

* no significant energy deposition in the HCal.

The minimum cut on the energy of the recoiling electron is mainly motivated by the significantly
decreasing ability to track the electron at energies below 25 MeV.
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For the planned 4 - 10" e.0.t. the LOHENGRIN experiment will cover the dark sector parameter space
up to the expected properties of scalar dark matter in the mass range 2MeV < my < 30MeV. Here a
fraction of the dark photon mass to dark matter mass of roughly m 4 /m ) = 3 is assumed. A total of
1 — 100 signal events are expected for this amount of electrons on target. [5]

The estimated sensitivity of the LOHENGRIN experiment can be seen in figure 3.10 in comparison
to existing bounds. Tuning some of the variables, such as removing the minimum energy cut on the
recoiling electron, reducing backgrounds further by extending the ECal and extending the beam time,
the LoHENGRIN experiment would be able to probe the dark sector up to Marjorana dark matter in the
same mass range or even Pseudo-Dirac dark matter. [5]

The above explained scenario assumes a highly idealized HCal with immaculate veto efficiency and a
total of 10 hadronic background events in the final state. Depending on the electro-nuclear kinematics and
angular coverage of the hadronic calorimeter, more undetected hadronic signal signatures are expected.
The impact of hadronic background events on the sensitivity of the experiment can be seen in figure 3.11.
In the presented figure a different scenario for the LoHENGRIN experiment is used with 10" e.o.t. and an
extended ECal coverage ¢ > m/4rad. [5] Throughout this thesis the first - so the baseline - scenario will
be used as reference and comparison, though the presented figures in 3.11 emphasize the importance
of hadronic events in the signal region for the sensitivity of the experiment. As an illustration, five
different number of hadronic background events n,,  in the signal region are presented. It is obvious
from previous discussions and the figure, that the hadronic backgrounds have a massive impact on
the sensitivity of the experiment. For O < n;,4 < 100, searches for scalar LDM are possible and at
higher magnitudes 0(10° - 10*) the search for LDM gets increasingly difficult to impossible. Hence the
background suppression of the HCal and ECal must be highly efficient. In this context primarily the
understanding of electro-nuclear backgrounds and their impact on the sensitivity of the experiment are
of tremendous importance.
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Figure 3.10: Estimated sensitivity of the LoHENGRIN experiment for the baseline scenario. The red area shows the
expected sensitivity including the estimated backgrounds, the green area indicates the statistical limits assuming a
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1 projection is given. Taken from [5].
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CHAPTER 4

GEANT4 event generator for LOHENGRIN

To comprehend hadronic backgrounds at LOHENGRIN, a stand-alone simulation in GEANT4 (GEometry ANd
tracking) is implemented. Although GeanTt4 specialises in detector response simulations, the simulation
framework is used as a tool to investigate electro-nuclear interactions [55, 56]. This approach is inspired
by the Lpmx experiment, which used GEanT4 to demonstrate the minimal impact of electro-nuclear
interactions on its signal region [39]. Thus the stand-alone simulation in GEANT4 serves as an event
generator to get a first understanding of the types of particles created and their angular and energy
distributions. GEANT4 is a Monte Carlo toolkit for the simulation of the passage of particles through
matter and is widely used in high-energy, nuclear, accelerator and medical physics. One principal purpose
of GeanT4 is the simulation of particle detectors and their responses, which requires the modelling of
the interactions of various particle types with matter. Given its focus on detector response simulations,
not all physics processes are implemented with the highest level of precision, and some features may
contain bugs - particularly in areas outside the toolkit’s most common or standard use cases. GEANT4
covers an energy range of meV for thermal neutrons up to hundreds of GeV and includes a complete set
of physics processes for electromagnetic, strong and weak interactions of particles in matter. Physics
model implementations for each type of interaction are provided and some modelling approaches are
available in so-called physics lists. [55, 57]

To isolate electro-nuclear interactions and to get a better understanding of the process, GEanT4 is used
as an event-generator in the following. The simulation of the detailed detector setup is not necessary to
study the electro-nuclear process on a fundamental level and it is sufficient to simulate the interaction of
the incoming electron with the target. The geometry of the setup and the physics list used for the study
of the electro-nuclear interactions in GEaNT4 will be discussed in section 4.1. During the simulation
of the electro-nuclear processes several issues in the kinematics of the interactions arose, which will
be explained in section 4.2. Results of the electro-nuclear interactions in GEANT4 will be presented in
section 4.3 and at the end of the chapter a short discussion of photo-nuclear interactions in GEanT4 will
be done, see section 4.4.

It is important to emphasize that all discussed values throughout this thesis represent expectation
values and therefore inherently carry statistical uncertainties. Systematic uncertainties arising from the
simulation, e.g. errors on cross sections, are disregarded at this point, as this is a rather qualitative than
quantitative discussion. For future work - particularly in technical studies of the detector setup - such
systematic effects need to be taken into account.
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4.1 Geometry setup and physics list

Since GEANT4 is used as an event generator to study isolated electro-nuclear processes, only the necessary
components of the experiment are added to the simulation. Therefore only the target and the beam are
simulated and the outgoing particles are analysed.

In Geant4 all detector components are placed in a large world volume. Particles inside that volume
are propagated and interact with matter placed within the volume according to the physics list chosen.
All particle tracks are not further propagated outside of the world volume. Hence the world volume
needs to be chosen sufficiently large, such that all necessary components fit inside it. For the purpose
of using GEANT4 as an event generator, a world volume of (x,y,z) = (1 m, 1 m, 1 m) is chosen. The
coordinate system is the same as explained in section 3.4, with the origin of the coordinate system in the
center of the world volume and the beam is directed along the positive z axis. The implemented target
consists of tungsten, specifically 184\, as motivated in the previous chapter 3. A study on the impact of
the fermionic tungsten isotope is conducted in section 5.4 in the next chapter.

The target extends from —7.5 cm to 7.5 cm in both the x and y directions and is 0.1 - X, = 0.03504 cm
long. The target is placed at (0, 0, 0) in the world volume, which is filled with vacuum. The beam is
positioned at z = —50 cm and centered in the xy plane. This position is arbitrary, as long as it is centered
in xy and in front of the target, as the beam will interact only there. The beam energy is set to 3.2 GeV as
explained in section 3.4.

One so-called event in GEANT4 corresponds to a single beam electron propagating through the world
volume, its interaction with the target nuclei and all secondary particles from the interaction. The
secondary particles are simulated and can be recorded. It is important to emphasise that in the context of
the simulation framework a single event corresponds to a single electron and its interaction in the target.
However, at the LOHENGRIN experiment a single event may contain more than one electron on target.
All events are part of a collective run with a number of electrons on target (e.o.t.) that can be specified
individually.

The physics list used during simulations with GEanT4 throughout this thesis is the FTFP_BERT list,
which is the current default in GEanT4. From O to 5 GeV incident hadron energy, it uses the GEaANT4
Bertini cascade for hadron-nucleus interactions and the FTF parton string model for hadron-nucleus
interactions from 4 GeV onwards. After high energy FTF interactions have been completed, it uses the
GeanT4 pre-compound mode (hence the letter ”P”) to de-excite nuclei. [58] The "BERT” part of the
physics list stands for the intranuclear cascade model in use, which in this case is the Bertini cascade.
An intranuclear cascade is a cascade of hadrons and nucleons produced through a series of interactions
within the nucleus, initiated by a particle. If there are only few collisions and the effective nucleon
size is small, the nuclear medium can be considered a ’gas”. Thus making the intranuclear cascade
a classical model, solving the Boltzmann equation for the transport of a particle through a “gas” of
nucleons. However, this is only valid for incident particle energies up to 3 GeV. Above this energy the
classical model fails, as for example the Lorentz contraction of the target nucleus, causes the nucleons to
come too close together to be considered a gas. The newer, extended Bertini cascade includes incident
particle energies between 0 to 15 GeV. Some of the extensions include adding strange particles and
states with higher multiplicities to the model and also photo-nuclear interactions and muon capture. [59]

The most important update of the Bertini cascade for this thesis is the inclusion of photo-nuclear
and therefore electro-nuclear interactions, which are based on the EPA approach explained in section
3.6 [60]. The lepto-nuclear interactions are simulated as a virtual photon exchange between the lepton
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and a nucleon in the target. The virtual photon is created at an electromagnetic vertex generated by the
electron in G4ElectroVDNuclearModel and then a real photon is produced from the virtual photon
spectrum. At low energies (below 10 GeV) the photon is treated as a hadron interacting with a nucleon,
thus initiating the intranuclear Bertini cascade for the electro-nuclear interaction. For electro-nuclear
interactions the process is divided into a electromagnetic vertex, where the virtual particle is created,
and a hadronic vertex, where the virtual particle interacts with the target nucleus. At high energies the
photon is treated as a 7° and handed to the FTF high energy model. [58] Particles of the cascade can
either leave or be trapped in the nucleus depending on their energy. If the secondary particle has a kinetic
energy below the nuclear potential, it is trapped in the nucleus and later decayed or recombined with the
nucleus. Only particles with an energy above the nuclear potential will be propagated outside of the
nucleus and are part of the final state particles of that cascade. [59] [61]

With this simple geometry setup and the standard physics list, the electro-nuclear interactions can
be simulated in GEaNT4 and secondary particles can be analysed regarding their energy and angular
distributions.

4.2 Momentum Conservation in GEANT4

When analysing the kinematics of electro-nuclear interactions in GEANT4, some odd behaviour of the
final state particles was observed. A simple sanity check of 4-momentum conservation was implemented
prior to any further analysis and it became apparent that momentum conservation was not fulfilled by
many of the electro-nuclear events. This can be seen in figure 4.1, where the momentum components

Px» Py and p, of the recoiling electron that has undergone an electro-nuclear interaction are plotted

against the final missing momentum. The missing momentum corresponds to p™* = — 3, p. ;, where

Px.,i 1s the momentum of final state particle i. In particular for the components p, and p., the recoiling
electron obtains exactly the amount of missing momentum of that event. This hints at an issue with the
frame of reference.

The momentum component p, however, does not show this correlation between the recoiling electron
and final missing momentum. Therefore another issue must be present during the simulation of
electro-nuclear interactions. When investigating the electro-nuclear events in more detail, the second
reason for the momentum conservation violation can be found. Since electro-nuclear interactions in
GEeanT4 are calculated with the EPA approach, the electron interacts with the nucleus via virtual photon
exchange. This virtual photon can have values of q2 # 0. When the virtual photon is converted into a
real photon, its momentum is cut-off to maintain q2 = 0 for the real photon. To ensure q2 = 0 for the real
photon, either momentum or energy conservation must be violated and in the case of GEANT4 the photon
momentum is cut-off. This can be highlighted by a simple example: in the case of an incoming electron
with momentum p = p - €,, its momentum would be divided onto the recoiling electron and the photon
in the following sense:

* Recoiling electron: p, = p’ - &, + p, +p,
* Transferred photon: j5,, = p” - &, — p, - p,

Here the obtained transverse momentum of the recoiling electron and photon must add up to exactly
zero. However, in GEaNT4 the following 4-momenta of the recoiling electron and the transferred photon
are obtained for an exemplary electro-nuclear interaction [54]:
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* Recoiling electron: p, = 2967.3046 - €, +57.01363 - €, — 214.62580 - €,
* Transferred photon: p,, = 162.33604 - €, —39.77461 - €, +149.73013 - ¢,

Though the signs are correct for the components p, and p, the values for the transferred photon are
smaller because they have been cut-off. This can be observed for many of the electro-nuclear events
and if this cut-off momentum is introduced to the system again, then the missing momentum in the z
component improves, see figure 4.2.

Since already it was suspected that there is an additional issue regarding the frame of reference, the
kinematics of the electro-nuclear interactions were investigated further. The electro-nuclear vertex is
created in G4ElectroVDNuclearModel and the kinematics are also handled there. In the source code
the particles are created in the frame of reference, in which the transferred photon travels along the
positive z axis. The secondary particles from electro-nuclear interactions are created in this reference
frame and then not rotated back into the lab frame. Of course this causes issues in the momentum
conservation, since the momenta are compared to the lab frame momentum of the electron. This
can be fixed by adding the corresponding rotation of all secondary particles back into the lab frame
to the source code. In figure 4.3 the improved momentum plots are given with the added missing
momentum to the system and the rotation back into the lab frame of all secondary particles. It is
clear that there is no more missing momentum in all momentum components. In the following the
version of GEANT4 is used that has implemented the rotation of secondary particles into the lab frame. [54]
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Figure 4.1: Momentum component p; of the recoiling electron against the final missing momentum per event for
momentum component p; from a simulation of electro-nuclear interactions with the standard version of GEANT4.
Taken from [54].
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4.3 GEANT4 output

To get a first understanding of electro-nuclear interactions, 2.5 - 10° e.o.t. are simulated in GEaNT4 and
the results will be discussed in the following. Secondary particles of the electro-nuclear interactions are
analysed at their first step in the simulation, so directly after creation.

In figure 4.4 the kinetic energy and angle 6 of the recoiling electron are given. One can clearly see
that in most cases the electron does not loose a significant amount of energy, which corresponds to
the expectations and also shows that the majority of events lie outside the signal region. There are
however cases, where the electron looses a substantial amount of energy and in combination with the
distributions of the outgoing secondary particles, this will become crucial to the analysis. The angle
6 of the recoiling electron is less than 6 < 0.3rad for most of the events and only in a few O(10)
events the electron obtains angles larger than that. Events with a recoiling electron of § > 0.2 rad are
vetoed due to the missing electron track in the final state and thus do not fall into the signal region at
LoHENGRIN. When investigating the signal region of the recoiling electron in more detail, an interesting
observation was made: In all cases, where the the momentum transfer to the virtual photon is larger
than 3.125 MeV, so for recoiling electron energies below 75 MeV, the recoiling electron is scattered
in forward direction with an exact value of § = Orad. To understand, why the angle 6 is always
set to zero for these recoil energies, the source code was analysed. In the source code, where the
electro-nuclear vertex is calculated, a cut-off value for the maximum transferred energy of the electron
to the virtual photon is set, with the comment “The region where the method does not work”, see
G4ElectroNuclearCrossSection: :GetEquivalentPhotonQ2 () in GeEanT4 version 11.2.1 [62].
If the energy transfer exceeds a value of ~ 3017 MeV, so the recoil electron would have an energy
below ~ 183 MeV, the q2 of the virtual photon is set to zero. When calculating the kinematics of the
recoiling electron, this q2 = 0 value forces the angle 6 = Orad. Since the signal region of the LOHENGRIN
experiment lies in this energy range of the recoiling electron, no reliable results for the experiment can
be obtained using GEanT4. In the following the data from GEanT4 are analysed further, after which an
alternative event generator will be introduced in the next chapter.
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Figure 4.4: Kinetic energy (left) and 6 of recoiling electrons (right) for a Geant4 simulation of 2.5 - 10° e.o.t..
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In figure 4.5 the energy of the recoiling electron (as also given in figure 4.4) is plotted against the
number of encountered hadrons per event. Additionally the number of hadrons with more than 500 MeV
per event is provided in figure 4.5 on the right. The number of hadrons encountered in the final state per
electro-nuclear event can vary largely. Most likely are events where the electron has lost no significant
amount of energy and O to 3 hadrons are present in the final state. The overall distribution is reasonable,
however events with zero hadrons are untypical for electro-nuclear interactions [63, 64]. Since separation
energies of a few MeV are enough to separate nucleons from the target nuclei, at least O(1) hadron
should be emitted from the electro-nuclear interaction [9]. Whether the amount of events with zero
hadrons is due to the model used in GEANT4 or there is another cut in the source code undiscovered, is
unclear.
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Figure 4.5: Number of encountered hadrons (left) and number of encountered hadrons with more than 500 MeV
energy (right) per event against energy of the recoil electron for a GEanT4 simulation of 2.5 - 10° e.o.t.

One important aspect of this study is to understand which particles are encountered and might go
undetected in the current detector design. In figure 4.6 the Particle Data Group (PDG) particle numbers
for all encountered secondary hadrons of electro-nuclear interactions in the target are given. See table
5.1 for an overview of particles and their identification numbers. The most encountered particles are
neutrons (2112) and protons (2212) [65]. Other encountered particles are pions 7~ (211), 7~ (-211) and
7° (111) and kaons K* (321), K~ (-321) or Kg (130). Hadrons in the region between Id 3000 and 3500
are charged and neutral X baryons. It is important that all events with charged and neutral hadrons are
detected in the calorimeters, to maintain sensitivity in the signal region. Though events where a charged
hadron produces a track in the tracking layers can also be vetoed. To get a handle on the energies and
angles the hadrons obtain from the electro-nuclear interaction, they will be examined in the following.
Additionally the distributions for the photons will be analysed and compared.

In figure 4.7 the kinetic energy of photons and hadrons are presented. The secondary photons only
obtain energies of a few O(MeV), whereas the secondary hadrons can have energies up to 3 GeV. Though
most hadrons also obtain only a small amount of kinetic energy up to 100 MeV.
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Figure 4.6: PDG particle Ids of encountered secondary hadrons for a Geant4 simulation with 2.5 - 10° e.o.t..
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Figure 4.7: Kinetic energy of photons (left) and hadrons (right) for a Geant4 simulation of 2.5 - 10° electrons on
target.

In figures 4.8 and 4.9 the angles ¢ and 6 for secondary photons and hadrons are provided. The artifacts
in the 6 and ¢ distributions arise from the use of the standard FTFP_BERT physics list, in particular
when including G4HadronElasticPhysics, which handles elastic interactions of hadrons [61]. The
distribution of ¢ for both secondary photons and hadrons has distinct peaks at Orad, 7 and 2z. These
artifacts are especially visible in the secondary photon ¢ distribution. When analysing the kinematics of
events with photons emerging the target at such angles, it became apparent that GEANT4 creates many
secondary particles with p = 0. These are particles that convert in the simulation, do not obtain any
momentum and energy and are only created due to technical reasons. Since these are not actual final
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state particles, they need to be excluded in the distribution. This can be seen in figure 4.10, where only
secondary particles with p, # 0 are included.

Including G4HadronElasticPhysics in the physics list also causes the dent in the 6 distribution for
the secondary particles. This dent is not expected in the spectrum and might be another effect of the way
GEeaNT4 handles electro-nuclear kinematics.

Excluding the dents in 8 and the artifacts in ¢, the distributions are isotropic. The choice of coordinates
gives rise to the sine-shape of the 6 distribution, as it takes the area of the sphere into account, whereas
¢ is isotropic when evenly distributed. This simply means that if spots on a sphere are isotropically
distributed, more accumulate around the equator of the sphere than at the poles. The angular distribution
of 6 for the hadrons is slightly shifted towards smaller angles, hinting at the existence of some high-energy
hadrons boosted in forward direction.

Reason for the roughly isotropic distribution is that in electro-nuclear events, only a few O (1) hadrons
obtain a large amount of energy, while the rest of the low-energetic hadrons are radiated off the nucleus
during its de-excitation. Applying a cut on hadrons with energies above 500 MeV, the distribution
shifts towards smaller angles, verifying the existence of some high-energy secondary hadrons that
emerge the target with smaller angles, see figure 4.11. Though from the loss of statistics the rareness of
the high-energy hadrons can be seen. Thus electro-nuclear interactions are dominated by low-energy
isotropically distributed secondary particles. The same can be done for the photons emerging from
electro-nuclear interactions. In figure 4.12 the corresponding distributions for photons with energies
above 200 MeV are given. Compared to the hadrons there are less high-energy photons, though the
distribution also shifts towards smaller angles.
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Figure 4.8: ¢ of photons (left) and hadrons (right) for a GEANT4 simulation of 2.5 - 10° electrons on target.
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Figure 4.9: 6 of photons (left) and hadrons (right) for a GEanT4 simulation of 2.5 - 10° electrons on target. In red
an additional sine fit is applied.
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Figure 4.10: ¢ of photons (left) and hadrons (right) with p, # 0 for a GEaANT4 simulation of 2.5 - 10° electrons on
target.
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Figure 4.11: Kinetic energy (left) and 6 of hadrons (right) with applied energy cut E,;, > 500 MeV for a GEANT4
simulation of 2.5 - 10° electrons on target.

Counts
Counts
N

=

Il Il Il Il
1000 1500 2000 2500 . 1 15 2 25 3 35
Energy in MeV Oinrad

Figure 4.12: Kinetic energy (left) and 6 of photons (right) with applied energy cut Ey;, > 200 MeV for a GEanT4
simulation of 2.5 - 10° electrons on target.
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4.4 Electro- vs. Photo-Nuclear Interactions

As explained in section 3.3, the overall largest background for LoHENGRIN are QED interactions with
out of acceptance high-energy photons, for example photons produced via hard bremsstrahlung of the
electron in the target or also tracker material. In most cases the hard bremsstrahlung itself does not pose
a problem to the sensitivity of the experiment, as the photon will most likely be detected in the ECal, it
might happen that a photon undergoes a photo-nuclear interaction in the target, trackers or the ECal and
the outgoing particles remain undetected. Although the trackers will be much thinner than the target,
and photo-nuclear interactions of secondary photons will be rare, it is still of interest to investigate the
overall distributions of secondary particles from photo-nuclear interactions.

As an extreme case the photon will be directed onto the target and the photo-nuclear interactions of
the photon in the target will be studied. Similarly to before, a 3.2 GeV photon beam is therefore directed
onto the center of the target. In reality one would have to account for the bremsstrahlung beforehand and
thus analyse the impact of photons from the energy spectrum of the SM QED process, which will most
likely be less than 3.2 GeV. For now the most pessimistic case - so maximum amount of energy - is
chosen, as the angular distributions of the secondary particles are of interest. Further studies regarding
the impact of photo-nuclear interactions in the detector setup should be done in the future.

The photo-nuclear interactions will be compared to the electro-nuclear interactions in the following
and thus events that have been simulated with the electron beam and contain electro-nuclear interactions
will be called EN and events simulated with a photon beam containing photo-nuclear interactions will
be called PN. For each scenario only final state particles that have undergone the respective interaction
are analysed.

To save computation time in these exhaustive simulations, a custom physics list has been imple-
mented. This custom physics list only allows for electro-nuclear and photo-nuclear interactions via
G4EmExtraPhysics and hadronic decays via G4DecayPhysics. This way the processes of interest are
isolated to study only such events and save computation time, while reaching a large number of statistics.
Additionally an enhancement factor for the electro- or photo-nuclear cross section has been implemented.
The enhancement factor is simply multiplied to the respective cross section, to make the interaction more
likely and thus generate more electro- or photo-nuclear events, see section A.1 in the appendix for more
details. If an enhancement factor is used, it will be given in the caption of each figure in the form E'F,,
where xy stands for either EN or PN depending on the process at hand.

In figure 4.13 the secondary photon energies for photo- and electro-nuclear interactions are presented.
Both photo- and electro-nuclear interactions have most secondary photons at energies below 100 MeV.
Only few secondary photons obtain energies above that threshold in both simulations. The similarity
in distributions also hold for the 6 and ¢ distributions of secondary photons, see figures 4.14 and
4.15, which are isotropic for both simulations. One very obvious observation in the histograms is the
missing dent and artifacts in the angular distributions in comparison to the results in the previous section.
In this simulation only the electromagnetic interactions (G4EmExtraPhysics) and hadronic decays
(G4DecayPhysics) are included, which do not cause the artifacts observed previously. Overall there are
more secondary photons produced during photo-nuclear interactions, compared to the electro-nuclear
interactions.

Figure 4.16 shows the kinetic energy distributions of secondary hadrons for the electro- and photo-
nuclear processes. The energies of secondary hadrons of the respective processes are distributed
similarly, with most hadrons obtaining only a small amount of kinetic energy. The angular distributions
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of secondary hadrons are given in figure 4.17 and 4.18. The angle 6 is distributed isotropically with
a slight shift towards smaller angles for electro-nuclear interactions and has a more distinctive shift
towards smaller angles for the photo-nuclear process. The ¢ distributions are both isotropic, as expected.
As already observed for the photons, there are more secondary hadrons produced in photo-nuclear
interactions at 3.2 GeV, compared to the electro-nuclear interactions at the same energy of incident
electrons. Since the two processes are closely related by the virtual photon exchange during an
electro-nuclear interaction, this difference in statistics is expected. The photo-nuclear process at 3.2 GeV
corresponds to an electro-nuclear interaction, where the incident electron looses all of its initial energy
to the virtual photon. Therefore a photo-nuclear interaction corresponds to the first bin in figure 4.5,
discussed in the previous section. For the electro-nuclear events with such large energy transfers the
number of encountered hadrons varied from O up to 70. Thus photo-nuclear interactions at an energy of
3.2 GeV are expected to have more secondary particles, as they are an extreme case of the electro-nuclear
interactions discussed in the previous section.

[ T | I 1 1 | e
0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500
Energy in MeV Energy in MeV

Figure 4.13: Kinetic energy of secondary photons with logarithmic scale for an electron beam with EFy, =
10°,EF py = 1 (left) and a photon beam with EFgy =1, EFpy = 10° (right). For both cases 107 beam particles
on target are simulated.
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Figure 4.14: 0 of secondary photons for an electron beam with EFy = 10°,EF, py = 1 (left) and a photon beam
with EFy = 1, EFpy = 10° (right). For both cases 10’ beam particles on target are simulated.
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Figure 4.15: ¢ of secondary photons for an electron beam with EFp 5 = 10, EF py = 1 (left) and a photon beam
with EFpy =1, EFpy = 10° (right). For both cases 107 beam particles on target are simulated.
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Figure 4.16: Kinetic energy of secondary hadrons for an electron beam with EFgy = 10°,EF, py =1 (left) and a
photon beam with EFpy = 1, EFpy = 10° (right). For both cases 107 beam particles on target are simulated.
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Figure 4.17: 6 of secondary hadrons for an electron beam with EFp 5 = 10°, EF pn = 1 (left) and a photon beam
with EFgy =1, EFpy = 10* (right). For both cases 107 beam particles on target are simulated.
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Figure 4.18: ¢ of secondary hadrons for an electron beam with EFp,, = 10°,EF pny = 1 (left) and a photon beam
with EFgy =1, EFpy = 10° (right). For both cases 107 beam particles on target are simulated.

It becomes apparent in all figures that the distributions for the individual variables are very similar
between the electro- and photo-nuclear interactions. Since the overall distributions are important to
study the impact of photo-nuclear interactions to the experiment, the experiment should be able to veto
events with photo-nuclear interactions of hard bremsstrahlungs photons the same way as electro-nuclear
background events. This is to be expected, due to the processes themselves being closely related. More
studies should be conducted concerning the ability to veto backgrounds from photo-nuclear interactions,
especially regarding the full detector setup and the impact of hadronic backgrounds being produced in
other sensitive materials in the detector setup. Of course the impact of photo-nuclear interactions at
lower energies should also be studied in more detail, as the photons emerge from SM bremsstrahlung
and will have less than 3.2 GeV.

4.5 Summary

In this chapter electro-nuclear interactions as background for the LOHENGRIN experiment were investigated
using the simulation framework GEAaNT4 as an event generator. After fixing some apparent bugs in
GEeanT4, the kinematics of individual events were analysed and it became apparent that GEaNT4 does
not reliably simulate electro-nuclear interactions in the signal region of the LOHENGRIN experiment.
Recoiling electrons in the signal region obtain values of 8 = Orad for recoiling electron energies below
~ 183 MeV. Due to the unreliability of GEaNT4 in the signal region, an alternative event generator will
be introduced in the next chapter.

The secondary particles of electro-nuclear interactions were analysed to get an understanding of the
energy and angular distributions in GEaANT4. From these distributions it became apparent that most
of the secondary particles from electro-nuclear interactions obtain energies below 100 MeV and are
isotropically distributed. Only high-energy secondary photons and hadrons are boosted in forward
direction and thus obtain smaller angles. If each event contains at least one high-energy hadron or photon
that deposits energy in the forward calorimeters, such that the event can be vetoed, then the current veto
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strategy can remain. However, if there is a significant amount of events without a hadron or photon that
produce a measurable signal in the calorimeters, then the veto strategy needs to be adapted.

In the last section of this chapter the electro-nuclear interactions in GEaANT4 were compared to
photo-nuclear interactions. Overall the distributions for secondary particles from photo- and electro-
nuclear interactions are similar, with mainly statistical fluctuations. The main difference is that there are
more secondary hadrons and photons produced during photo-nuclear interactions and there are more
high-energy secondaries. The overall veto-strategies for photo- and electro-nuclear interactions should
therefore be similar as well. Further studies on this should be conducted in the future with a full detector
simulation, to investigate the impact of photo-nuclear interactions in other detector materials in the setup.
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CHAPTER D

FLUKA event generator for LOHENGRIN

During the simulations of electro-nuclear interactions with GEANT4, it quickly became clear that it is not
well suited and reliable in the signal region of the LoHENGRIN experiment. Consequently, the search for
an alternative event generator was pursued, one of which is FLuka.

In this chapter the simulation framework FLuka will be used as an event generator for electro-nuclear
interactions to investigate and further strengthen the understanding of such processes at the LOHENGRIN
experiment and study the impact on the current detector setup.

FLuka is also a Monte Carlo based simulation framework for particle transport and interactions with
matter and will be tested as an alternative event generator for electro-nuclear events particularly in the
signal region of the LoHENGRIN experiment. There are various applications of FLuka, such as radiation
protection, medical physics, detector design and accelerator physics. FLuka is able to simulate the
interaction and propagation of photons and electrons in matter, with energies from 100 eV to thousands
of TeV and hadrons can be simulated with energies from thermal energies for neutrons up to 20 TeV. In
the scope of this thesis version 4-4.1 of FLuka is used, downloaded July 2024. [66, 67]

Electro-nuclear interactions are implemented in FLuka in a broad energy range from MeV to TeV [68].
The model to simulate electro-nuclear interactions in FLuka is the so-called EMD (electromagnetic
dissociation), which uses the basic equivalent photon approximation to create the virtual photon for
high-energy incident electrons. However, it is a more extensive model with corrections for small energy
transfers, where the EPA does not suffice. [69]

In figure 5.1 the electro-nuclear cross section simulated with FLuka and compared to real data for
81 Ta(e™, n)'®'Ta can be viewed. The red dots correspond to the basic EPA approach and the blue
line corresponds to the current version of the simulation framework with the EMD model [69]. The
figure serves as a proof of principle for the accuracy of the FLuka simulations, as one can see that the
current state of the simulation framework indeed describes the data to high precision. Though the total
cross section is described well by the implemented model in FLukAa, it is no proof of how accurate the
differential cross section is described and how precise the kinematics of electro-nuclear processes are
defined in the model. Especially important for the application at hand is the ability to reliably handle
events with recoiling electron energies below 75 MeV, which is possible with FLuka [63, 70].

In addition the yield of neutrons per incident electron against the electron energy is provided in figure
5.2 for electro-nuclear interactions. The FLuka simulations are compared to experimental data and
describe the data with high precision. From the yield of neutrons the kinematics of the electro-nuclear
interaction can be assessed, which seem to be described well. [71]
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Figure 5.1: Electro-nuclear cross section for 181Ta(e_, n)lSOTa against the energy of the electron. The blue data
points correspond to data taken from [72], the blue line is the current state of FLuka and the red dots correspond
to the basic EPA approach. Taken from [69].

In the following chapter electro-nuclear interactions in FLuka will be discussed. First the implemented
geometry will be explained in section 5.1 and a short effort towards the visualisation of electro-nuclear
events in FLuka will be made to further strengthen the understanding of the processes at hand, see
section 5.2. The results of electro-nuclear interactions in FLuka will be presented and discussed in
section 5.3. In section 5.4 the impact of the composition of the target will be studied. To do so the
impact of the fermionic isotope in the tungsten target will be investigated, as well as impurities of the
target. Finally, in section 5.6, an event selection will be applied to the Monte Carlo results to get a rough
estimate of hadronic backgrounds in the signal region of the LOHENGRIN experiment.

5.1 Geometry setup

The geometry setup in FLuka works similar to GEANT4: first a so-called “black body” is defined, into
which a “void sphere” is placed. Particles outside the void sphere are not propagated further. Inside the
void sphere detector components can be placed. Since FLuka is used as an event generator, a small black
body and void sphere, filled with vacuum, suffice. The target can be placed inside the void and the beam
can start directly in front of the target. This way the events are simulated by FLuka and all outgoing
particles can be analysed or later placed into a detector simulation. For a chosen number of primary
electrons, all secondary particles from inelastic electro-nuclear interactions are recorded in a . dat file.
The type of information to be saved can be defined by the user. In the present case all secondary energies,
momenta, positions and particle types are collected on event basis, as well as the respective information
on the incoming electron and the recoiling nucleus. This data can then be analysed using an analysis
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Figure 5.2: Neutron yield per incident electron energy against the initial electron energy for FLuka simulations
(open symbols) and data (closed symbols) with a lead (left) and an iron target (right). The upper point correspond
to a target thickness of 5.93 - X, (Pb) and 3.46 - X, (U) and the lower points correspond to 1.01 - X, (Pb) and
1.14 - X,y (U). Taken from [71].

framework of choice. Particles in FLuka are not categorized by PDG identification numbers, but the
framework has its own numbering scheme for particles. In table 5.1 the particle numbers for different
particles in FLuka and their corresponding PDG particle number are given, in order to translate between
the FLuka numbering scheme and the PDG numbers. All of the particles given in the table are observed
during the electro-nuclear interactions in FLuka. [73]

The chosen black body dimensions are
* (28 cm X 28 cm) in x and y directions,
* (2cm X 2cm) in z direction,

the void extends from

* (27cm x 27 cm) in x and y directions,

e (1cm X 1cm) in z direction,
and the target has the dimensions

e (13cm x 13c¢m) in x and y directions, and

¢ 0.03504 cm in z direction.

Each component is centered around (0, 0, 0) in all directions. The beam starts at z, = —0.1 cm, also
centered in the xy-plane and has an energy of 3.2 GeV. The target material is the bosonic tungsten
isotope 184y, similar to the simulations in GEANT4.

In the following the MC truth distributions of the observables, such as energy and angles of the
recoiling electron and secondary photons and hadrons will be analysed. A more thorough analysis of the
events will be done. It is important to note that momentum and energy are conserved to floating point
precision for electro-nuclear events in FLuka. The corresponding figures can be found in the appendix
A2
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Table 5.1: Tabulated particle numbers in FLuka with corresponding PDG particle number. Sorted by FLuka
particle numbers. [74] [75]

‘ Particle ‘ Symbol H PDG number ‘ FLukA number ‘
proton )4 2212 1
anti proton P -2212 2
electron e 11 3
photon y 22 7
neutron n 2112 8
anti neutron 17 -2112 9
muon + ut -13 10
muon - u 13 11
kaon long K} 130 12
pion + at 211 13
pion - I 211 14
kaon + K* 321 15
kaon - K -321 16
lambda A 3122 17
anti lambda A -3122 18
kaon zero short Kg 310 19
sigma - " 3112 20
sigma + =t 3222 21
sigma zero x0 3212 22
pion zero x° 111 23
kaon zero K° 311 24
anti kaon zero K° 311 25
anti sigma - p -3222 31
anti sigma zero 50 -3212 32
anti sigma + =* 23112 33
xi zero =y 3322 34
anti xi zero g0 -3322 35
Xi - 2 3312 36
Xi+ =" -3312 37

5.2 Event visualization

To get an understanding of electro-nuclear events in FLukA on a more fundamental level, multiple,
randomly chosen events are visualized in three dimensions. In figure 5.3, two example events with all
encountered secondary particles are presented, to visualize how many and what types of particles are
emerging the target per event. For both events the complete set of momentum vectors is given on the
left and a zoomed-in version is provided on the right. The momentum vectors all originate from the
center of the coordinate system, even though the interaction took place in the area around the origin in
the target. For a qualitative discussion this is sufficient. In table 5.2 the colour coding for each particle is
given. Notice that this is only a small excerpt of all events and also other hadrons are encountered in
the electro-nuclear events, that are not drawn here. In the first event (on the top) most of the energy is
divided between two 7° (1 GeV and 600 MeV) and a neutron (170 MeV), while the rest of the energy is
spread over nucleons, a 7~ and very low-energetic O (1 MeV) neutrons and photons. The second event
(on the bottom) has most of the energy spread over a photon (2.5 GeV) and a neutron (500 MeV). The
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Table 5.2: Tabulated encountered particles in FLuka simulation with corresponding colour used in the visualisation.

‘ Particle ‘ Symbol ‘ Colour ‘
proton )4 blue
electron e red
photon y green
neutron n cyan

neutral pions x° magenta

charged pions nt yellow
kaon + K* orange
lambda A black

rest of the energy is distributed again over low-energetic nucleons and photons.

Some more visualised events are provided in figure 5.4. In these events only particles with energies
above 50 MeV are drawn and the number of particles per event is drastically reduced, which corresponds
to the understanding of electro-nuclear interactions this far. All events have in common that the majority
of the transferred energy O (100 to 1000 MeV) is obtained by only two to three particles and the rest of
the particles obtain only a small amount of energy < 100 MeV.

The isotropic distribution of electro-nuclear secondaries becomes especially apparent in the first
figure without the applied energy cut, whereas the events with the applied energy cut have more forward
directed particles. However, even with the applied energy cut the events have high-energy particles
emerging the target at a large angle, which is not well covered by the current veto strategy and will be
investigated in more detail in the following.
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Figure 5.3: Exemplary event e~ W 5 e+ Er+272° + 220 + S5p+n + 6y (top) and e +¥w -

+57 Er + 8n + 2p + 8y (bottom) with all encountered secondary particles from a 2.5 - 10" e.o.t. FLuka
simulation (left) and zoomed in (right). The colour coding is given in table 5.2.
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Figure 5.4: Visualized events from a 2.5 - 10" e.0.t. FLuka simulation. The colour coding is given in table 5.2.
Only particles with energies above 50 MeV are drawn.
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5.3 FLUKA output

In FLuka 2.5- 10 e.o.t. are simulated to quantify the observed events from the previous section. Roughly
8 - 10* out of the 2.5 - 10° events are electro-nuclear interactions in the target and the rest are other
processes like elastic scattering of the electron or SM QED interactions. In figure 5.5 the distributions of
the kinetic energy and angle 8 of the recoil electron are presented. They look similar to the distributions
observed in GEaNT4. It is clearly visible that recoil energies below 100 MeV are possible and FLukaA is
able to reliably simulate this region [63, 70]. The angular distribution of the recoiling electrons looks as
expected with a distinct peak for angles below 0.1 rad and only a few O(10) electrons with angles above
this value.

Counts
T T T T 1717
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10

. 0.4 0.5
Energy in GeV 0inrad

Figure 5.5: Kinetic energy (left) and angle 6 (right) of the recoil electron for 2.5 - 10° electrons on target for FLuka
simulation with a logarithmic scales.

Again the number of encountered hadrons per event against the recoiling energy of the electron is
analysed, to get an overview of encountered hadrons, see figure 5.6. The overall distribution looks
similar to that seen in GEANT4, with one major difference: contrary to the results in GEaANT4, the number
of hadrons encountered per event is almost always n;,4 > 0. There are only extremely rare events with
zero hadrons, which corresponds to the understanding of electro-nuclear interactions, as pure photon
dexcitation of the nucleus is supposed to be rare [63, 64]. As mentioned previously: even at small energy
transfers to the nucleus, the binding energy of nucleons to the nucleus are exceeded and thus hadrons
should be released. The histogram does show an increased probability to have 1-2 hadrons per event,
which seems plausible, as in many events the electron only transfers a small amount of energy, making it
unlikely to produce more than 2 or 3 secondary hadrons.

Additionally to the recoiling electron, the information on the recoiling nucleus can be acquired in
Fruka. The corresponding histogram can be viewed in figure 5.7. The recoiling nucleus obtains only a
small amount of energy from the interaction in the MeV range, as is to be expected.

As for secondary hadrons produced during electro-nuclear interactions, it is also interesting to see
what kind of particles are created during electro-nuclear interactions in FLuka. The secondary FLuka
particles for all encountered secondary particles can be viewed in figure 5.8. Additionally the particle
numbers for hadrons with energies above 500 MeV is provided. It becomes apparent that including all
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Figure 5.6: Number of encountered hadrons (left) and number of encountered hadrons with more than 500 MeV
energy (right) per event against energy of the recoil electron for a FLuka simulation of 2.5 - 10° e.o.t.

energies, protons (1), neutrons (8) and photons (7) make up the majority of produced secondary particles
(excluding the recoiling electrons). But when applying the energy cut for hadrons of 500 MeV, the
relative number of neutrons and protons is significantly smaller and pions n° (23), ™ (13,14), kaons K 0
(24), K™ (15) and sigma x? (22) gain in relative amount. The overall number of hadrons is significantly
smaller O( 10° ), proving that most of the outgoing secondary hadrons are low-energetic. This supports
the theory, that during an electro-nuclear interaction most of the energy the electron looses is transferred
only to a few hadrons, while the neutrons are radiated off during the de-excitation of the remaining
nucleus.

As mentioned in the previous chapter, knowing which particles emerge from the electro-nuclear
interactions is very important, and the detector design is heavily dependent on it. Though it was
suspected that neutral hadrons such as the Kﬁ would be the main challenge for the veto efficiency against
hadron final states, it turns out that the neutrons and protons pose a much larger problem, as they are
radiated off isotropically. But also high-energy hadrons, such as pions and kaons, must be detected with
the current veto strategy, to obtain a high background rejection efficiency. The results of the FLuka
simulations regarding the angular distributions of the secondary photons and hadrons will be analysed in
the following.

In figure 5.9 the energy distributions for the secondary photons and hadrons of electro-nuclear
interactions are given. Most of the secondary photons are low-energetic with energies less than 10 MeV
and only a few particles are observed outside of that scope. A similar behaviour can be observed for
secondary hadrons, with most of the hadrons having less energy than 100 MeV. However, there are more
high-energy hadrons with energies above 1 GeV compared to the photons. If high-energy neutral hadrons
obtain angles that exceed the angular coverage of the HCal (0.6 rad) and no other veto strategy applies
for the event, then signal-like signatures are left in the detector setup. The angular distributions are given
in figures 5.10 and 5.11. As expected these distributions are isotropic, with a slight shift towards smaller
angles of 8 for secondary hadrons. This can be seen from the slight difference to the sine-function fitted
to the histogram data. It is obvious that the low-energy hadrons and photons that are radiated at large
angles are impossible to detect with the forward calorimeters in the current detector setup. Additionally
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Figure 5.7: Kinetic energy for recoil nucleus for 2.5 - 10 e.o.t. for FLuka simulation with logarithmic scale.
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Figure 5.8: Secondary particle numbers for 2.5 - 10° e.o.t. for FLuka simulation (left) and for hadrons with more
than 500 MeV Kkinetic energy (right) with a logarithmic scale.
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Figure 5.9: Energy of secondary photons (left) and hadrons (right) for 2.5 - 10° e.o.t. for FLuka simulation with a
logarithmic scale.

it is suspected that many of the low-energy particles with larger opening angles than the magnet will be
absorbed by the iron bulk. Thus high-energy hadrons emitted in forward direction provide a possibility
to veto electro-nuclear events with the current detector design. Therefore it is of interest to look at
only the high-energy particles. The cuts are applied similarly to the previous chapter: for the photons
the high-energy cut is set to 200 MeV and for hadrons at 500 MeV. The energy distributions for the
high-energy secondary particles can be viewed in figure 5.12. For both the photons and hadrons only
a small fraction of particles pass the energy cut compared to the total number of particles. This is in
accordance with the theoretical expectation, where only a small number of high-energy hadrons and
photons are emitted from the electro-nuclear interaction.

The 6 distribution in figure 5.13 is shifted towards smaller angles for high-energy secondary photons
and hadrons. Thus higher energy particles emerge at smaller angles, which also corresponds to the
expectation. Though it is visible from the two histograms that there is a significant amount of high-energy
secondaries that obtain large angles outside the scope of the calorimeters.

The correlation between energy and angle 6 of secondary hadrons can be visualised to further
strengthen the model of electro-nuclear interactions. In figure 5.14 the angles 6 of secondary hadrons
are plotted against the hadrons energy and the mean of each bin is provided additionally in a separate
histogram. Indeed it can be verified that for small energies, the angular distribution of the hadrons
is isotropic and the larger the hadron energy, the smaller the obtained angle. While the majority of
high-energy hadrons are emitted in forward direction, there is a significant fraction of events with
high-energy hadrons emitted at large angles. Together with the small number of high-energy hadrons,
this presents a challenge to the current veto strategy of the LOHENGRIN experiment.
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Figure 5.10: 0 of the secondary photons (left) and 6 of the secondary hadrons (right) for 2.5 - 10 e.o.t. for FLUKA
simulation.
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Figure 5.11: Gamma ¢ (left) and hadron ¢ (right) for 2.5 - 10° e.o.t. for FLuka simulation.
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Figure 5.12: Energy distributions for a FLukA simulation with 2.5 - 10° e.o.t. of photons (left) and hadrons (right)
and the respective energy cuts applied.
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Figure 5.13: 6 distributions for a FLuka simulation with 2.5 - 10° e.o.t. of photons (left) and hadrons (right) and
the respective energy cuts applied.

60



Chapter 5 FLuka event generator for LOHENGRIN

w
3

L Lt
Binrad

w

0 of hadrons

10°

N

o
|
; =
©

N

10°

=
&)

ol

=

i
N

ErT T T I T[T T [ TT T[T [ TT T[T T T[T I T[T T T [ TT [ TTTTTT

R L L L R A

=

10 0.6

0.5

HHJ{HH N

o b b b b b 1 0\\\H\\\H\\\HH\HH\HH\\X\XH\H
0.5 1 15 2 25 3 0 5 .
Energy in GeV Energy in GeV

Figure 5.14: 8-energy correlation of hadrons encountered in a FLuka simulation with 2.5 - 10° e.o.t. (left) and the
mean per energy bin with standard deviation (right). If the standard deviation is zero, then there is only one hit in
that bin.

5.4 Target composition Study

Before investigating the signal region at LoHENGRIN for the simulated FLuka data, a short study
concerning the target material is conducted. To this point only the scalar isotope 1B4W of tungsten was
used as the material of the target. This has been well motivated in section 3.2 and in more detail in
[5]. The impact of the fermionic isotope of tungsten as target material will be analysed in the following
section 5.4.1, to further strengthen the assumptions above.

In reality the target will consist of natural tungsten and thus be composed of a mixture of the fermionic
and bosonic isotopes. However, the production of such targets for physics experiments is not ideal and
impurities are often found in the material. In section 5.4.2 a target with an impurity will be used in the
simulation to study the impact on the electro-nuclear interactions.

5.4.1 Fermionic vs. bosonic tungsten

As mentioned in chapter 3, the naturally stable tungsten isotopes are 182y, 183w, 184w and "*W and
the physical target will contain a mixture of these isotopes. For simplicity only 134W was taken as
target material in the previous studies. All but 183W are bosonic particles with spin 0 and the impact
of the fermionic isotope is supposedly low, since it contributes to the cross section with its squared
inverse nuclear mass and only makes up 14 % of the natural tungsten [5]. To study and verify the small
impact of the fermionic isotope 83w, a target consisting of that isotope only is simulated in FLuka
and the distributions of the secondary particles of electro-nuclear interactions are analysed. To be able
to compare the distributions to the previous results using 184W in the target, also 2.5 - 10° e.o.t. are
simulated.

In the following the observables for the simulations with 183w and "*W will be compared in ratio
plots. Each histogram is scaled by the number of its entries and then the ratio between the two histograms
is calculated.
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In figure 5.15 the ratio plots for the energy and angle 6 of the recoiling electron are presented. The
energy distributions of the recoiling electron look similar, particularly in the region with a large amount
of statistics. At lower energies there are less statistics due to the rareness of such events and fluctuations
are visible in the ratio plot. These fluctuations are of statistical manner and should not impact the result
as a whole. The same observations can be made for the angular 6 distribution for the recoiling electron:
at small angles and large statistics the ratio is = 1 and towards larger angles and in the region with less
counts there are fluctuations in the distributions.

The energy and angle 6 distributions for secondary photons can be viewed in figure 5.16. The
distribution of secondary photon energies has some differences, with a slight tendency of higher energy
photons for a target with 183W. Fluctuations are again more visible, where there are less statistics, as is to
be expected. The angular distributions for secondary photons have a ratio of = 1 over the full range of 6.
The overall distributions for secondary photons are the same up to statistical fluctuations.

The same figures are given in 5.17 for secondary hadrons from electro-nuclear interactions in a target
with %W and '%*w. Similarly to the photon spectra, the ratio of the energy distributions for secondary
hadrons is = 1 and fluctuates for larger energies, where less statistics are present. The angular distribution
for the two target isotopes is also similar over the full range of 8, with small fluctuations towards the
edges of the distribution.

For high-energy photons and hadrons the same distributions can be analysed. For photons with
energies above 200 MeV the ratio plots are given in figure 5.18. Differences are more difficult to asses
due to the loss of statistics for high-energy photons compared to the distribution of photons at all energies.
Overall the energies and angles 6 are distributed the same, with a slight tendency towards smaller angles
for the target composed of 183W. For the high-energy hadrons with energies above 500 MeV the energies
and angles 6 are given in figure 5.19. The distributions for the two isotopes look the same up to statistical
fluctuations.

For the purpose of this thesis the difference between the two tungsten isotopes can be neglected and
the assumption that signal modelling with only the fermionic isotope 184y is sufficient could be verified.
However, since differences can be observed, this should be kept in mind and investigated in more detail
in a future study.
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Figure 5.15: Energy (left) and 6 (right) of the recoiling electron for a FLuka simulation with 2.5 - 10° e.o.t.
comparing the target material 184W and '"#*w.
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Figure 5.16: Energy (left) and 6 (right) of secondary photons for a FLuka simulation with 2.5 - 10° e.o.t. comparing
the target material 184W and '"#*w.
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the target material 184w and '"#*w.
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Figure 5.18: Energy (left) and 6 (right) of secondary photons with applied energy cut for a FLuka simulation with
2.5-10° co.t. comparing the target material 184w and '"#*w.
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Figure 5.19: Energy (left) and 6 (right) of secondary hadrons with applied energy cut for a FLuka simulation with
2.5-10° cot. comparing the target material 184W and 'S3w.

5.4.2 Impurities in Target

In reality it is impossible to obtain a target purely made up of the bosonic tungsten isotope 184W. Often
even pure natural tungsten targets are difficult to produce and the target material might have some
impurities. Such impurities could be small amounts of other materials, like e.g. nickel or iron. There are
different degrees of impurities, ranging from state-of-the-art productions with as little as 0.001 % for
nearly pure tungsten to 0.03 % or even more depending on the price point of the target [76]. To study the
impact of more drastic impurities a larger percentage is chosen.

The impact of such impurities of the target is examined with a FLuka simulation of 2.5 - 10° e.o.t.
with a 95 % tungsten target and an impurity of 5 % nickel. In this instance the predefined tungsten and
nickel in FLuka are used, which are defined as

* Tungsten: A =183.84,Z=74,p = 19.3gcm3
* Nickel: A =58.6934,Z =28, p = 8.9O2gcm3 ,

where A is the nuclear mass number, Z corresponds to the nuclear charge number and p is the density.
Natural nickel is composed of five isotopes, namely *®Ni (68.077 %), **Ni (26.223 %), °'Ni (1.1399 %),
02N (3.6346 %) and %N (0.9255 %) [77]. All of the natural stable nickel isotopes are scalar and have
spin J P - o except for isotope ®INi, which has spin J P_ %_ [78].

The histograms with the same observables as in the previous section will be discussed in the following.
The ratio is again determined after each histogram has been normalized by the number of entries.

Figure 5.20 presents the energy and angle 6 distribution of the recoiling electron from electro-nuclear
interactions in a tungsten target with impurities compared to the pure 4w target. The distributions
overlap for the most part, especially in the regions with large statistics. Fluctuations of the ratio in the
regions with lower statistics can be observed and are to be expected.

In figures 5.21 and 5.22 the energy and angular distributions of secondary photons and hadrons at all

energies are given. For both secondary photons and hadrons the angular distributions have a ratio of

65



Chapter 5 FLuka event generator for LOHENGRIN

1F —Wig4
E —W+Ni

Rel. Occurance
Rel. Occurance

S AR AR INEAPN BT B 1078l e

01 0 0.1 0.2 0.3 0.4 0.5
Energy in GeV 6inrad

Figure 5.20: Energy (left) and 6 (right) of the recoiling electron for a FLuka simulation with 2.5 - 10° e.o.t.
comparing the target material '8W and an impure version.

approximately 1 over the range of the angle 6. At the edges of the distributions small fluctuations can be
observed. The ratio of the energy distributions of the secondary photons and hadrons are approximately
constant for small energies and fluctuate at higher energies in the region with less statistics. The energy
distribution for secondary hadrons remains constant over a larger energy range compared to the photons.

The distributions for high-energy hadrons and photons are presented as well, see figures 5.23 and 5.24.
For hadrons the high-energy cut corresponds to 500 MeV and for photons it is at 200 MeV. Similarly to
before, the assessment of these distributions is difficult due to the lack of statistics in the energy range of
high-energy secondary particles. For secondary high-energy hadrons the ratios are almost constant up to
1 GeV and 1.5 rad and the overall distributions are very similar for the energy and angles 6. Fluctuations
are more dominant towards the tails of the distributions, where less counts occur. The distributions for
the secondary high-energy photons also have a similar distribution, though they have more fluctuations
over the whole spectrum. This is to be expected, since there are less high-energy photons compared to
high-energy hadrons.

From the histograms only a small impact on the angular and energy distributions of electro-nuclear
secondary particles using an impure target can be observed, which can be explained from statistical
fluctuations. Therefore impurities in the target of up to 5 %, do not impact the angular distributions of the
secondary particles drastically. If impurities of more than 5 % are present or other material impurities
are given, this study can be repeated for arbitrary mixtures and materials.
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Figure 5.21: Energy (left) and 6 (right) of secondary photons for a FLukA simulation with 2.5 - 10° e.o.t. comparing
the target material 184W and an impure version.

3 1L —Wi184 & 0.025F
g E —WHNi S [
5 f 5 F
3 r S 002F
010_15 (@] el
T E T [
o r o L
Ll 0.015F
107 L
of 0.01-
107 ¢ L
b 0.005
10 [
Eooc b b bbb b Do b b ol b b b b e TR
2 E o
g 2F g !
15E ng
E 05
i s !
0.5E T P NI R NI WA N R RN
0 05 1 15 2 25 3 35

P A O A
0 01 02 03 04 05 06 07 08 09 1
Energy in GeV 0in rad

Figure 5.22: Energy (left) and 6 (right) of secondary hadrons for a FLuka simulation with 2.5 - 10° e.o.t. comparing
the target material 184W and an impure version.
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Figure 5.23: Energy (left) and 6 (right) of secondary photons with applied energy cut for a FLuka simulation with
2.5-10° cot. comparing the target material 184W and an impure version.
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Figure 5.24: Energy (left) and 6 (right) of secondary hadrons with applied energy cut for a FLukA simulation with
2.5-10° ot comparing the target material 184W and an impure version.

5.5 Electro- vs. Photo-Nuclear Interactions

Another important aspect of the experiment are photo-nuclear backgrounds created by secondary photons
in sensitive materials in the detector setup. In section 4.4 this has been studied with the simulation
framework GEANT4 using a custom physics list. The angular distributions of secondary photons and
hadrons from photo-nuclear processes in FLuka are discussed in the following. For this simulation the
tungsten isotope 184W is chosen as target material again and 2.5 - 10° photons are shot at the target with
an energy of 3.2 GeV. The comparison to the electro-nuclear interactions of an electron with the target
material are given in form of ratio plots in figures 5.25 to 5.29. These figures depict the ratio of the
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electro- and photo-nuclear histograms, which are scaled by their respective number of entries before the
ratio is calculated. The unscaled ratio plots can be viewed in figures A.8 to A.11.

In figure 5.25 the energy and angle 8 for secondary photons are presented. The secondary photon
energies are similarly distributed up to approximately 4 MeV, after which the electro-nuclear secondary
photon spectrum rapidly falls to zero and the photo-nuclear distribution falls off less steep and rises
slowly after 8 MeV. The differences between the two spectra become apparent for larger energies, where
many more high-energy photons are produced during photo-nuclear interactions. Here two effects need
to be differentiated: one very obvious reason is that during photo-nuclear interactions the photon transfers
all of its energy onto the nucleus, whereas in electro-nuclear interactions only a fraction of the electrons
energy is transferred to the virtual photon. In electro-nuclear interactions this amount of energy is mostly
very small and larger energy transfers get increasingly rare. The photo-nuclear interactions studied here
correspond to the extreme case of electro-nuclear processes, where the electron transfers all of its energy
onto the virtual photon. In such cases more and much higher-energetic particles are expected. The other
effect that needs to be differentiated is the definition of photo-nuclear and electro-nuclear interactions
in FLuka. To analyse electro-nuclear interactions in the simulation framework, a cut on the type of
interaction is made via the variable Icopk. For electro-nuclear interactions all secondary particles have
to have Icope== 101. The same is done during the analysis of photo-nuclear interactions, except for a
photon as beam particle. However, in FLuka the Icope== 101 merely corresponds to all secondary
particles from inelastic interactions [73] and for photons this might also contain Compton scattering on
the tungsten nucleus, which could explain the visible shoulder after 8 MeV. If the full distribution of
secondary photons from photo-nuclear interactions is visualised, then the Compton spectrum becomes
visible, see 5.26.

The angular distribution is approximately isotropic for the secondary photons from photo-nuclear
interactions with a slight shift towards smaller angles, which hints at the existence of more high-energy
particles for photo-nuclear interactions.
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Figure 5.25: Energy (left) and 6 (right) of secondary photons for a FLuka simulation with 2.5 - 10° photons on
target, comparing electro-nuclear processes and photo-nuclear processes.

In figure 5.27 the distributions are given for the secondary hadrons from either electro- or photo-nuclear
processes. The energy distributions of the secondary hadrons are similarly distributed for the two

69



Chapter 5 FLuka event generator for LOHENGRIN

Counts

Energy in MeV

Figure 5.26: Energy of secondary photons for a FLuka simulation with 2.5 - 10° photons on target.

processes. Both 6 distributions are roughly isotropic, with shifts towards smaller angles. The shift is
more dominant in the photo-nuclear spectrum, thus more high-energy hadrons are produced in such
processes.

As mentioned above and observed in the figures, the photo-nuclear interaction has more high-energetic
secondary particles compared to its total amount of particles, which explains the shifts of the angular
6 distributions of secondary photons and hadrons towards smaller angles. The statistical difference
becomes apparent in the unscaled histograms (see A.8 to A.11), where the photo-nuclear distribution
has less hadrons at all energies, but the distribution of the high-energy hadrons has more statistics than
the electro-nuclear distribution. Since photo-nuclear interactions correspond to the extreme case of
electro-nuclear interactions, where the electron looses all of its energy, the many hadrons and photons
with large energies can be explained.

The distributions for high-energy photons and hadrons can be viewed in figures 5.28 and 5.29. For the
high-energy secondary hadrons the ratio is constant over a large range of the energy and angle 6 and
fluctuates only in the region with less statistics. The ratio for the secondary high-energy photons exhibits
fluctuations over the full range of the energy distribution and angle 6. There is a substantially larger
amount of high-energy secondary photons for the photo-nuclear process compared to the electro-nuclear
secondary photons. The energy spectrum has many more entries up to much higher energies and the 8
spectrum is shifted towards smaller angles.

In figure 5.30 the correlation between the angle 6 and energy a hadron obtains in the photo-nuclear
interaction is given together with the mean per bin. The same result as for electro-nuclear interactions
can be obtained, namely that low-energetic hadrons are radiated isotropically from the nucleus and the
higher the energy of the hadron, the smaller the angle and thus the more forward its direction. Though
similarly to the electro-nuclear interactions, there is a substantial amount of high-energy (>500 MeV)
hadrons that obtain angles larger than the coverage of the HCal (>0.6 rad).
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Figure 5.27: Energy (left) and 6 (right) of secondary hadrons for a FLuka simulation with 2.5 - 10° photons on
target, comparing electro-nuclear processes and photo-nuclear processes.
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Figure 5.28: Energy (left) and 6 (right) of secondary photons with applied energy cut for a FLuka simulation with
2.5- 109photons on target, comparing electro-nuclear processes and photo-nuclear processes.
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Figure 5.29: Energy (left) and 6 (right) of secondary hadrons with applied energy cut for a FLukA simulation with
2.5-10° photons on target, comparing electro-nuclear processes and photo-nuclear processes.
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Figure 5.30: 6-energy correlation of hadrons encountered in a FLukaA simulation with 2.5 - 10° photons on target,
(left) and the mean per energy bin with standard deviation (right). If the standard deviation is zero, then there is
only one hit in that bin.
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Even though differences can be spotted and are also expected for photo- and electro-nuclear interactions,
the overall distributions are similar, making the veto strategies analogous. Both electro- and photo-
nuclear interactions have a substantial amount of secondary photons and hadrons radiated isotropically,
challenging current veto strategies. It is important to note that the probability to obtain a 3.2 GeV
photon from bremsstrahlung in the target is highly unlikely and most photons that potentially produce
photo-nuclear backgrounds will have substantially less energy, making differences between the electro-
and photo-nuclear distributions smaller.

The impact of secondary particles from photo-nuclear interactions that are created in other sensitive
detector materials, like the tracking planes or the ECal should be kept in mind and must be studied in
more detail with a full detector simulation of the LoHENGRIN experiment. Since the tracking layers are
much thinner 0.01 - X|, than the actual target 0.1 - X|,, the impact of photo- or electro-nuclear interactions
are expected to be low there.

5.6 FLukA event selection

In order to get a rough estimate of electro-nuclear events in the signal region of the experiment, an
event selection is applied to the Monte Carlo truth data. The number of simulated events is increased to
2.5- 10" to obtain more statistics, while using a reasonable amount of computational resources. This
leaves a factor of 160 to obtain the planned 4 - 10" e.0.t. and the results must be scaled by that factor.

The applied event selection is based on section 3.5. In table 5.3 four different scenarios are presented.
The first event selection is based on the baseline scenario presented in [5], with the added constraints of
the calorimeters. The equations are chosen such that if particles in an event fulfil the conditions, then it
counts as a signal-event. For scenario (1) a signal-like electron is found if a recoiling electron with less
than 75 MeV and 6 < 0.2rad is detected. The 6-cut is applied due to the angular coverage of the trackers
downstream of the target, as a recoiling low-energetic electron is required for a signal event. The whole
event is signal-like if in addition to the signal-like recoiling electron, no hadron is detected in the HCal
and no photon leaves a significant amount of energy in the ECal, hence the angular cuts for hadrons and
photons. This leaves a total of 90 events in the signal-region.

In this first scenario the energy cut on the recoil electron is rather optimistic, since recoiling electrons
with less than 25 MeV get increasingly difficult to reconstruct using the baseline tracker [5]. However,
the presence of a recoiling electron in the final state is needed for a signal event. Thus in the second
scenario the minimum recoil electron energy cut is applied in addition to the previous cuts,leaving 71
signal-like events.

Since high-energy photons can create an electromagnetic shower in the hadronic calorimeter and
thus produce a signal there, a cut is added in scenario (3) to take this into account, which reduces the
signal-like events to 30. The number of signal-like events for each scenario is given in table 5.4 together
with the number of hadrons and photons encountered. The number of signal-like events decreases
with the additional cuts, regarding scenarios (1) to (3). Exemplary for scenario one the energy and
0 distributions for secondary photons and hadrons are presented in figures 5.31 to 5.34. The angular
coverage of the calorimeters is clearly visible in the 6 histograms for the secondary particles. In figures
5.31 and 5.32 the angles 8 start after 0.1 rad, where the ECal is placed. For the high-energy photons it is
clearly visible that many photons with energies O(GeV) are not detected by the ECal and also many
low-energy photons are radiated at angles far above the angular coverage of the calorimeter. The same
observations can be seen for the secondary hadrons in figures 5.33 and 5.34. In the angular histograms
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the coverage of the HCal is left out and all other secondary hadrons obtain angles above 0.6 rad and
therefore miss the HCal. While many low-energetic hadrons are radiated isotropically, some events
contain high-energy hadrons with angles up to 6 = 7.

The distributions for the other scenarios are given in the appendix in section A.4 in figures A.12 to
A.22.

The results of the three presented scenarios must be scaled to the actual number of electrons on target
in order to compare it to the expected signal events. To scale the 2.5 - 10" to the planned 4 - 10" e.o.t.
LoHENGRIN is planned to run for, the results must be multiplied by a factor of 160. The magnitude of
signal-like events would therefore be O( 10° - 104). Comparing this to the expected 10 to 100 actual
signal events for the planned run time, it is obvious that the background rejection needs to improve by
several orders of magnitude or other veto strategies need to be explored.

Table 5.3: Tabulated encountered particles in FLuka simulation with corresponding event selection.

‘ Event Selection H 1 ‘ 2 ‘ 3 ‘ 4 ‘
E ol < 75MeV X | X | X | X
Orecon < 0.2rad X | X | X | X
E ccon > 25MeV X | X | X
No hadron with 6,5 < 0.6rad || X | X | X
No photon with 8,, < 0.1rad X | X | X|X
No photon with 6,, < 0.6 rad X
if E, > 200 MeV
No hadron with 6;,; < 0.1rad X

Table 5.4: Tabulated encountered particles in FLuka simulation with corresponding event selection.

Scenario || # of signal-like events | # of hadrons | # of photons # of hadrons # of photons
Epaa. > 500MeV | E, > 200 MeV
1 90 1340 494 75 92
2 71 1129 386 60 70
3 30 589 151 51 0
4 13218 372690 57503 15893 447

Up to now the MC truth data has been taken without the applied magnetic field or even taking the
magnet into account. Scenario four applies a rigorous selection on the opening angle of the magnet,
which is only 0.1 rad. At this point we use the MC truth data, where the magnet and magnetic field were
not simulated for a rough estimation and also assume that hadrons and photons will be absorbed by the
30 cm thick iron bulk of the magnet. In section 6.3 in the next chapter, the ability of different particles to
pass though the magnet will be studied. With this event selection 13218 events in the signal-region are
left, see table 5.4. From what we have learned and understood about electro-nuclear interactions to this
point, it is obvious that if the opening angle is determined by the geometry of the magnet, the ability to
veto such events becomes increasingly difficult with the current detector setup. An addition of a hadron
veto at large angles outside the magnet or extra tracking layers inside of the magnet bore, covering larger
angles, might be possible solutions to this problem.

However, it is important to note that this is only an estimation using the MC truth data and the actual
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Figure 5.31: Photon energies and 6 for a FLuka run with 2.5 - 10" e.o.t. and applied event selection.

event selection must be studied with the detector responses of the ECal and HCal. A full simulation of
the LoHENGRIN experiment should therefore be conducted to have more realistic results and also take the
propagation and further interactions of the primary and secondary particles into account. In this context
the impact of charged hadrons producing tracks in the tracking planes downstream of the target could
also be studied. Since only a single charged track is required in the final state, any additional charged
track produced by a charged hadron or even additional electrons, serves as a veto of the event. Another
factor that needs to be studied in a full simulation of the experiment are the many neutral pions (FLuka
number 23) encountered in the final state, as they decay almost instantaneously into a pair of photons
[75]. These photons might leave a measurable signal in the ECal and could veto further events.

From the studies on electro-nuclear interactions presented in the previous chapters, it has become
apparent that electro-nuclear processes might pose a problem to the sensitivity of the experiment. An
additional hadron and photon veto at large angles might be able to restore the sensitivity of the experiment.

Some event selection scenarios applied to the MC truth data have been explored in this section and
even though this helps in understanding the distributions of particles and estimates the sensitivity of
the detector setup, it is a first-order and rather simplified approach. Therefore in the next chapter, the
electro-nuclear events simulated with FLuka will be seeded into the detector setup and sampled into
events from SM QED interactions. Especially interesting is the ability of the ECal to veto high-energetic
photons from electro-nuclear interactions with the constant background of photons from SM QED
Bremsstrahlung. This way the realistic detector responses can be studied and the number of events
vetoed by the actual setup can be compared to the MC truth results.

5.7 Summary

This chapter focused on the investigation of electro-nuclear interactions as background for the LOHENGRIN
experiment with the simulation framework FLuka. The kinematics of electro-nuclear processes in a
target made up of 184W have been analysed using Monte Carlo truth data. The angular distributions of
secondary photons and hadrons were visualized, confirming the isotropic distribution of the low-energy
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Figure 5.32: Photon energies above 200 MeV and corresponding angles 6 for a FLuka run with 2.5 - 10" e.o.t.
and applied event selection.
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Figure 5.33: Hadron energies and 6 for a FLuka run with 2.5 - 10" e.o.t. and applied event selection.
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Figure 5.34: Hadron energies above 500 MeV and corresponding angles 6 for a FLuka run with 2.5 - 10" e.o.t.
and applied event selection.

secondaries. In contrast, high-energy secondary particles are boosted in forward direction and thus
obtain smaller polar angles 8, as expected. Various hadrons have been observed in the FLuka simulation
of electro-nuclear interactions with the low energy spectrum dominated by neutrons and protons and
at higher energies pions and kaons gain in relative amount. FLuka was shown to reliably simulate the
signal region of the LoHENGRIN experiment with recoiling electron energies below 100 MeV.

The impact of the fermionic isotope of tungsten was also investigated by simulating electrons imping
on a target made of 183W. For the scope of this thesis the assumption of the neglectable impact of the
fermionic tungsten isotope was verified, though further studies should be conducted regarding the full
detector setup and a full simulation of the experiment. Additionally the impact of an impurity of 5 %
nickel in the target was investigated and found to have minimal influence on the results.

Similarly to the previous chapter, the contribution of photo-nuclear interactions to the experimental
background was examined and compared to the electro-nuclear process. Though differences could be
observed, given their overall similar distributions, the veto strategies should be analogous. However,
the impact of photo-nuclear interactions in other materials than the target should be investigated in a
simulation of the full detector setup as well.

The final section in this chapter applied an event selection to the Monte Carlo truth data. From this
section it became apparent that the current veto strategies for electro-nuclear events will not be able to
sufficiently veto hadronic backgrounds from the experiment, leaving 0(104 - 106) hadronic background
events in the signal region. Compared to the 1 to 100 actual signal events, the experiment would not
be sensitive to the dark photon search any more. An alternative detector layout must be investigated to
obtain the needed background rejection.

This far, the MC truth data has been analysed only, without accounting for the propagation of particles,
the magnetic field and magnet bulk around the target and energy depositions in the calorimeters. This
will be done in the next chapter, to study the detectability of electro-nuclear events in an actual detector
geometry and take effects such as propagation, decay and interaction with matter of the secondary FLuka
particles into account.
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CHAPTER O

Detector simulation for hadronic backgrounds
in GEANT4

From the analysis of the electro-nuclear events at generator level in the previous chapters, it is evident
that a significant number of events with electro-nuclear interactions produce a signal-like signature
in the final state. Up to now only the MC truth data has been analysed, which does not take into
account the actual detector setup, detector responses and particle propagation. Therefore the final state
particles from electro-nuclear interactions need to be placed into a detector geometry and the efficiency
to veto electro-nuclear interactions with the current veto strategy, so the hadronic and electromagnetic
calorimeters, will be studied. To do so, the detector setup excluding the trackers will be implemented
in GEANT4. In chapter 4, problems with the simulation of the electro-nuclear interaction in the target
were found, however, the simulation of detector responses works well in GEAnT4 [55, 56]. Additionally
it is written in C++ in contrast to Fortran used in FLukA and the detector construction as a whole is
more straight forward. The interaction of the electron beam with the target is therefore simulated using
FLuka and the detector response to the final state particles is simulated using GEANT4 by embedding the
four-vectors of the final state particles simulated in FLuka into a GEANT4 detector simulation.

The detector setup implemented in GEANT4 for this study is introduced in section 6.1 and the
calorimeter function is tested in section 6.2. Due to the issues during the event selection in the previous
chapter with the opening angle of the magnet, a short study on the transmission of neutrons, photons and
charged hadrons through thick iron sheets will be conducted, to see if in reality particles are able to pass
the magnet bulk used in the setup, see section 6.3. In section 6.4, energy deposits in the ECal and HCal
produced by electro-nuclear final state particles from FLuka are discussed. A short effort towards an
additional veto strategy will be made in section 6.5, by adding a calorimeter around the magnet. Finally
in section 6.6 the electro-nuclear events are sampled into the constant QED background and the detector
results including a digitization algorithm for the ECal are evaluated.

While in the previous chapters only primary electrons and secondary particles from electro-nuclear
interactions have been analysed, it is important to note that in this chapter the secondary electro-nuclear
particles can decay or interact with the detector material an thus produce secondary particles. These
particles will be called fertiary particles in the following, meaning all particles that have been produced
by secondary electro-nuclear particles in the detector setup. This applies to the following sections, except
section 6.3, where the primary particles are simulated in GEANT4.
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6.1 Detector Setup

The detector setup is implemented as explained in section 3.4 but with some simplifications. The
main simplification is the geometry of the magnet, as it is implemented as a cylinder with a slit, and
not a rectangular “C”-shape. The cylinder has an inner radius of r;,,., = 10cm and an outer radius
of 7yer = 40cm and extends from 2.86° to 357.14°. The magnet is in total 1 m long and starts at
position (0, 0,0) cm. The extent and placement of the magnet has a historical reason: at the time of
the implementation of the setup, it did not seem important that the magnet extends downstream of the
target, due to the forward placement of the calorimeters, and thus this simplified geometry was chosen.
However, it should be kept in mind and tested with the correct extent of the magnet in the setup.

The ECal is implemented according to the CALICE ECal, see figure 3.8 in chapter 2. One ECal layer
consists of an active silicon sheet and an absorber tungsten sheet, separated by air to account for glueing
the assembly of the calorimeter in its support frame. Each such layer is separated by 5.4 mm of air.
The silicon layers consist of 96 x 96 pixels, which are (5 x 5) mm large. The readout chips will not be
simulated here, but need to be kept in mind for future applications.

The second major simplification in this geometry setup is the HCal, which is designed as an alternation
of large iron absorber sheets and active silicon sheets. In this study silicon is used as the material for the
hadronic calorimeter, as it provides an adequate approximation. Which active material will be used in
the final detector setup is not set yet. However, in a practical experimental setup, a different material
would have to be chosen due to the high cost of silicon.

The HCal has a hole in its center to account for the ECal and a slit along the positive x axis. The
assumption to be verified for the HCal is, that there is no continuous background and thus the HCal can
trigger for any significant energy deposit. The slit therefore needs to account for the deflected beam, such
that the recoiling electrons do not deposit energy in the HCal and it needs to be chosen sufficiently large
to reduce this background. For the purpose at hand a 30 cm large slit is used. A smaller slit extension in
the xy plane would be ideal, to miss as few background particles as possible. However, smaller slit sizes
do not sufficiently suppress energy deposits produced by the recoiling beam electrons.

The assumption for the HCal is that there is no continuous background and the simple existence of an
energy deposit in the HCal is sufficient to veto events. This is rather idealistic, as leakages of energy
deposits from the ECal and other backgrounds need to be considered. Whether this assumption is viable,
will be investigated in the following sections.

The pixel detectors used for the tracking of the electron beam particles before and after the target, are
not simulated at this point. The focus for this study is the HCal and ECal detector acceptance of the
background events, which is why the tracking layers are not simulated in addition. However, the tracking
layers add an important layer to the veto strategy and should be considered in the future, together with
the HCal and ECal.

In figure 6.1 the detector setup drawn by the GUI in GEanT4 is given. The HCal is drawn in blue, the
ECal in green, the magnet in yellow and the target in magenta. As the target is small in comparison to
the calorimeters, it is visible by the pink pixel just before the magnet. The target is drawn for visibility
only and will not be implemented in the following sections, since electron-target interaction was entirely
simulated using FLuka and thus the secondary particles should not interact in a GEANT4 target again.
The blue outlines of the HCal clearly show the 30 cm slit and the hole for the ECal. The white outline
corresponds to the size of the world volume.

In the following simulations the standard FTFP_BERT physics list is used in GEANT4.

79



Chapter 6 Detector simulation for hadronic backgrounds in GEANT4

Figure 6.1: Detector setup implemented and visualized in GEANT4 along the z-axis (left) and along the x-axis
(right) with the HCal (blue), ECal (green), magnet (yellow) and the target (magenta).

6.2 Test of calorimeter function

In order to validate the simulation of the calorimeters, a simple GEANT4 simulation without the target,
magnet and magnetic field is performed. For this 10* e.o.t. are simulated and the energy deposits -
or hits' - collected in the sensitive material of the calorimeters are analysed. Each hit in the GEanT4
simulation has a distinct energy, position and time, which can be saved. In figure 6.2 the collected hits
over all events and all layers of the calorimeters can be viewed for the ECal and HCal. This hit map is a
projection of all energy deposits in the calorimeter layers onto the xy-plane. The spot of hits accumulated
in the center of the ECal is created by the electrons, which are not deflected since the magnetic field is
not included.

The HCal does not have pixelized sensitive layers in this simulation and thus gives a more precise
position in x, y and z. This is misleading, as in reality the HCal will not be able to supply such precision,
but since the HCal simply serves the purpose to veto all events with significant energy deposition, this
approach will suffice at this point.

The implemented slit is clearly visible and the hits accumulate in the center of the HCal and get more
rare at larger angles. The single hit that appears to be in the region of the slit is a binning issue during
the visualisation of the energy deposits. The HCal also has a spot of higher hit rates in its center, in the
layers behind the ECal. The electromagnetic showers initiated by the 3.2 GeV electron beam in the ECal
therefore leak into the HCal. At such energies this is to be expected, though it should be checked for
the full simulation, whether or not this leakage effect is present. If so it might be considered to build a
thicker ECal with more layers to avoid this type of leakage into the HCal. It is important to note that not
all leakages can be reduced completely, since particles can also hit the ECal along its borders or at an
angle, but it is important to minimize leakages as far as possible. It would be interesting to study leakage
effects into the HCal in the future in more detail, in particular how likely events are vetoed by the HCal
due to leakages from the ECal.

In figure 6.3 the position in z direction per hit is provided. The longitudinal shower profiles correspond
to the theoretical expectation [79], though the shower profiles are slightly cut-off at their tails. This is to
be expected, since the leakage into the HCal is visible.

Additionally the amount of energy deposited in the calorimeters can be viewed in figure 6.4. The
energy deposits per hit are less than 10 MeV for the majority of hits in both calorimeters. This is to be

! Hits and energy deposits are used synonymously in the following sections.
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Figure 6.2: Simulated 10* e.o.t. to show the hits in the ECal and HCal accumulated over all events. Hits are
accumulated in the pixels in the ECal and for the HCal the position is provided.
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Figure 6.3: Simulated 10* e.0.t. to show the z-position in the ECal and HCal accumulated over all events. Energy
deposits are recorded per layer in the ECal and the position in z is given for the HCal.

expected, since high-energy particles loose most of their energy in the non-active absorber material
and the energy deposits are collected in the sensitive materials and are thus much smaller. A 640 MeV
photon would for example correspond to a ~ 20 MeV energy deposit in the ECal. Most energy deposits
are far below that, showing that most hits are created by low-energetic particles with only few MeV in
the calorimeters.
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Figure 6.4: Simulated 10* e.0.t. to show the energy deposits in the ECal and HCal accumulated over all events.

6.3 Magnet study

An important component of the experiment is the magnet and as already mentioned, it might pose a
problem regarding the detectability of hadrons and photons at larger angles than the opening of the
magnet itself. To study at which energies particles are able to pass through the iron of the magnet, a
simple GEANT4 simulation is set up. It is important to note that in this simulation the beam particles are
simulated using GEANT4 and different particles at varying energies are shot onto iron slabs of varying
thicknesses and the percentage of primary particles passing the iron slabs is presented. For each thickness
and energy paring, 10° events are simulated. A primary beam particle is shoot onto the iron slab and
only if that particle passes the material, it is counted as a “surviving” particle. If a high-energy particle
is stopped in the magnet, and its secondary particles escape the iron slab, then this is not counted as a
signal at this point. This should be kept in mind especially regarding the study of an additional veto
calorimeter around the magnet.

In table 6.1 the results for neutrons as beam particles can be viewed. The results for different energies
can be explained from the cross section of neutrons interacting with matter. Neutrons only interact via
the strong interaction and can interact elastically or inelastically with the iron material. For energies up
to a few MeV the cross section is slightly larger than for energies of hundreds of MeV to GeV, where the
cross section remains roughly constant. [80] The attenuation of high-energy neutrons in iron with a
nuclear interaction length of 16.77 cm [81] can be approximated by [48]

f — e_x//liron = (.888 , (61)

where A, corresponds to the nuclear interaction length and x = 2 cm is the thickness of the iron slab.
This approximated value corresponds to the observations from the data simulated with GEanTt4 for
neutrons with an energy above 100 MeV. Below that the elastic cross section is slightly larger and thus
the neutrons are more likely stopped. [80]

At 30 cm thickness only a small fraction of high-energy neutrons pass through the iron slab. At

energies lower than 10 MeV the detection of neutrons behind the magnet bulk is almost not possible.
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Since most produced neutrons during electro-nuclear interactions have kinetic energies in the order of
10 MeV or below and obtain large angles, the need of a hadron veto in close proximity to the target
becomes apparent. Of course events also contain a few high-energy particles, but since many of the
high-energy hadrons also obtain larger angles than the opening angle of the magnet, it is not clear if they
are enough to veto full events.

Additionally pions, protons and photons are studied as beam particles and the results are given in
tables 6.2, 6.3 and 6.4. Since protons and pions are charged under the electromagnetic interaction, they
can loose energy via ionization and atomic or collective excitation. The Bethe-Bloch formula describes
this energy loss behaviour, which steeply decreases from energies between 10 MeV to 100 MeV and then
only slightly rises again from 500 MeV to 1 GeV and onwards [48]. This is reproduced by the simulations
with GEanT4: at low energies the protons and 7™ interact in the magnet and are thus stopped, whereas at
higher energies the charged hadrons interact less likely and can therefore pass the iron bulk. At 30 cm
iron thickness, the charged pions are slightly more likely to pass the magnet bulk.

In table 6.4 the photon results are presented. The cross section for photons at energies between
10 MeV and 1 GeV is a combination of different processes. The most dominant are Compton scattering
off an electron and pair production. At low energies Compton scattering dominates, resulting in some of
the photons to be absorbed, but a majority passing the thin slab. At higher energies pair production is the
dominating process and the photons are thus absorbed more likely. [48]

For both photons, protons and pions the detectability at 30 cm iron slab thickness is small. Due to
the large magnet bulk, the ability to detect electro-nuclear events is drastically reduced, since hadrons
with angles 0.1 rad < 8 < 0.6rad are less likely to be detected. The previously assumed rigorous event
selection, which was determined from the opening angle of the magnet, might not be as pessimistic,
but rather realistic. The idea of a hadron veto at large angles and close proximity to the target seems to
be necessary for efficient background rejection. However, previously only the MC truth data has been
analysed and particle propagation has not been considered, therefore a full simulation of the detector
setup is necessary to study the detectability of electro-nuclear events.

Table 6.1: Fraction of neutrons observed after the iron slab for varying iron slab thicknesses and particle energies
from a simple GEaNT4 simulation with 10° events.

‘ H 2cm ‘ 10cm ‘ 20cm ‘ 30cm ‘

10MeV || 0.76 | 0.21 | 0.037 | 0.0063
100MeV || 0.88 | 0.52 | 0.29 0.13
500MeV || 0.89 | 0.54 | 0.29 0.15

1 GeV 0.88 | 0.51 0.26 0.13

Table 6.2: Fraction of protons observed after the iron slab for varying iron slab thicknesses and particle energies
from a simple GEANT4 simulation with 10° events.

‘ H 2cm ‘ 10cm ‘ 20cm ‘ 30cm ‘

10 MeV 0 0 0 0
100 MeV 0 0 0 0
500MeV || 0.89 | 0.55 | 0.30 0

1GeV 0.88 | 0.51 026 | 0.14
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Table 6.3: Fraction of 7+ observed after the iron slab for varying iron slab thicknesses and particle energies from a
simple GEANT4 simulation with 10° events.

‘ H 2cm ‘ 10cm ‘ 20cm ‘ 30cm ‘

10 MeV 0 0 0 0
100MeV || 0.83 0 0 0
500MeV || 0.89 | 053 | 027 | 0.12

1 GeV 0.88 | 053 | 0.28 | 0.15

Table 6.4: Fraction of photons observed after the iron slab for varying iron slab thicknesses and particle energies
from a simple GEaNT4 simulation with 10° events.

‘ [2cm [ 10cm [ 20ecm | 30cm |

10MeV || 0.75 | 0.20 0.03 0.004
100MeV || 0.53 | 0.04 | 0.002 | 0.0002
500MeV || 0.45 | 0.02 | 0.0004 | 0.00003

1GeV 0.43 | 0.02 | 0.0003 | 0.00002

6.4 Electro-Nuclear events in the Detector setup

Up to now the electro-nuclear events have been analysed on the basis of the Monte Carlo truth data,
without taking the detector setup into account. In the following section the electro-nuclear events
simulated with FLukA are placed into the above explained GEANT4 geometry and the secondary particles
are all propagated and handled by GEanT4. Energy deposits in the calorimeters can be recorded, as
explained in section 6.2, to study the detectability of the secondary particles and detector responses of
the calorimeters. The MC truth FLuka particles are placed into the detector geometry and simulated
separately, to examine the energy deposits and veto strategies for these isolated events. A possible pile-up
effect from SM QED events on the veto efficiency will be analysed in section 6.6.

All events with a signal-like electron from the FLuka simulation of 2.5 - 10" e.o.t. will be analysed,
which are in total 17394 events. These events are read into the GEANT4 simulation and placed at the
position of the target. To account for the beam extent, the positions x and y are smeared by a Gaussian
[82]:

G(x) = e 207 (6.2)

1
\2no
with o = 1 mm standard deviation in both the x and y directions. The z position is chosen as the center of
the target, so at —0.01752 mm. Once placed, particles of a single event are propagated and they interact
with the detector materials as predicted by the underlying physics processes. Every 2 ns a new event is
propagated through the detector setup, where one event corresponds to one electro-nuclear interaction
from FLUkA and its respective secondary particles.

As mentioned before, it is important to differentiate two different types of secondary particles: the
primary GEANT4 particles in this simulation correspond to the secondary particles from electro-nuclear
interactions in FLuka. These secondary FLuka particles can in turn produce secondary particles through
interactions in the detector material or decays in the GEaANT4 simulation. As mentioned above, all MC
truth FLuka particles will be called secondary particles in the following and all other produced particles
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in GEanT4 are called tertiary particles. The primary electron is not simulated in the detector setup.
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Figure 6.5: Hit collections in the pixels of the ECal (left) and positions in the HCal (right) for all 17394 electro-
nuclear FLuka events in the GEANT4 geometry.

In figure 6.5 the hit collections of the full run in the ECal and HCal can be viewed. The histograms
show all energy deposits in the xy-plane by secondary FLuka particles and tertiary particles produced in
the GEANT4 simulation. The histogram is a projected hit map in the xy-plane, meaning it is integrated
over z. As expected for the isolated electro-nuclear events, rates in the ECal are low and homogeneously
distributed. In the HCal a ring of higher hit rates can be viewed around the ECal, which corresponds to
the opening angle of the magnet. Particles with smaller angles than the opening angle of the magnet are
detectable and at larger angles they are most likely absorbed by the bulk of the magnet.

Hits of different particle types in the hadronic calorimeter can also be analysed, see figures 6.7 and
6.8, where the hit collections in the HCal for photons, electrons, positrons and different hadrons can
be viewed. At this point all energy deposits of different particle types are taken into account, thus not
differentiating secondary FLukA particles and particles produced during electromagnetic or hadronic
showers in the calorimeters. In figure 6.7 the energy deposits of photons, electrons and positrons are
given. It is interesting that the magnet opening angle is visible for photons and the leptons in the HCal,
whereas this ring of hits cannot be seen for any hadrons, see 6.8. Secondary FLuka photons that emerge
the “target” in forward direction, with angles 6 > 0.1 rad above the opening angle of the magnet, induce
a chain of reactions in the first few centi meters of the magnet bulk. Electrons and positrons are produced
via photon conversion and can in turn produce photons via bremsstrahlung. In many instances one of the
tertiary photons from such a reaction escapes the bulk of the magnet and initiates an electromagnetic
shower in the HCal. This is the reason for the many hits in the HCal with a slightly larger angle than that
of the magnet. Since electrons and positrons are produced during the creation of an electromagnetic
shower, the ring of higher hit rates around the ECal is also visible for the leptons. In figure 6.6 this is
visualised for an exemplary photon, to get a better understanding of the production of the higher hit rates
around the ECal in the HCal.

It was shown that tertiary particles are created in the bulk of the magnet through decays or interactions
of the secondary FLuka particles and these tertiary particles deposit energy in the calorimeters. The
effect of removing the magnet bulk, while keeping the magnetic field, can be viewed in figures A.23 and
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A.24. Without the magnet bulk more hits are collected in the calorimeters and the ring of hits around the
ECal is not visible in the HCal any more. As expected, hits accumulate at smaller angles in the ECal and
HCal and get rarer for larger angles.

In figure 6.8 hits produced by hadrons in the HCal are presented. Energy deposits by all secondary
FLuka hadrons and protons, neutrons and pions that are produced during hadronic showers in the HCal
are visualized. The distributions of hits for the oppositely charged pions show the impact of the magnetic
field on the secondary FLuka particles, as the negatively charged pions accumulate to the right of the
ECal and the positively charged pions accumulate on the opposite side. Single particles that produce
multiple energy deposits in the layers of the HCal can be seen by the track-like signatures of energy
deposits for the charged pions.

Similar figures can be viewed in 6.9, where only the secondary particles from the electro-nuclear
interactions in FLuka that produced hits in the HCal are visualized. In comparison much less energy
deposits of the different particle types are collected. This is to be expected, as a single particle can deposit
energy multiple times in the sensitive material of the calorimeters and also induce an electromagnetic
or hadronic shower, which in turn consists of hundreds of energy deposits. The many hits observed in
figures 6.7 and 6.8 are thus mostly due to tertiary particles produced through showers in the calorimeters
initiated by the secondary FLUkA particles and tertiary particles produced in the magnet bulk.

Photons and positrons from the FLuka data do not produce hits in the HCal. The hit collections in
figure 6.7 are thus mainly tertiary particles produced in the GEanT4 simulation, except for the few O(1)
FLuka electrons.

It could be suspected, that the many additional hits in the previous figures are produced by particle
interactions of the secondary FLuka particles with air molecules, and thus producing tertiary particles
that deposit energy in the calorimeters. However, changing the world volume material to vacuum does
not reduce the amount of hits produced in the calorimeters, see figures A.25 and A.26. This shows that it
is not necessary for the LOHENGRIN experiment to run in a vacuum tube, as the results of this study are
not significantly altered in an experimental hall filled with air.

Figure 6.6: Visualized exemplary photon emerging from the target at an angle 6 > 0.1 rad in forward direction,
producing a chain of reactions in the magnet bulk (yellow) and a photon from this reaction chain escaping the
magnet bulk (blue) that produces a hit in the HCal.

Though quantitatively many energy deposits are recorded in the calorimeters, the ability to veto events
is heavily dependent on how much energy is actually deposited per event. Each recorded energy deposit
in both calorimeters can be viewed in figure 6.10. Both calorimeters have a majority of small energy

deposits below 10 MeV and only rare high-energy single deposits are observed.

The number of vetoed events can be estimated using the energy deposits in the calorimeters on an
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Figure 6.7: Hit collections in the HCal produced by photons, electrons and positrons for all 17394 electro-nuclear
FLukA events in the GEANT4 geometry.

event by event basis”. This corresponds to an idealistic, instantaneous read-out of the calorimeters that is
not possible in reality. For the ECal the constant SM QED background would need to be considered
for a more realistic read-out and digitization process. However, for a first approximation of hadronic
final states in the signal region this will suffice. Thus all energy deposits in the calorimeter sensitive
materials are summed up per event, see figure 6.11. Most of the events only have small energy deposits
of a few MeV, with only few events with energy deposits in the ECal and HCal above 10 MeV. A
significantly larger amount of events obtain larger energies in the HCal compared to the ECal. For
different amounts of energy deposited in the ECal and HCal the number of vetoed events is presented
in table 6.5. Most striking is the entry for events with more than 0 MeV: only 5526 events are vetoed
for a minimum deposited energy in the calorimeters. This means that with such idealised conditions
regarding the read-out of the calorimeters only 32 % of the electro-nuclear events deposit energy in the
calorimeters and thus can be vetoed. Comparing the 11868 signal-like events to the 13218 hadronic

2 For this simplified read-out, pileup cannot alter the results. In a realistic scenario pileup effects will become important and
need to be kept in mind.
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Figure 6.8: Hit collections in the HCal produced by different hadrons for all 17394 electro-nuclear FLuka events in
the GEaNT4 geometry. The type of particle considered is given on the top right of the histogram.

background events from section 5.6, it is obvious that the event selection determined from the opening
angle of the magnet was not as pessimistic as first assumed. The need for a larger angular coverage of
the calorimeters and less impact of the magnet opening angle can be deduced from this data.

The number of hadronic background events must be extrapolated to the number of electrons on target
at the LoHENGRIN experiment, yielding a total of

11868 - 160 = 1.9 - 10° (6.3)

signal-like hadronic background events. Comparing this again to the 1 to 100 signal events for the
same amount of electrons on target, it is clear that the current veto strategy is not sufficient for rejecting
hadronic backgrounds produced via electro-nuclear interactions and the detector setup must be adapted
to obtain sensitivity for the dark photon search.

It is important to note that the impact of the tracking detectors on the veto strategy regarding charged
secondary hadrons has not been considered. In a future study this must be done in an implementation of
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Figure 6.9: Hit collections in the HCal produced by different types of particles for all 17394 electro-nuclear FLuka
events in the GEANT4 geometry of only the secondary particles from the FLuka simulation. The type of particle
considered is given on the top right of the histogram.
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the complete detector setup, as an improvement of the hadronic background rejection is to be expected
with the tracking layers. Since many of the secondary hadrons are charged protons, pions or kaons, many
of the electro-nuclear events might be vetoed due to the additional track in the final state. Though the
trackers should not be able to account for all the hadronic events left in the signal region. A combination
of the additional veto through the trackers and a redesign of the detector layout might be able to efficiently
reject the hadronic final states in the signal region.

Counts
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14 16 18 20 8 100 12 14 16 18
Energy in MeV Energy in MeV

Figure 6.10: Energy deposits in the ECal (left) and HCal (right) for all 17394 electro-nuclear FLukA events in the
GEANT4 geometry.
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Figure 6.11: Energy deposits per event in the ECal (left) and HCal (right) for all 17394 electro-nuclear FLuka
events in the GEANT4 geometry.

In addition the hits in the ECal layers and HCal z positions are given in figure 6.12 and look similar to
the previous section, where the function of the calorimeters was tested.
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Table 6.5: Number of vetoed events by the ECal and HCal for different thresholds for the energy deposits in the
calorimeters for the 17394 electro-nuclear FLukA events.

] ECal energy deposited ‘ HCal energy deposited H vetoed events ‘

30 MeV 20 MeV 2312
20 MeV 15MeV 2708
20 MeV 10 MeV 2986
20 MeV 1 MeV 4113
10 MeV 1 MeV 4232
1 MeV 1 MeV 4569
> 0 MeV > 0MeV 5526
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Figure 6.12: Collected hit layer in the ECal (left) and position in z HCal (right) for all 17394 electro-nuclear FLuka
events in the GEANT4 geometry.

To further strengthen the results from above, the angular correlation between a particle’s polar angle
at its creation and its last step in the simulation is calculated and analysed. For each hadron or photon
its angle 8 at the first and at its last step in the simulation is thus recorded and the two angles are filled
in a histogram, see figure 6.13. The correlation between the two angles is presented for all secondary
hadrons and photons from the FLuka simulation. The distribution of all encountered hadrons looks as
expected: most hadrons are isotropically distributed and do not change their direction before their track
is stopped. For angles below 7, so hadrons that emerge in forward direction, the magnetic field applies,
changing the direction and angle of charged secondary hadrons. As the magnet bulk is also placed in
forward direction, particles that obtain angles 6, < 7 can be scattered in the material of the magnet.
This explains the spread of the angles in the bottom half of the histogram. If particles are absorbed by
the magnet bulk, their momentum components are set to zero and these particles are thus not included in
the histogram, which explains the loss of statistics below starting angles of .

The distribution for the secondary FLuka photons is similar to the distribution of the hadrons. For
secondary photons the loss in statistics below angles 6,,,, < 7 is more drastic. Most photons that emerge
the target in forward direction are absorbed by the magnet and their 4-momentum components are set
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to zero. These particles are not included in the histogram, which is causing the loss in statistics below
Ot < 7. That photons are absorbed more likely in the magnet than hadrons corresponds to the results
of the previous section 6.3.

In addition the angular correlation for hadrons that deposit energy in the ECal and HCal is given in
figure 6.14. For particles that produce a hit in the HCal, the distribution of 8 looks as expected, with
small @ at the start of the simulation and also small angles at the end of the simulation. Some hadrons
obtain larger angles at their last step in the simulation, which is to be expected when they interact in
the HCal. However, only 922 out of 475352, so a fraction of = 0.002, of the secondary hadrons from
electro-nuclear interactions deposit energy in the HCal and an additional 373, so a fraction of = 0.0008,
of the hadrons deposit energy in the ECal. The veto efficiency of the described hadron calorimeter can
thus be expected to be low.

No secondary photon from an electro-nuclear interaction deposits energy in the ECal. Therefore all
energy deposits observed in the ECal in figure 6.5 are produced by either secondary FLuka hadrons,
which produce a shower of electrons, positrons and photons or tertiary particles produced during the
interaction of particles with the material of the magnet.
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Figure 6.13: Angular correlation between angle 8 at first encounter of a particle and its last step in the simulation
for all secondary FLuka hadrons (left) and secondary FLuka photons (right) for all 17394 electro-nuclear FLuka
events in the GEANT4 geometry.

From what could be observed about the secondary particles in the GEaNT4 detector setup, the veto
efficiency for electro-nuclear backgrounds with the current strategy is low. Only a fraction of ~ 0.002 of
the secondary FLukA hadrons deposit energy in the forward HCal and including all secondary particles
in the GEAaNT4 simulation, only 32 % of the FLuka events with signal-like recoiling electrons could be
vetoed with the ECal and HCal in the current detector setup.

This section has thus shown the current veto strategy does not ensure efficient hadronic background
rejection. The addition of a calorimeter with a larger angular coverage could be one way to improve the
background suppression, which will be investigated in the following section.
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Figure 6.14: Angular correlation between angle 6 at first encounter of a hadron and its last step in the simulation
for all secondary FLuka hadrons that produce hits in the HCal (left) and ECal (right) for all 17394 electro-nuclear
FLukA events in the GEANT4 geometry.

6.5 Additional veto calorimeter around the magnet

In the previous section the ability to detect electro-nuclear interactions with the detector setup in GEANT4
was shown to be minimal. Due to the opening angle of the magnet and the many hadrons and photons
that emerge the target at large angles, the detectability in the calorimeters is small. One idea to improve
the background rejection is to build an additional calorimeter around the magnet bulk. The probability
to detect the particles outside the 30 cm thick iron bulk of the magnet is low, as presented in section
6.3. However, a silicon layer is added around the magnet to test the detectability of electro-nuclear
secondaries there and verify the results. For simplicity a large silicon sheet is used as the calorimeter. If
and how this additional calorimeter can be realised in the experimental setup is not determined yet and
thus this simplification is sufficient for the study at hand. Silicon provides an adequate approximation
and does not significantly affect the results. Again, in a practical experimental setup, a different material
would have to be chosen due to the high cost of silicon.

Two different thicknesses for the silicon calorimeter are tested: a thin silicon sheet (1 mm) and a thick
silicon sheet (10 cm). The latter option simulates the use of large crystal calorimeters around the magnet.

For this simple setup only the amount of energy deposited is of interest and not the position of the
hit. The silicon layer starts at 40.1 cm radius, with a distance of 1 mm to the magnet. To account for the
opening in the magnet, the silicon layer also does not cover the full angular coverage of 2x. It starts
at Srad and extends to (360 — 5) rad. The slit size is chosen slightly larger than that of the magnet, to
ensure no particle producing a hit in the silicon layer, that escaped through the slit in the magnet. For the
same slit size of calorimeter and magnet, many recoiling electrons from the electro-nuclear interaction
escaped the slit in the magnet and produced a signal in the new calorimeter. A schematic is provided
in figure 6.15. With a larger slit in the calorimeter, the amount of hits by recoiling electrons could be
reduced. It is obvious that without a slit in the magnet bulk and the magnet extending behind the position
of the target, that no recoiling electrons produce a signal in the additional calorimeter, which could be
verified with a simulation.
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Figure 6.15: Schematic drawing of the geometry of the magnet and surrounding silicon calorimeter. An exemplary
track of a recoiling electron that escapes the magnet bulk through the slit of the magnet and deposits energy in the
calorimeter is drawn.

In figure 6.16 the energy deposits in the 1 mm thick silicon layer for different secondary particles from
electro-nuclear interactions can be viewed. There are a few hundreds of energy deposits in the silicon
calorimeter, though hit rates are much too low to be able to efficiently veto the electro-nuclear events.
It is especially interesting that some secondary FLukA electrons produce hits in the calorimeter, even
though they should be absorbed by the magnet. Though a wider slit in the calorimeter compared to the
magnet has reduced the electron hits. Most hits produced in the silicon layer are charged hadrons, in
particular pions and protons, which is in accordance with the findings from section 6.3. It is important to
remember that the magnet and thus also the silicon calorimeter only start at position (0, 0, 0) cm, and
does not extend in backward direction. Back scattered particles are therefore currently not considered at
all and might contribute energy deposits in the silicon layer. Though the impact on the number of energy
deposits is expected to be a maximum factor of 2, which is not enough to veto the elector-nuclear events
efficiently.

The results for the 10 cm silicon calorimeter around the magnet are given in figure 6.17. A whole
magnitude of additional hits is gained, though a majority of hits are produced by recoiling secondary
FLuka electrons that escape the magnet slit and produce a hit in the silicon layer. Due to the magnet not
extending behind the target, recoiling electrons - and other secondary particles - can also deposit energy
in the calorimeter if traversing the magnet perpendicular to the z axis. Hits by charged and neutral
hadrons are improved massively as well. Thus the use of a thick crystal calorimeter around the magnet
might be the more viable choice to improve the background rejection. This should also be tested in a full
detector setup with a more final detector geometry.

For the two calorimeter scenarios the fraction of events with more than x - MeV of deposited energy
are presented in figure 6.18, where x corresponds to the amount of energy deposited in the whole
calorimeter. Almost all of the 17394 events have more than 0.1 MeV deposited energy in the calorimeter.
At more than 0.5 MeV deposited energy, the fraction of events is substantially less in both scenarios. For
the 1 mm thick silicon layer the number of events falls exponentially with larger thresholds, whereas the
number of events for the thicker calorimeter almost has a linear behaviour (excluding the first threshold).
The thicker calorimeter seems to be a much more promising option to enhance the background rejection
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Figure 6.16: Energy deposits by all secondary FLuka particles (top left), charged hadrons (top right), neutral
hadrons (bottom left) and electrons (bottom right) in a 1 mm thick silicon layer around the magnet, for all 17394
electro-nuclear FLuk A events in the GEANT4 geometry.

of hadronic events, though still its impact is expected to be minor due to the few energy deposits.

One factor that could improve the veto efficiency of such a calorimeter around the magnet, is the
reduction of the size of the magnet bulk, as could be seen in section 6.3. The simulated 30 cm thick
magnet bulk is thus reduced to 20 cm and 10 cm respectively to study the impact on the amount of
energy deposits in the 10 cm thick silicon sheet around the magnet. In figures 6.19 the energy deposits
of all secondary FLuka particles in the calorimeter for a 10 cm and 20 cm thick magnet are given. It is
clearly visible that the amount of hits increases significantly, the thinner the magnet bulk is, which is in
accordance with the results from section 6.3. The number of events with more than 0.1 MeV, 0.5 MeV,
1MeV, 2MeV, 5MeV, 10MeV, 20 MeV and 30 MeV deposited energy for the two magnet thicknesses
is presented in figure 6.20. More events have a larger energy deposited in the calorimeter for the 10 cm
thick magnet bulk, compared to the 20 cm thick magnet, as is to be expected. Therefore a thin magnet
and a thick calorimeter around it would be the desirable combination, though the veto efficiency of the
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Figure 6.17: Energy deposits by all secondary FLuka particles (top left), charged hadrons (top right), neutral
hadrons (bottom left) and electrons (bottom right) in a 10 cm thick silicon layer around the magnet, for all 17394
electro-nuclear FLuk A events in the GEANT4 geometry.
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Figure 6.18: Number of events with more than 0.1 MeV, 0.5 MeV, 1 MeV, 2MeV, 5MeV, 10 MeV, 20 MeV and
30 MeV energy deposited in a 1 mm (left) and 10 cm (right) thick silicon layer around the magnet, for all 17394
electro-nuclear FLuk A events in the GEANT4 geometry.

events is still too low at higher energy thresholds.

Since even a calorimeter at larger angles around the magnet does not sufficiently suppress the
background, the experimental setup might have to be adapted further: a shorter magnet and thus a larger
opening angle could help reduce backgrounds and improve the hadronic background rejection. Though
there would be less diversion of the electrons, which needs to be accounted for as well.

It is important to note that similarly to section 6.3, only the secondary FLuka particles that deposited
energy in the calorimeter were taken into account. However, the secondary FLuka particles can produce
numerous tertiary particles in the magnet bulk, which might deposit energy in the calorimeter. In a future
study with the complete detector setup, this should be investigated further to rule out the significance of
an additional calorimeter around the magnet regarding the hadronic background rejection.
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Figure 6.19: Energy deposits of secondary FLuka particles in a 10 cm thick silicon layer around the magnet for a
magnet thickness of 20 cm (left) and 10 cm (right), for all 17394 electro-nuclear FLukA events in the GEANT4
geometry.
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Figure 6.20: Number of events with more than 0.1 MeV, 0.5 MeV, 1 MeV, 2MeV, 5MeV, 10 MeV, 20 MeV and
30 MeV energy deposited in a 10 cm thick silicon layer around the magnet for a magnet thickness of 20 cm (left)
and 10 cm (right), for all 17394 electro-nuclear FLuka events in the GEANT4 geometry.
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6.6 Sampling Electro-Nuclear events into constant QED
Background

To study a realistic scenario of electro-nuclear backgrounds, the electro-nuclear FLukA events need to
be sampled into the constant background produced from SM QED interactions and the ability of the
ECal to veto electro-nuclear interactions within the constant background is investigated. In the GEANT4
simulation each pixel in the ECal is simulated separately and all energy deposits are collected per pixel.
These energy deposits are then evaluated with a separate digitization script. Assuming reading out the
energy deposits of the whole ECal, the read-out is realised by integrating over the whole calorimeter.
The temporal evolution of the analogue signals in the front-end ASIC is included in the simulation in
order to properly model pile-up. [54]

The energy deposits in the ECal are digitized by a CRRC-shaper with the following shaping function
[54, 83]:

r—1
Alt) = Ay —2 - !0l (6.4)
T

with the peak amplitude Ay = 6.11mV - Ey,/0.09 MeV, the fall time constant 7 = 30 ns, the time of
the energy deposit , and ¢ is the time the amplitude is calculated. To take the background of SM QED
photons into account, the energy deposits in a time span of 40 - 30ns =~ 1200ns before the time of
the electro-nuclear event are included in the read-out amplitude and the amplitude at time 7., + T is
calculated per event. All incoming signals in each pixel in this time span are added to the total amplitude
of the calorimeter and if this amplitude exceeds 20 MeV, then the event is vetoed. The energy deposition
of approximately 20 MeV in the sensitive material of the calorimeter corresponds to a high-energy
0(640 MeV) particle depositing energy in the ECal, since a majority of the particles energy is lost in the
absorber material [5].

To visualize the digitization process a simple example is presented in figure 6.21. A single pixel
has two energy deposits separated by 10ns: the first energy deposit is at 40 ns and deposits 0.9 MeV
and the second event deposits 2.7 MeV at time 50ns. The energy deposits are converted to mV via
Ap=6.11mV - Ey,/0.09 MeV. For the first event the amplitude at 7, + 30 ns = 70 ns is read-out and
assigned to that event. The much larger energy deposit in the second event results in a larger assigned
amplitude for the first event. For the LoHENGRIN experiment this is a crucial property of the read-out
system, because there are constant energy deposits in the ECal from SM QED interactions in the target
and in theory only rare high-energy deposits by electro-nuclear secondaries. Therefore the high-energy
signal must exceed the amplitude of the constant background to veto such events. Inversely, if there is
only a small energy deposit or no energy deposit by an electro-nuclear interaction, it is interesting to
know how likely it is that the constant SM QED background events cause a veto.
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Figure 6.21: Visualized amplitude for a single pixel and two energy deposits at time 40 ns and 50 ns. The amplitude
is read-out for the first event. Taken from [54].

Before the digitization algorithm can be applied to the energy deposits in the calorimeter, the electro-
nuclear events need to be added to the QED background: A sample of 8- 10° SM QED events is used [54]
and the 17394 electro-nuclear events analysed in the previous sections are sampled into these background
processes. The electro-nuclear events all have recoiling electrons in the signal region, so with an energy
25MeV < E ... < 75MeV and angle 6,...; < 0.2rad. The following sampling algorithm is applied:

* For 600 ns, QED events are randomly chosen from the sample of 8 x 10° events. The probability
for taking one such event is a Poisson distribution with expectation value of 0.2. This results in
roughly 60 QED events.

* Then one of the electro-nuclear FLuka event is placed.

* To account for the falling edge of the digitization of the ECal, an additional 50 ns interval is added
with random QED events, which results in roughly 5 events.

* This loop is repeated in 2 ns steps until all electro-nuclear events are sampled.

* In total 1149859 events are generated.

This sampling algorithm is based on the extraction times at ELSA and the long tail of the amplitude
spectrum of the digitized energy depositions in the ECal. This way each electro-nuclear event has
sufficiently many background signals before and after to study the digitization of the ECal and the impact
of the constant background.

The generated file can be read into GEanT4 and the particles are placed into the target, similarly to the
previous sections. To take the Gaussian beam profile into account, the particles are again placed at the
center of the target (0,0, —0.1752) and then smeared via a Gaussian with standard deviation of 1 mm
in x- and y-direction. The start of each event is then determined by evaluating a Poisson distribution
with expectation value 0.2 every 2 ns. The number of events from the sample resulting from the Poisson
distribution are started and the particles are propagated through the setup.
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Each event is then handled by GEanT4 and all hit times and energy depositions in the HCal and ECal
are collected, together with the starting time of each event. The analysis of energy deposits in the ECal
is no longer done on event basis, but using the amplitude function given in equation 6.4. For each
electro-nuclear event at time ¢ the amplitude A(¢) is evaluated, taking energy deposits in the time span
t —1200ns into account.

If the amplitude does not exceed the 20 MeV threshold, the HCal is checked in addition for any
significant energy deposits in the event. Since it is assumed that there is no constant background
in the HCal, it would be sufficient to veto events with any energy deposits in the HCal. Therefore
energy deposits in the HCal are collected on event by event basis and if the energy deposits exceed a
certain value, e.g. 10 MeV, then the HCal can veto the event. If either the ECal or the HCal trigger,
the event is vetoed. Any events left afterwards contribute to the irreducible background with the
current detector setup. It is important to note that the instantaneous read-out of the HCal is only an
approximation and the actual read-out of the HCal is not yet fully developed or realized. In future
studies the need for a similar digitization model as explained above needs to be investigated and developed.

The collected hits in the ECal and HCal for the sampled electro-nuclear and SM QED data is given in
figure 6.22. As expected, the ECal has a distinct spot in the center, caused by photons emerging from
SM bremsstrahlung in the target [5]. The ECal is designed to contain the whole electromagnetic shower
initiated by high-energy particles. However, it is clearly visible from the many hits in the center of the
HCal, that showers leak from the ECal into the HCal, which shows that the ECal is currently not thick
enough. This type of leakage is easily fixed by building a thicker ECal with additional layers. In figure
6.23 the layer in the ECal and position z in the HCal are given for each energy deposit by secondary
and tertiary particles. Since the longitudinal shower profile is cut-off at the end for both calorimeters,
leakages into the HCal are to be expected. To test the reduction of the leakage into the center of the
HCal by the SM QED processes, the simulation of the detector setup was repeated for different ECal
thicknesses. In figure 6.24 the hit collections in the HCal for a 20 and 50 layer ECal are given. The ECal
is therefore 20.7 cm and 51.75 cm long for the 20 and 50 layers respectively. It is visible by the loss of
statistics that the number of hits in the HCal can be reduced drastically by adding layers to the ECal.
Whether or not this is realisable and how the ECal will be built is not set at this point. In a future technical
study of the calorimeters this could be investigated further and extensions of the calorimeters might be
taken into account. Additionally a digitization procedure for the HCal might have to be developed to not
veto events due to leakages from the ECal. Since the HCal hits are evaluated on event basis at this point,
leakage effects from SM QED processes are not considered when using the HCal as a veto.

The strip of hits on the left side of the ECal in the HCal is caused by positrons from the SM QED
sample. They are created through pair production of photons in the target and are deflected towards the
negative x axis by the magnetic field. The corresponding electron is not visible due to the slit in the
HCal and they would be absorbed by the shadow of the much larger beam of electrons regardless.
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Figure 6.22: Hit collections in the pixels of the ECal (left) and positions in the HCal (right) for the sampled
electro-nuclear and SM QED data in the GEANT4 geometry.
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Figure 6.23: Collected hit layer in the ECal (left) and position in z HCal (right) for the sampled electro-nuclear and
SM QED data in the GEANT4 geometry.
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Figure 6.24: Hit collections in the HCal for a 20 layer ECal (left) and a 50 layer ECal (right), using the sampled
data in the GEANT4 geometry.
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Figure 6.25: Energy deposits in the ECal (left) and HCal (right) for the sampled electro-nuclear and SM QED data
in the GEANT4 geometry.
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Most important for this analysis are the energy deposits in the calorimeters, which are given in figure
6.25. The distributions look similar to the energy distributions of the previous sections, though slightly
shifted towards larger energies. As expected, most energy deposits in the calorimeters are below 20 MeV.
These energy deposits are read into the digitization algorithm for the ECal and the number of events
exceeding the threshold amplitude are recorded. In the previous sections only approximately 30 % of the
electro-nuclear events could be vetoed and for the digitisation algorithm a similar number of vetoed
events is expected. Though some of the electro-nuclear events might be vetoed due to the energy deposits
of the SM QED background previously to the time of the event.

In figure 6.26 the calculated amplitudes for all electro-nuclear events with the digitization algorithm
described above can be viewed. As expected from the previous sections, most of the electro-nuclear
events have small energy deposits. In table 6.6 the number of vetoed events by the two calorimeters and
the total amount of vetoed events is presented for different energy thresholds in the HCal. As explained
above, the ECal threshold is set to 20 MeV, which corresponds to, e.g. a high-energy photon that deposits
energy.

As expected, the varying threshold in the HCal changes the number of vetoed events. For smaller
thresholds more events can be vetoed by the HCal, compared to a larger threshold. With a minimal
threshold of 1 MeV the HCal vetoes 3947 electro-nuclear events, which is in accordance with the previous
section, where the ECal and HCal combined vetoed 4959 events for this threshold. This similar result is
to be expected, since the HCal is evaluated on event basis in both cases.

Due to the constant background from SM QED interactions in the ECal, it is expected that some of the
electro-nuclear events are vetoed, because the energy deposits of the SM QED background in addition to
the energy deposits by electro-nuclear events exceed the 20 MeV [54]. The simulation of the sampled
data in the GEANT4 detector setup resulted in 6068 out of 17394 events - so 35 % - to be vetoed by the
ECal, even though the previous sections have shown that only minimal energy is deposited in the ECal.
This pile-up effect is to be expected and the amount of vetoed events correspond to the expectations [54].
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Figure 6.26: The amplitude calculated with the digitization algorithm at the time of each electro-nuclear event in
the sample (left) and events that pass the minimum cut of 20 MeV (right).
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Table 6.6: Number of vetoed events by the ECal, HCal and in total for the sampled data in the GEANT4 geometry
and digitised energy deposits in the ECal. Different thresholds for the HCal are applied.

‘ HCal Energy deposited ‘ ECal vetoed ‘ HCal vetoed H Total ‘

100 MeV 6068 272 6239
50 MeV 6068 905 6646
10 MeV 6068 2490 7693

1 MeV 6068 3947 8640

6.7 Summary

In this chapter the electro-nuclear secondary particles from the FLuka event generator were placed
and propagated in a simplified detector setup of the LOHENGRIN experiment and the detector response
and veto strategy analysed. A simplified detector setup including the magnet, magnetic field and the
electromagnetic and hadronic calorimeters was implemented and tested in the GEANT4 simulation
framework. From the energy deposits in the calorimeters only a 32 % background rejection of electro-
nuclear FLukA events with a signal-like electron could be reached, confirming the results of the event
selection applied in the previous chapter. Additionally it was presented that only a small fraction 0.002
of secondary FLukA particles deposit energy in the HCal and even less 0.0008 deposit energy in the
ECal. Thus detecting and efficiently rejecting electro-nuclear hadronic backgrounds with the current
veto strategy is not possible. This lead to a total of 1.9 - 10® hadronic background events in the signal
region of the LoHENGRIN experiment, leading to the insensitivity to detect dark photons with the current
detector setup.

An alternative veto strategy has been tested with a silicon calorimeter around the magnet. A thin
silicon calorimeter does not have the ability to sufficiently veto hadronic backgrounds, though a thicker
calorimeter and a thinner magnet provide a more viable option. This could be investigated in more detail
in a full simulation of the detector setup. However, the rearranging of the full detector setup seems like
the more promising option. This could be realised using a shorter magnet or placing the target further
downstream in the magnet, such that the calorimeters cover a larger angle.

In the last section the electro-nuclear FLuk A events were sampled into the constant SM QED background
expected at the LOHENGRIN experiment to study the veto efficiency of the ECal. A digitization algorithm
was applied to the energy deposits in each pixel in the ECal and the number of vetoed events discussed.
Since the ECal has the constant energy deposits from the SM QED processes in addition to potential
energy deposits from electro-nuclear interactions, it is expected that some of the electro-nuclear events
are vetoed due to the constant background. The reason is that the energy deposits by SM QED processes
before the time of the electro-nuclear events also contribute to the total amplitude during the digitization
process, causing the amplitude to exceed the set 20 MeV cut and thus vetoing the event. This could
be reproduced with the simulations with the ECal vetoing about 35 % of the electro-nuclear events,
which corresponds to the expected amount [54]. Since the electro-nuclear events deposited only minimal
energy in the ECal, this study should be repeated in a future simulation of the detector setup to determine
the energy threshold to high precision, such that high-energy particles from electro-nuclear interactions
are vetoed efficiently and the SM QED background stays below the threshold.
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Conclusion and Outlook

In this thesis the LOHENGRIN experiment has been introduced as a future experiment at the ELSA
accelerator at the university of Bonn. It aims to probe the Light Dark Matter sector with the fundamental
process of dark bremsstrahlung. The hadronic backgrounds produced via electro-nuclear interactions are
one important factor for the sensitivity of the experiment and were therefore investigated.

In first tests of electro-nuclear interactions in the simulation framework GeanTt4, two bugs have
been found in the source code, causing a violation of momentum conservation. While these could be
fixed, an additional issue with the kinematics of electro-nuclear interactions in the LOHENGRIN signal
region was found: at momentum transfers above 94 % of the incident electron to the virtual photon, the
electro-nuclear simulation in GEANT4 does not reliably simulate the kinematics.

FrLuka was investigated as an alternative event generator for the LOHENGRIN experiment. Electro-
nuclear interactions were studied in more detail and resulted in electro-nuclear secondaries being
dominated by low-energy photons and hadrons that are isotropically distributed. There are only few
high-energy secondary particles per electro-nuclear interaction, and even the high-energy secondaries
obtain large angles and are not exclusively radiated in forward direction. In addition the target material
was investigated using FLuka regarding its impact on the distributions of electro-nuclear secondary
particles. For the fermionic 183w isotope, no systematic difference to the target made up of the bosonic
isotope 184W could be found. Impurities in the target of up to 5 % also do not significantly alter the
result. Additionally photo-nuclear interactions were compared to electro-nuclear interactions and it
was confirmed that the secondary distributions are similar. As expected, there are substantially more
secondary hadrons and photons for photo-nuclear interactions compared to electro-nuclear interactions
at the same energies of the incident photon and electron. Finally in this chapter, an event selection was
applied to the MC truth data in FLuka. Different selection criteria resulted in O( 10% - 10°) hadronic
background events in the signal region for 4 - 10' ¢.0.t. for LOHENGRIN.

However, only MC truth data has been analysed and investigated to this point and particle transportation
and detector responses have not been taken into account. Thus a detector simulation containing the
hadronic and electromagnetic calorimeter, the magnet and magnetic field has been implemented in
GeanT4 and the secondary particles from the FLuka simulation placed at the position of the target.
From an analysis of energy deposits in the calorimeters on an event by event basis, again only 5526 out
of 17394 electro-nuclear events with signal-like electrons could be vetoed. Extrapolating this to the
actual number of electrons on target, it leaves 1.9 - 10° hadronic background events from electro-nuclear
interactions in the signal region. Therefore the current veto strategy does not efficiently reject hadronic
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backgrounds and must be adapted in the future to maintain sensitivity to dark matter models.

While electro-nuclear interactions pose a larger challenge to the current veto strategy than assumed
[5] and the experiment will not be able to detect dark photons with the current detector setup, there are
modifications to the detector setup that can possibly restore the sensitivity of the experiment. One idea
would be to further investigate the impact of an additional veto calorimeter around the magnet. Another
alternative is moving the target to the back of the magnet and thus obtain an enlarged angular coverage
of the calorimeters or installing additional sensitive layers inside the magnet bulk. The tracking planes
are also a substantial part of the detector setup and add a veto layer, by rejecting any event with more
than one charged track in either the initial or final state. They have not been implemented or considered
in this thesis and thus it is expected that the hadronic backgrounds from electro-nuclear interactions can
be reduced substantially with the tracking planes.

In a future study with the full detector setup, electro-nuclear backgrounds and other backgrounds,
such as neutrino or photo-nuclear backgrounds produced in other detector materials, can be investigated
and the results of this thesis hopefully can be verified. Additional detector investigations, such as the
digitization for the calorimeters needs to be studied and calibrated and studies of leakages of particle
showers into the HCal and the likelihood to veto events due to leakages could be conducted.

It would also be very interesting to put these simulations to the test experimentally and measure
hadronic backgrounds. This is planned to take place in phase two of the LOHENGRIN experiment. In
the first phase extensive background tests without a hadronic calorimeter are to be done. This way the
impact of virtual Compton scattering (VCS) and the SM QED backgrounds can be better understood
and calibrated. Then, in phase two the hadronic calorimeter is added to the setup to probe the hadronic
backgrounds. And lastly in phase three a physics run with 4 - 10™ e.o.t. and the full detector setup will
be conducted. [5] Though until then the detector setup needs to be adapted to efficiently reject electro- -
and possibly - photo-nuclear backgrounds.

While this thesis was not able to fully answer the fundamental question:

What are we and the universe around us made of?

it could contribute to the design and study of hadronic backgrounds produced via electro-nuclear
interactions at the LOHENGRIN experiment, which in turn one day might be able to probe the light dark
matter sector for physics beyond the Standard Model and get physicists around the world one step closer
to the complete answer.
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APPENDIX A

Appendix

A.1 Implementing an Enhancement factor in GEANT4

To obtain more statistics an enhancement factor (E F') is implemented into the Geant4 simulation using the
custom physics list explained in section 4.4. This simply multiplies the cross section for electro-nuclear
interactions by a user-defined factor. The idea is to save computation time and concentrate on the
processes of interest. In figures A.1 to A.5 the results for a GEaANT4 simulation with and without the
enhancement factor are compared. Since the overall distributions are the same, the enhancement factor
can be used to obtain more statistics more efficiently.
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Figure A.1: Secondary photon energy of electro-nuclear interactions for 100 runs of 5 - 10° e.o.t. and EF EN = 10*
(left) and 1000 runs of 5 - 10° e.o.t. and EFgy =1 (right).
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Figure A.2: Secondary photon angle 6 of electro-nuclear interactions for 100 runs of 5 - 10° e.o.t. and EF EN = 10*
(left) and 1000 runs of 5 - 10° e.o.t. and EFgy =1 (right).
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Figure A.3: Secondary hadron energy of electro-nuclear interactions for 100 runs of 5 - 10° e.ot. and EF EN = 10*
(left) and 1000 runs of 5 - 10° e.o.t. and EF en = 1 (right). Only hadrons with more than 500 MeV are selected.
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Figure A.4: Secondary hadron energy of electro-nuclear interactions for 100 runs of 5 - 10° e.ot. and EF EN = 10*
(left) and 1000 runs of 5 - 10 e.o.t. and EF e = 1 (right). Only hadrons with more than 500 MeV are selected.
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Figure A.5: Secondary hadron PDG particle numbers of electro-nuclear interactions for 100 runs of 5 - 10° e.o.t.
and EFy = 10* (left) and 1000 runs of 5 - 10° e.o.t. and EFyy = 1 (right).
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A.2 4-Momentum Conservation in FLUKA

To double check that FLuka conserves energy and momentum, the total momentum and energy of
electro-nuclear secondaries per event subtracted from the electron momentum and energy before the
electro-nuclear interaction is provided in a histogram. In figure A.6 the momentum conservation in
Px» Py and p, is given. The precision in p, is 1075, pyis 107 and p,is 107'3, which corresponds
to floating point precision. For energy conservation the histogram is given in figure A.7 and also

corresponds to zero with a precision of 107,
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Figure A.6: Momentum conservation for p,, p,, and p_ for a FLuka simulation with 2.5 - 10” electrons on target.
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Figure A.7: Energy conservation for a FLuka simulation with 2.5 - 10? electrons on target.

A.3 Electro- vs. Photo-nuclear interactions in FLUKA
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Figure A.8: Energy (left) and 6 (right) of secondary photons for a FLuka simulation with 2.5 - 10° e.o.t. comparing
electro-nuclear processes and photo-nuclear processes.
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Figure A.9: Energy (left) and 6 (right) of secondary hadrons for a FLuka simulation with 2.5 - 10° e.o.t. comparing
electro-nuclear processes and photo-nuclear processes.
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Figure A.10: Energy (left) and 8 (right) of secondary photons with applied energy cut for a FLukA simulation with
2.5-10° e.ot. comparing electro-nuclear processes and photo-nuclear processes.
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Figure A.11: Energy (left) and 6 (right) of secondary hadrons with applied energy cut for a FLuka simulation with
2.5-10° cot. comparing electro-nuclear processes and photo-nuclear processes.

A.4 Event Selection in FLukA
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Figure A.12: Secondary photon energies and 6 for a FLuka run with 2.5 - 10"% e.o.t. and applied event selection
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Figure A.13: Secondary photon energies above 200 MeV and corresponding angles 6 for a FLuka run with 2.5 10"
e.o.t. and applied event selection (2).
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Figure A.14: Secondary hadron energies and 6 for a FLuka run with 2.5 - 10" e.0.t. and applied event selection
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Figure A.15: Secondary hadron energies above 500 MeV and corresponding angles 6 for a FLuka run with 2.5 - 10"
e.o.t. and applied event selection (2).
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Figure A.16: Secondary photon energies and 6 for a FLuka run with 2.5 - 10" e.0.t. and applied event selection
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Figure A.17: Secondary hadron energies and 6 for a FLuka run with 2.5 - 10 e.0.t. and applied event selection
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Figure A.18: Secondary hadron energies above 500 MeV and corresponding angles 6 for a FLuka run with 2.5 10"
e.o.t. and applied event selection (3).
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Figure A.19: Secondary photon energies and 6 for a FLuka run with 2.5 - 10 e.0.t. and applied event selection
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Figure A.20: Secondary photon energies above 200 MeV and corresponding angles 6 for a FLuka run with 2.5 10"
e.o.t. and applied event selection (4).
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Figure A.21: Secondary hadron energies and 6 for a FLuka run with 2.5 - 10 e.0.t. and applied event selection
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Figure A.22: Secondary hadron energies above 500 MeV and corresponding angles 6 for a FLuka run with 2.5 10"
e.o.t. and applied event selection (4).
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A.5 Electro-nuclear FLUKA data in GEANT4 geometry
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Figure A.23: Hit collections in the pixels of the ECal for all energy deposits (left) and only secondary FLuka
particles (right) without the bulk of the iron magnet.
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Figure A.24: Energy deposits in the HCal for all particles (left) and only secondary FLuka particles (right) without
the bulk of the iron magnet.
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Figure A.25: Hit collections in the pixels of the ECal for all energy deposits with vacuum (left) and air (right) for
the 17394 FLuka events in the GEANT4 geometry.
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Figure A.26: Energy deposits in the HCal for all particles with vacuum (left) and air (right) for the 17394 FLuka
events in the GEANT4 geometry.
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