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Abstract

At the Institute for Nuclear Physics in Mainz the new electron accelerator MESA will go into
operation within the next years. In the extracted beam operation — with up to 155 MeV of beam
energy and 150 1A of beam current — the P2 experiment will measure the weak mixing angle in
electron-proton scattering. The high-power beam-dump of this experiment and the 20000 hours

of operation time are ideally suited for a parasitic dark sector experiment — DarkMESA.

The experiment is designed for the detection of light dark matter. The model studied here is
based on the coupling of dark matter to a massive vector particle, the dark photon +. It can
potentially be produced in the P2 beam-dump by a process analogous to photon Bremsstrahlung
and can then decay in dark matter particle pairs XX — if kinematically allowed. A fraction of
them scatter off electrons or nuclei in the DarkMESA calorimeter, located in a well shielded
area outside of the MESA hall. This thesis covers an evaluation of the accessible dark matter

parameter space with a MadGraph and Geant4 simulation.

For the calorimeter, high-density PbF, and lead glass SF5 Cherenkov radiators, and photomulti-
pliers from previous experiments will be used. In Phase A a prototype with 25 PbFs crystals
and in Phase B ~ 2000 PbF5 and SF5 crystals with a total active volume of 0.7 m? are planned.
The characterization of the crystals in laboratory and beam-time studies was part of this work,
as well as the comparison of the experimental data with simulation studies. During a MAMI

beam-time the suitability of these materials has been proven.

For the prototype stage, a hermetic veto system with two layers of plastic scintillators and 1 cm
of lead shielding is currently under development and a similar concept is foreseen for Phase B.
In this thesis, the possibilities of background suppression with these concepts were investigated

in simulation studies.

The experimental setup was optimized and further concepts were investigated. An additional
off-axis detector can further extend the accessible parameter range. This concept was evaluated
in the context of this work as well as the possibilities of a negative-ion time projection chamber
filled with CSy at low pressure serving as dark matter detector — DarkMESA-DRIFT. With the
nuclear recoil threshold being in the keV range, the accessible parameter space can be extended
to higher dark matter masses. The space to further increase the active volume of DarkMESA in

a Phase C, based on traditional technologies or following an innovative concept, was also studied.

The ability to perform experiments with different detector concepts and detection methods at

one experimental site is a great advantage of the beam-dump experiment at MESA.
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Introduction

“Dark Matter”, “Dark Energy”, or “Dark Photon”. For many people these are terms from the

field of science fiction. ,
o such thing’ “What is that supposed to be!”

[13 3
That’s just another weird tnvention!”
“Wasn’t there once an episode of Star Trek? «Never heard of it!”

...or was that Star Wars, because of dark...?”

Even the building blocks of the matter surrounding us are not conceivable for many people. The
problem: these building blocks are not so easy to see with the bare eye. Molecules and atoms,
can be made visible with electron microscopes. However, to resolve the building blocks of atoms,
the elementary particles, high-energy particle beams are necessary.

Electron, proton, and neutron, most know from school, with quarks, leptons, and bosons it is
already a little bit more difficult. Quarks might be known by some, but more from the German
television show with the same name or from the breakfast table.

But: With these particles of the standard model, a term like “science fiction” is rarely used. Why
are there differences? As well as those from the dark sector, one cannot touch these particles.
The difference is quite obvious: Scientists “from the big underground ring in the Alps” have
already found these standard model particles. And if you search for them in the internet, you
will find the complete profile with mass, charge, spin and maybe even a nice picture. With the
details like GeV, MeV, sometimes also a c¢?, one has some difficulty, but that will have its truth,

because it is written there.
“But dark...? Anyway! There is no exact data.”

There is already a lot of astrophysical evidence for the existence of dark matter or at least for the
necessity to extend the standard model. But the statement is true, exact data were not found.
Whether the mass of dark matter equals the mass of a jumbo jet, a pin head, or is beyond the
scale of particle physics, nobody knows yet. The simple reason is, that particles of the dark sector
could not be found experimentally up to now. The possible mass range seems to be infinitely
large and the interaction with already known particles is extremely small. It’s a bit like fishing in
a huge lake with only one fish. And the fish has no particular interest in the bait we offer it. But
nevertheless, and to stay with the metaphoric language, researchers around the world are trying

to drain the lake further and further and to find the optimal bait. Perhaps it will soon be said:

“There will be the Nobel Prize for it-”“Impressi'ue. Their persistence has patid off.”

[13
Dark matter? I heard about that on the news yesterday.”
“How could it have remained undiscovered for so long?”
The DarkMESA experiment has set its goal to further drain the lake. Or maybe DarkMESA has
the right bait at hand?



Introduction

Outline

The thesis starts with Chap. 1 and a discussion of evidence for the existence of dark matter (DM).

Dark sector models, some experimental approaches and their sensitivities are also presented.

In Chap. 2 the Mainz Microtron (MAMI), which is used for DarkMESA material studies, and
the associated experiments, which are also of particular interest for DarkMESA, are introduced,
followed by a detailed description of the Mainz Energy-recovering Superconducting Accelerator
(MESA) currently under construction. In addition to DarkMESA, the P2 and the Mainz Gas
Injection Target Experiment (MAGIX) will be operated at this accelerator and all three are
discussed. MAGIX will employ an energy recovery mode, while P2’s beamline will end in a
beam-dump. This then serves as a DM source for DarkMESA.

Chap. 3 first introduces the main tools used in the simulation studies — Geant4 and MadGraph.
Their most important functions are described before the individual modules of the DarkMESA
simulation are introduced. Many parameters of the simulation can be controlled via a steering
file. The simulation includes light yield studies of individual detectors, efficiency studies of veto
systems, and the evaluation of the DarkMESA expected reach. For the latter, simulation of
DM production in the beam-dump and detection in the DarkMESA calorimeter are included. A
study of the MAGIX trigger veto system shows the synergies of both experiments.

In addition to necessary theoretical and technical details, two beam-times at the MAMI accelerator
are the central focus of Chap.5. Detectors were built from various materials, in particular
Cherenkov radiators, and their properties were investigated with beam electrons of up to 14 MeV
energy. The results are compared with a simulation study. The experimental neutron response

of these detectors is also discussed.

With the results of Chap. 5 and a few optimization studies, a staged approach for the DarkMESA
calorimeter is presented in Chap.6. There will be a prototype Phase A followed by a full
calorimeter setup using ~ 2000 PbFy and lead glass (PbGl) crystals of type SF5 in Phase B.

The expected backgrounds are studied in Chap.7. Both beam-related and beam-unrelated
backgrounds are investigated, and the veto systems for both DarkMESA phases are designed

accordingly.

In Chap. 8 the relevant theory for a beam-dump experiment like DarkMESA is discussed in more
detail. The simulation results for DM production and detection, and the expected reach for
Phase A and B are presented. A few concepts for an extension of the measurable parameter

space are also discussed.

The last Chap.9 summarizes all the results and gives an outlook on future developments for the
DarkMESA project.

My credits go to the Helmholtz Institute Mainz and HGS-HIRe for their financial and scientific

support in context of this thesis.




1. Dark sector physics

Astrophysical observations suggest that the universe does not only consist of the visible (baryonic)
matter. About five times that amount of mass is assigned to dark matter (DM), which has not
been found experimentally yet.! The experiments at the new particle accelerator MESA will
support the research efforts in the search for dark sector particles. The theoretical considerations
relevant for the discussions in this thesis are presented in the following and are based on Luca

Doria’s habilitation [4]. Natural units (A = ¢ = 1) are used.

1.1. Evidence for dark matter (DM)

Already in 1933 with astrophysical investigations of the Coma cluster Fritz Zwicky came to the
conclusion that the so-called “dark matter” (normal, non-luminous matter at that time) must
be present in much larger amount than the luminous matter [5]. The apparent velocities of
the individual galaxies in the Coma cluster vary so significantly that these values can only be
explained if the mean density of the Coma cluster is at least 400 times larger than the value
obtained by observations of visible matter. Single galaxies with intrinsic velocities in the order of
1000-2000kms~! have not yet been observed, which practically excludes the alternative theory
of the Coma cluster flying apart over time.

Later in 1978 Vera Rubin et al. studied the rotation curves of high-luminosity spiral galaxies [6].
The results showed a discrepancy between the observations and the expected behavior due to

Newton’s law of gravitation:

muv?(R) mM(R)
Feent = Fgrav <~ R =G R2 (1 1)
~ o(R) = GM;%R)

Fig. 1.1 shows the observed rotational velocities (black curves) depending on the distance from
the galactic center. It can be seen that the observed velocities in outer galaxy regions are more
or less constant, which contradicts the blue curve obtained from Kepler’s law. An explanation
for this disagreement could be that a large part of the present matter is not visible and therefore
not observed.

Studies on larger cosmological scales also suggest the existence of invisible DM. The Wilkinson
Microwave Anisotropy Probe (WMAP) satellite in 2001-2010 [7] and even more precisely the
Planck surveyor satellite in 2009-2013 [8,9] measured the temperature fluctuations in the universe,

the so-called cosmic microwave background (CMB). It provides insight into the structure formation

! By far the largest part is assigned to the even more mysterious dark energy (69.11(62) %), but its description is
beyond the scope of this thesis. For more details, please refer to [1-3].
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Figure 1.1.: Rotation curves of spiral galaxies measured by Vera Rubin et al. The observed rotational

velocities (black) are shown together with an example for an expected behavior of visible mass only
(blue). (Figure adapted from [6])

and matter distribution of the universe shortly after the Big Bang. The cosmological lambda
cold dark matter (ACDM) model used in the analysis of the CMB includes dark energy as
well as cold DM and is based on the Friedmann-Lemaitre-Robertson-Walker (FLRW) metric.
From the acquired power spectrum of the angular temperature fluctuations as function of the
multipoles [, this model yields the matter content of the universe. Besides a more accurate value
for the expansion rate of the universe (Hubble constant Hy = 67.74(46) kms~! Mpc~!), it was
also confirmed that the universe is nearly flat (2 ~ 0). With the Planck data the following

density parameters of the universe were obtained:?

Qe+ Dy + Q + N+Qy =1 ;
Q. = 0.2589(57)
Qp = 0.0486(10)
Q ~107% ,
O ~0 ,
Qp = 0.6911(62)

(1.2)

with Q. the cold DM density, 2}, the baryonic density, 2, the radiation density (photons and
relativistic neutrinos), Qy the curvature of the universe, and 2, the dark energy density.

These results are consistent with the previously described observations of Vera Rubin on rotational
curves of galaxies. Also many other cosmological observations like galaxy clusters dynamics,
gravitational lensing [10,11], Type Ia supernova distance measurements [12,13], and spectroscopic

methods [14] are consistent.

20, = Px/po, with po being the critical density.




1.2. Freeze-out and DM candidates

1.2. Freeze-out and DM candidates

In the early time of the universe, Standard Model (SM) and DM particles were in equilibrium.
As the universe expands with time, it becomes less likely that annihilation or creation of DM
occurs. After some time, the rates of these processes have decreased so far that the DM density

remains constant. The fraction of DM (n, ) after this freeze-out process is given by
nJI'=H (1.3)

where I' = (o (xx — SM) v,) is the averaged annihilation rate, with v, being the DM velocity,
and H the expansion rate. In the relativistic (hot) DM case the DM number density is:

Npet ~ T2 if my, < T . (1.4)
In the non-relativistic (cold) DM case the DM number density is:

Nmnonerel ~ (7nXT)3/2 e~ /T if my >T . (1.5)

In the radiation-dominated era (p ~ T*) the Hubble parameter can be written as H ~ T%/Mp,
with Mp being the Planck mass. For the cold DM case (Eq.1.5) and defining « = m, /T, the
freeze-out condition can be written as

1
Vxze ™ =

- - 1.6
mXMp g ( )

This freeze-out process is shown in Fig. 1.2. The DM number density n normalized to the entropy
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Figure 1.2.: The thermal freeze-out process. The DM number density n normalized to the entropy
density s (Y = n/s) is shown as a function of the time (temperature) of the universe. After a phase of
equilibrium, the annihilation rate drops exponentially and when reaching n,I' = H the DM freezes out.
The blue curves represent the freeze-out for different values of (ov,) and are solutions of the Boltzmann
equation [15] for an expanding universe. Figure adapted from [16].
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density s (Y =n/s) is shown as a function of the time and the temperature of the universe. If
Eq. 1.3 is valid, DM freezes out and Y is constant again. The blue curves represent different

values of (ovy) and are solutions of the Boltzmann equation [15] for an expanding universe
V= (ov)s (Y2 -Y?) . (1.7)

Cold DM is the source for effects on a galaxy scale and hot DM for the mass surrounding whole
galaxy clusters. Hot DM alone cannot explain the structure of the CMB, while cold DM, for
example, excludes non-baryonic but not cold neutrinos. The non-relativistic behavior and a
thermal origin of DM leads to a lower DM mass limit of ~ 10keV, since small scale structures are
observable in the universe. A higher limit of ~ 10 TeV exists because of violation of perturbative
unitarity [17].

Prominent DM candidates in this mass range are weakly interacting massive particles (WIMPs)
and light dark matter (LDM) particles. The former are located in the mass range above ~10 GeV
and LDM below ~1GeV. For a non-thermal origin of DM and a mass range from 10722eV
up to ~keV, axion-like particles (ALPs) are possible DM candidates [18]. Other candidates
are the lightest neutralino [19] predicted by supersymmetry (SUSY) theories, the Kaluza-Klein
photon or neutrino [20,21] from theories of new physics at the electroweak breaking scale, and
gravitinos [22]. A variety of other theories come without new particles: a selection are the
enhanced occurrence of black holes, normal-matter non luminous compact objects, modifications
to the law of gravity [23], and the associated relativistic extensions [24]. Superheavy DM
(~10'3 GeV), so-called WIMPzillas, with cosmological origin in the inflationary phase of the

universe are also predicted in theoretical models [25].

1.3. Light dark matter (LDM) and dark sector models

The dark sector is discussed in detail for LDM. The possible dark sector models, which are
classified by the type of mediator (portals) and the type of DM particle, are presented. A specific
model for the nature of the DM particle is described for the massive vector particle 4" — the

so-called dark photon.

If thermal dark matter is assumed to interact via the weak interaction, it would need to have
a mass greater than 2 GeV: this is the so-called Lee-Weinberg limit [26]. If the mass of these
DM particles is smaller, the annihilation cross-section (ovy) will be too small, resulting in
an overproduction of DM. However, LDM can exist under the condition that there are still
undiscovered light mediators, which are neutral under the SM gauge groups. If restrictions for
the Lagrangian, such as gauge and Lorentz symmetries of the SM are respected, it is possible to
introduce portals for these new interactions. Renormalizability must also be assumed and the

portals can be represented by SM gauge singlet operators
O = H'H, LH, B, , (1.8)

where H is the Higgs field, L a lepton doublet, and B, the hypercharge field strength tensor.

The mediator field can be a scalar ¢, a fermion N, or a vector particle A’.




1.3. Light dark matter (LDM) and dark sector models

These three cases provide thermal relic density limits which can be seen as targets to be reached
by DM experiments. For the visualization of experimental reaches, they are also indicated in the
y — m,, parameter spaces (see Chap.8) as so-called thermal relic targets. The portals are now

introduced in detail.

Higgs portal. The mediator is a scalar ¢. The couplings $H'H and ¢?H'H are renormalizable
and consistent with the symmetries. For fermionic DM particles X, the Lagrangian of a simple

model based on the Higgs portal is
~ 1 2. 2 PN
Ly = gppXX + §m¢¢ + aH quTfoR + h.e. . (1.9)

In this equation gp is the DM scalar coupling, a a coupling constant, v the Higgs vacuum
expectation value, and f a SM fermion. After symmetry breaking, the mixing between the scalar
and the fermions is gmix = sinOp4/v, where 04 is the Higgs—scalar mixing angle. Two cases
depending on the mass must now be distinguished. For m, < my direct annihilation of DM

particles into SM fermions via the scalar ¢ is possible:
XX — ¢ — ff . (1.10)

For LDM (m, < 1GeV and my < v) the mixing angle is so large that branching ratios for rare
decays are not consistent with precision meson decay experiments anymore. In the second case

my > mg, in addition to the direct annihilation, a secluded annihilation is allowed:
XX — oo . (1.11)

The scalars can decay into SM particles afterwards. In this case a dependency of gpix is missing
and there is no thermal target to be tested experimentally. In the case of direct annihilation the

thermal target variable

2 4
2 . mf mX 2
Yy = gHsinbfpg (v) <m¢> > (0V)relicy (1.12)

can be probed by experimental searches.
Fermion portal. The coupling to the SM can be realized with the Lagrangian
Ly ~a,LHN | (1.13)

where a, is a Yukawa coupling and the fermion N is a right-handed neutrino. For a thermal DM
origin a sub-GeV mass of the fermion is required, which results in a too small Yukawa coupling
for achieving thermalization in the early universe [16]. Therefore, a fermionic mediator is only

possible in a narrow mass range if the thermal DM origin is excluded [27].

Vector portal. Very promising candidates are new vector particles A’. A new gauge group

U(1)p in the so-called dark sector could interact with SM particles through vector mediator(s).
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One could be the so-called dark photon. The Lagrangian for such a simple model is

Lo o | €Y m’
A Al gt / m
L~ _ZFHVFM + 7FWB,W + ) A A+ gp ALY+ gy BulJy . (1.14)
——— ———
A’ field kinetic mixing A’ mass A’—X interaction  SM hypercharge

J{ is the DM current, the dark photon field is
F;W = 0,A], — &,AL ) (1.15)
and the coupling constant of the dark photon is

gp = Vimap (1.16)

where ap is the dark fine structure constant. J% is the hypercharge current, ey the SM
hypercharge, and the hypercharge field is

By, = 8,B, — 0,B, . (1.17)

Electroweak symmetry breaking leads to a dark photon mixing with the SM photon and the Z
boson:

(S £ €7
?F‘[/AVB,UV — iF,;yFuu + ?FZLVZ,UJ/ , (1.18)

where € = ey / cosOw, ez = ey/sinfyw and Oy is the weak mixing angle. The coupling of A’
with DM and the SM photon is obtained after mass diagonalization:

AL+ gyBuf — A (gl eedlhy) (1.19)
N—— ——
A’—X interaction  SM hypercharge
where J&, is the electromagnetic current of the SM. Again the direct annihilation case with

m4r > m, gives a clear thermal target for experiments:

4

y = e%ap ( T ) . (1.20)
m

Different DM candidates corresponds to different choices of dark currents: complex scalar DM,

Majorana DM, pseudo—Dirac DM.

Vector mediators and possible DM particles. In the following, the focus is on the promising
vector mediators. The possible cases discussed here are Dirac fermions, Majorana fermions, and
scalar particles. The current J{ and the annihilation cross-section (ovy) for the three cases are

summarized in Tab. 1.1.

e Dirac fermion: In analogy to electrons, the DM particle X is a Dirac fermion with mass
my. The abundance of the DM particle X and the anti-DM particle X could be symmetric
or asymmetric. The symmetric case is ruled out by CMB measurements [16], while the

asymmetric case is not [28]. The abundance of X could be suppressed by factors of ~ e~ {ovx)




1.3. Light dark matter (LDM) and dark sector models

similar to SM matter/ anti-matter cases.

e« Majorana fermion: In this case the DM particles X1 and Xy have a mass difference
A =mg—mq > 0. If mg > my + mgy (direct annihilation) Xz is unstable and decays via
Xo — X1 ff
For the direct annihilation both particles are necessary and decay via
X1Xg — A — ff
If the mass deviation is small compared to the DM masses, the annihilation cross-section

(ovy) is the same in the Dirac and Majorana fermion case.

e Scalar: For the direct annihilation of two scalar DM particles
XX — A — ff
the DM velocity v, is present in the annihilation cross-section (owv,), giving an enhanced

thermal target compared to the fermion case.

DM particle current J¥' annihilation cross-section (owv,)
Dirac fermion XX XyHX m?2 y
77777777777777777777777777777 x e2ap—* ~ —5
Majorana fermion X;X» X1v*X5 + h.c. A Ty
**************************************** p I
msuv v
Scalar XX i(XFOFX—XOMXY) x e2ap—% ~ y—;
my ms

Table 1.1.: Current J! and thermally averaged cross-section for DM annihilation (v, ) for vector
mediators and three kinds of DM particle. y is the dimensionless combination of model parameters.

Yield expectations. The theoretical model parameters can be linked to the DM production
yields. If m,, < 2m, the production takes place off-shell via virtual dark photon. The DM yield
is ~ ape?/ mi and the DM scattering in the detector scales with ~ ape?/ mi, resulting in the

total yield:

adet

5%7 : (1.21)
Xy

Y:YXXYDN

However, in the simulation studies presented in this thesis, the second case is assumed, where
m~» > 2m, and a real production of the dark photon takes place, decaying directly into a DM
pair. In this case, the DM yield is ~ ape?/ m%, and the DM scattering in the detector scales

with the same value ~ ape?/ m,2y, as in the first case, resulting in:

2 4
Y =Y, x ¥p~ 25 (1.22)

,Y/

What becomes obvious here is that for the expected low coupling constant € and the fourth
power, reduced yields are to be expected. However, by using modern accelerators with high

beam currents and dense targets, this effect can be compensated.
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1.4. Experimental LDM search

Due to the nature of DM, highly sensitive experiments with almost perfect background suppression
methods are required. Direct detection experiments try to detect DM particles recoil against
nuclei (or electrons). Depending on the nucleus, the scattering rates of direct spin-independent
searches gain a factor of A% or Z2, while spin-dependent searches do not benefit from this factor.
That is why the former searches reach higher sensitivities. For DM masses below ~ 1 GeV, it is

difficult to detect nuclear recoils. The nuclear recoil energy limit can be calculated with

2,2 22
Ep < 00— [ Mx T X [29] (1.23)
Mnucl my + Mnucl Mnucl

For a DM particle with a mass of m, = 1 GeV and assuming a DM halo velocity of v, = 300 kms™!
(see Fig.1.1) the maximum recoil energy is Er ~ 250eV. For typical detection media such as
liquid Xenon (mpuq &~ 122 GeV [30]) the value is even lower with Eg ~ 8¢eV. Producing DM
with an accelerator has the advantage that DM energy can be higher than the one of halo DM
and therefore the mass and threshold limitations of direct detection techniques can be overcome.
There are also indirect detection techniques, which try to detect SM particles from a DM decay
or DM annihilation. Some of the searches for LDM that have been performed or are still ongoing

are presented in the following.

Underground science laboratories. Cryogenic Rare Event Search with Superconducting
Thermometers (CRESST)-II searched for the elastic scattering of DM particles in CaWOy, crystals
with cryogenic detectors. CRESST-II extended the reach of direct detection experiments to the
sub-GeV region and enhanced the sensitivity in the LDM-WIMP transition area [31]. CRESST-
III improved the reach even further into the sub-GeV range [32]. The resulting sensitivities for
CRESST and the following experiments are presented in Fig. 1.3.

Super Cryogenic Dark Matter Search (SuperCDMS) at SNOLAB will use two different types of
cryogenic detectors and two target materials will be used for the direct detection of low mass
(< 10 GeV) particles via nuclear recoil. The setup will be operated in the underground laboratory
SNOLARB. The sensitivity will be sufficient for sub-GeV DM and better sensitivities in the mass
range up to 10 GeV are projected [33].

These experiments improve the sensitivity in the transition region from LDM to WIMP mass.
Since these experiments are optimized for the DM-nucleon recoil only, it is difficult for them to
go even deeper into the LDM domain.

The following experiments are also designed for detecting DM-electron recoils. Experiments
in this lower DM mass range are DArk Matter In CCDs (DAMIC) at SNOLAB and Sub-
Electron-Noise Skipper-CCD Experimental Instrument (SENSEI) in the MINOS cavern at Fermi
National Accelerator Laboratory (Fermilab). Both use CCD silicon detectors and achieved high
sensitivities in a wide range of sub-GeV DM masses. DAMIC established the best direct detection
limits for DM-electron scattering in the range of 600 keV to 6 MeV [34]. SENSEI increased the
experimental sensitivity in the range of 500keV to 10 MeV [35] even further.
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Figure 1.3.: Current sensitivities of spin-independent direct DM searches. The solid lines are results
and the dashed lines are projections of experiments. The DM-nucleon cross-section ogy [31, 32, 36-44]

(top) and the DM-electron cross-section @, [34,35,45-50] (bottom) are shown for the world leading
experiments.3

High-intensity accelerators. Another generation of experiments tries to produce LDM with
accelerators and detect particles involved in the processes with suitable experimental setups.
The A’ EXperiment (APEX) [51] at Thomas Jefferson Laboratory (JLab) is searching for a
sub-GeV vector boson? produced via scattering of 2.26 GeV beam electrons on a tantalum foil.

The scattered eTe™ pairs are measured with a spectrometer setup and new limits were established

3 Plots created with the Dark Matter Limit Plotter v5.17 (as from Dec 21, 2021) provided by the SuperCDMS
collaboration.

4 Whether other authors call it a light spin-1 boson, heavy photon or dark photon, A’, or +/, all are denoted ~’
throughout this thesis.
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during an APEX test run in the mass range from 175 to 250 MeV. APEX demonstrated, that
fixed-target experiments can explore new parameter space in search for LDM. The sensitivities

of APEX and the following experiments are shown in Fig. 1.4.

10~%
107F

1075%

Orsay/E137/CHARM/U70

I | | )
1073 1072 107" 1
m,. (GeV)
Figure 1.4.: ¢ — m,, parameter space for visible dark photon decays 7/ — e*e~. The projected
sensitivities of the JLab experiments APEX, Heavy Photon Search (HPS), and DarkLight are shown

with solid lines. Results from completed experiments, including an APEX test run, are shown with
shaded areas. Figure from [52].

Another fixed target experiment searching for the eTe™ decay of a massive gauge boson at JLab
is HPS [53]. The main components of HPS, which receives an 1.1 to 11 GeV electron beam with a
current up to 250 nA, are a silicon tracker and an electromagnetic calorimeter. With a sensitivity
in the 20 MeV to 1 GeV mass range, new stringent exclusion limits are set by HPS.

DarkLight [54,55] is a future experiment, which will be operated at ARIEL. With a 31 MeV
(upgrade 50 MeV) electron-linac, DarkLight will target an energy range, which appears to be of
particular interest due to striking results from the ATOMKI Collaboration. They produced excited
states of 8Be* and measured the angular distribution of e~e™ pairs. An excess was found for a
wide opening angle around 140°. The opening angle, the asymmetry, and the invariant mass are
consistent with the decay of a new particle with a mass of 16.7 & 0.35 (stat) £ 0.5 (sys) MeV [56].
For the excited states of ‘He* a result as in the 8Be* case was found leading to a mass of
16.84 £ 0.16 (stat) £ 0.2 (sys) MeV [57,58]. This particle could be a light neutral boson — the
so-called X17.

Beam-dump experiments. Another class of experiments has been exploited in recent years
to search for dark sector particles — beam-dump experiments. These also use high intensity
accelerators, but in contrast to the previous approaches, the beam-dump serves as DM source and
the DM detectors can be placed outside the accelerator halls, well shielded from beam-related
SM background. DarkMESA will be such an experiment and the experimental setup is described
in Sec.2.2.3 and Chap. 6. The underlying theory, further beam-dump experiments and their

expected reach are discussed in Chap. 8.
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2. The accelerator facility in Mainz

With particle accelerators, researchers have an instrument at their disposal that can accelerate
charged particles with the help of electromagnetic waves to high kinetic energies and thus almost
to the speed of light. They are used in fundamental research as well as industry and medicine. In
this chapter the extensive experimental possibilities at the Institute for Nuclear Physics in Mainz
(KPH) are presented. Both the existing infrastructure with the Mainz Microtron (MAMI) and its
experiments, as well as the future expansion with the Mainz Energy-recovering Superconducting
Accelerator (MESA), which is currently under construction. All experimental setups with a
connection to DarkMESA, whether they are explicitly related to the construction or operation
of DarkMESA, are presented.

2.1. MAMI - The Mainz Microtron

With MAMI, there is a reliable experimental facility in-house, which was used several times for
DarkMESA material studies. For instance, lead fluoride (PbF3) Cherenkov radiators used in the
A4 experiment were studied. The results are discussed in Chap. 5. Moreover, in the future MAMI
will be important to experimentally study DarkMESA prototypes. In addition to laboratory
background studies with cosmic radiation, MAMI offers the possibility to investigate the veto

and calorimeter behavior due to beam-induced backgrounds like neutrons or photons.

A general overview and the operation principle of MAMI is presented in Sec.2.1.1 and the

experimental possibilities are discussed in Sec. 2.1.2.

2.1.1. Accelerator overview

MAMI is a multistage recirculating electron accelerator, first proposed in 1976 by H. Herminghaus
in collaboration with K. H. Kaiser [59]. Fig. 2.1 shows the underground floor plan of the KPH,
with the MAMI accelerator and the experiments X1, A1, A2, and A4 [60].

Initially a 2.1 MeV Van-de-Graaff injector served as a source for the beam electrons with 2.1 MeV
and a maximum current of 65 1A and no polarized electrons were available. The first three
stages are based on continuous wave (CW) Race Track Microtrons (RTMs). Each uses one linear
acceleration stage, composed of radio frequency (RF) cavities, multiple times. This is obtained by
bending the beam electrons with two 180°-magnets after each acceleration. The beam frequency
is vrrp =2.45 GHz. Thus the time structure of the electron beam is so short that detectors of the
various experiments observe a continuous flow of electrons and no pulsed bunches. The increase

of energy for each recirculation is

B
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Figure 2.1.: Floor plan of the MAMI accelerator facility. In hall A the electrons from a thermal or
polarized source are preaccelerated in the injector linac to a kinetic energy of up to 3.5 MeV. The
energy can be increased up to 14 MeV after RTM1 and up to 180 MeV after RTM2. In hall B is located
the RTM3 with a maximum energy of 855MeV. From there the electron beam can be guided to the
experimental halls (X1, A1, A2, and A4) or be further accelerated up to 1604 MeV with the HDSM
before being used at the experimental sites. Additional test beam stations relevant for DarkMESA are
located close behind RTM1 and RTM3. Figure adapted from [60].

RTM1 went into operation 1979 and RTM2 in 1983. Both together with the Van-de-Graaff
injector are called MAMI-A. Energies of up to 180 MeV were achieved.

With the progressive development of MAMI and the decision to build RTM3 the previous MAMI
setup was moved to its present day position in hall A and RTM3 with its two 450t magnets was
build in the separate hall B. During this relocation the Van-de-Graaff injector was replaced by a
3.5MeV CW linac, where the electrons already reach 99.2 % of the speed of light. For unpolarized
electrons a 100 keV thermal electron source is used. The now better access to the injector also
makes it possible to use a source for polarized electrons. They can be produced with a source
that exploits the photoelectron emission of semiconductors: GaAsP cathodes are irradiated by a
He-Ne-laser [61]. In 1990 this so-called MAMI-B setup went into operation. The design beam
energy reached a maximum of 855 MeV and the design current for unpolarized electrons rose to
a maximum of 100 pA. For polarized electrons, currents larger than 30 pA with a polarization
better than 85 % can be achieved today. For MAMI-B the energy spread is better than 13keV
and the beam position can also be kept precisely constant (£200pm).

In 1999 the proposal for a further expansion stage was approved. With higher electron energy
also the diameter of the magnet pole faces of the RTMs increase: the magnets become larger,
heavier, and more expensive. To reach the desired beam energy of 1.5 GeV two 2200t magnets

would have been necessary. So it was not feasible nor affordable to increase the beam energy
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2.1. MAMI — The Mainz Microtron

further with a fourth RTM. Instead, a Harmonic Double-Sided Microtron (HDSM) with more
compact 90°-bending magnets was suggested [62]. The stage uses four such dipole magnets and
the beam can be recirculated up to 43 times. Two normal conducting linacs are placed opposite
to each other between two dipoles. Despite the rising electron beam energy, for each recirculation
~ 15 MeV, the electrons are guided through the same two linacs. The power consumption was
reduced to a quarter by using one of the linacs with a frequency of 4.90 GHz, twice the MAMI
frequency. This four stages of MAMI provide physicists with a high-performance accelerator
for a variety of experiments, especially to study the structure of matter in the subatomic range.

Experimental setups of the past and present are introduced in the next subsection.

RTM1 RTM2 RTM3 HDSM

beam energy (MeV) 14.86 180 855 1508
energy spread (keV) 1.2 2.8 13 110
magnetic field strength (T) 0.1 0.5 1.3 0.95—-1.5
no. of turns 18 51 90 43
mass per magnet (t) 1.3 40 450 250

Table 2.1.: Some key parameters of the three Race Track Microtrons (RTMs) and the Harmonic Double-
Sided Microtron (HDSM).

2.1.2. Experiment overview

The locations of the experiments described in the following are also indicated in Fig.2.1. First,

a rough overview of the experiments is given, before their significance for DarkMESA is discussed.

X1 - X-ray radiation. The X1 Collaboration was initiated in 1991 to study alternative sources
for excellent x-rays, which arise by the interaction of the MAMI electron beam with various
targets. Also magnetic undulator structures are used to produce x-rays. The research of X1 is of

interest in a wide range of fields, like physics, material sciences, biology, and medicine. [63]

A1 - Electron scattering. With its three spectrometer setup, Al allows electron scattering
experiments with a coincident detection of involved particles. Particles can be resolved with a
momentum resolution better than 0.01 %, a 3 mrad angle resolution, and a timing resolution of
500 ps. This allows precise studies of the structure of atomic nuclei. For instance, A1l contributed
to the proton radius puzzle with a measurement of the proton charge radius through precise
cross-section measurements in the elastic electron-proton scattering on hydrogen [64,65]. Al
has also contributed with an exclusion limit in the field of dark sector physics: a search for the
decay products ete™ of a hypothetical light U(1) gauge boson v’ produced via electromagnetic
Bremsstrahlung was performed [66]. The resulting limit was already indicated in Fig. 1.4. The
scattering chamber and targets are exchangeable and it is possible to carry out experiments with
the MAGIX gas jet target (Sec.2.2.1) already at Al.

A2 - Real photon experiments. Instead of using the MAMI electron beam directly, at A2

photons are generated in a Bremsstrahlung process. These photons arise, when beam electrons
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(E.-) hit the heavier atomic nuclei in a Mgller radiator. The Glasgow photon tagger spectrometer

allows the determination of the scattered electron’s energy E!_ and hence the photon’s energy is:
E,=E-—-FE_ . (2.2)

For the full energy range a resolution of AE, =2MeV is obtained. The tagger microscope allows
the study of tight energy ranges (~80MeV), improving the energy resolution by a factor of
three [67]. The tagged photons are not influenced by the magnetic field and can be forwarded
to a target in the center of the Crystal Ball (CB) calorimeter [68]. Together with the Two
Arm Photon Spectrometer (TAPS) detector installed as forward wall and internal detectors,
this setup can distinguish between charged and neutral particles. A direct measurement of the
helicity dependence of the total photoabsorption cross-section on the proton was carried out at
A2 [69] and A2 contributes to baryon resonance searches with a variety of photon scattering

experiments [70].

A4 - Parity violation (completed). A4 investigated the structure of nucleons, which is
more complex than just the valence quarks composition. In addition, there are gluons and
quark-antiquark pairs known as sea quarks. The additional flavor contributions were investigated
with the A4 experiment. MAMI delivered a beam of polarized electrons, which were scattered off
hydrogen or deuterium targets. The scattered electrons were detected with a total absorbing lead
fluoride (PbF3) calorimeter. This cylindrical calorimeter was segmented with 1022 tapered crystals
in seven different lengths between 150.0 and 185.4mm. The front surfaces cover 26 x 26 mm?,
while the back surfaces are 30 x 30 mm? in size. This setup allowed the measurement of tiny

contributions to the parity violation asymmetry in the weak interaction. [71,72]

This brief overview is now linked to the upcoming DarkMESA experiment. What possibilities
do MAMI and these experiments offer for DarkMESA?

e Reutilization. The A4 experiment is now completed and there is the opportunity to
reuse the crystals in the DarkMESA setup including the optical readout and parts of
the electronics. More than 1000 PbF; crystals with a total active volume of 0.13 m? are

available.

e Background studies. In many solid-target experiments at A1, a significant background
radiation is generated, e.g. by neutrons, which are particularly suitable for studies of a
prototype veto system. Without disturbing the regular beam operation, a prototype could
be placed next to the Al target or the beam-exit-pipe. Furthermore, the tagged photons of
A2 could be used for additional background studies.

e Material studies. Beside the experiments, MAMI offers experimental sites behind
RTM1 (up to 14.86 MeV) and RTM3 (up to 855MeV). Both have already been used for
calorimeter crystal and veto scintillator studies in this work and will be used again for
future development studies. Small detectors could also be tested at certain positions inside
of the A1 spectrometers. The existing measuring tools in the spectrometers allow the exact

determination of particle tracks.
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In the more than four decades of operation, MAMI has offered and still offers versatile experimental
possibilities. Nevertheless, or especially because of the long experience, the desire to perform
even more precise measurements in a lower energy range arose. Together with new high-precision

experiments, the new MESA accelerator was finally developed.

2.2. MESA - A new electron accelerator in Mainz

The Mainz Energy-recovering Superconducting Accelerator (MESA) [73] is currently under
construction at the Institute for Nuclear Physics located at the Johannes Gutenberg University
Mainz. It will operate in parallel to the existing MAMI accelerator and in direct proximity to
it. Both, the experience and the infrastructure of the institute, like the mechanical, accelerator,
vacuum, and electronics workshops, can therefore be easily and fully exploited. MESA and its
experiments will be placed in emptied MAMI halls and a newly build hall extension. In this way,
the construction effort is reduced and the original A4 beam-dump can be used further. The hall
and its maintenance building will be finished in 2022 and the assembly of the accelerator and
also the experiments in their final position will start shortly after. The first MESA beam for the

experiments is expected in 2024.

DarkMESA

s N
v o g
e ,;E
beam-dum =S s \
: ’/;,::k’ >, ’ cryomodules

Figure 2.2.: Overview of the MESA accelerator facility. The existing and new parts of the MESA hall are
shown. The electron beam from the injector linac gains up to 25 MeV when passing a cryomodule and is
guided to the main experiments MAGIX and P2. The DarkMESA experiment is placed in the extension
of the P2 beam-dump. Adapted from the original CAD drawings created by Daniel Simon [74, 75].

MESA will be the world’s first energy-recovering accelerator to perform fundamental research in
physics experiments. Due to the energy range covered with a higher beam intensity than with
MAMI, new high-precision experiments will be realized.

The layout of MESA and its experiments can be seen in Fig.2.2. Like MAMI, it is a CW electron
accelerator with a frequency of 1.3 GHz. Depending on the beam mode and experiment, different

sources for electron production are used. In the case of polarized electrons: a polarized inverted
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DC photogun. The MESA Low-energy Beam Apparatus (MELBA) manages the transport and
spin manipulation of the low energy electrons up to the chopper-buncher sections for the beam
injection. Immediately afterwards the normal conducting Milli AMpere BOoster (MAMBO)
is used for pre-acceleration up to 5 MeV beam energy. After the pre-acceleration the beam is
recirculated in the main linac up to three times, depending on the beam mode. In Fig. 2.2, shown
in blue are the dipole magnets for the beam transport and in yellow the quadrupole magnets
for beam focusing. In each recirculation the electrons pass two ELBE-type superconducting
cryomodules [76]. Each of them contains two TESLA/XFEL 9-cell superconducting RF cavities
inside, where the electrons gain up to 12.5 MeV of energy in each cavity.

The first mode is the energy-recovering linac (ERL) mode. In this mode the electrons are
recirculated two times and gain up to 105 MeV energy. The beam interacts with a (pseudo)

2571, Most of the beam electrons

internal target, reaching luminosities in the order of 1073% cm™
pass through the target undisturbed and their energy is returned stepwise to the cavities. The
beam current reaches up to 1 mA with the possibility of a later upgrade to 10 mA, which is two
orders of magnitude higher than the MAMI current. At this high beam current, it is not possible
to use polarized electrons due to the short lifetime of the photocathodes. The experiment in the
energy-recovering linac (ERL) mode is called MAGIX and is described in detail in Sec. 2.2.1.
The other mode is the so-called extracted beam (EB) mode. There, a high precise and stable
beam of 85 % polarized electrons is generated and interacts with a liquid or solid target. The
beam current is 150 pA and by using GaAs/ GaAsP superlattice photocathodes twelve days
runtime without replacement are estimated for the P2 experiment. For this extracted beam
(EB) mode experiment the beam energy is up to 155MeV after three recirculations. The high
dense targets do not allow energy-recovering and the electron beam has to be stopped after the
experiment in the beam-dump. This beam-dump in turn serves as target for the third experiment,
the DarkMESA experiment, which is placed in the extension of the P2 beam-axis in a dedicated
room outside of the MESA hall.

2.2.1. Energy-recovering linac (ERL) mode

In the ERL mode, the beam is guided to the MAGIX experiment after two circulations. The

electrons reach an energy of up to 105 MeV and a maximum beam current of 1 mA!.

MAGIX - A versatile fixed target experiment

The physic studies with MAGIX aim to achieve a particularly high level of precision, which is
why multiple scattering of involved particles has to be avoided. Beam electrons enter the MAGIX
windowless scattering chamber and interact with the particles of the gas jet target. The scattered
electrons can be detected with the two identical magnet spectrometers STAR and PORT. They
are mounted rotatable around the interaction point. A sliding seal setup allows the connection of
the spectrometers and the scattering chamber without any window. The magnet optics is defined
by a quadrupole and two dipoles, which focus the scattered electrons on the focal plane. A short
drift time projection chamber (TPC) based on gas electron multipliers (GEMs) covers the size

of the entire focal plane and is used to determine the particle tracks. With the information of

1 Possibility of a later upgrade to 10 mA.
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2.2. MESA — A new electron accelerator in Mainz

position and drift time, angle and momentum of the particle can be deduced. The momentum
resolution will be Ap/p < 10™* and the angular resolution Af < 0.2°. A highly efficient trigger

and veto system selects physics events and rejects backgrounds.

windowless gas jet gspectrometer
scattering chamber target quadrupole

beam

GEM-based .
TPC height:
3.7m
trigger and

veto system

Figure 2.3.: Overview of the MAGIX setup. The MESA electron beam enters the windowless scattering
chamber and interacts with the internal gas jet target. With the two identical magnetic spectrometers
STAR and PORT, scattered particles are focused to focal planes and close to them they are detected
with GEM-based TPCs. A trigger and veto system assists in the assignment of detected particles. [77]

Interaction - Scattering chamber and gas jet target. The MESA electron beam enters
the windowless scattering chamber, where it can interact with a target gas (Fig.2.4). The target
was developed by the University of Miinster and has been designed for a wide range of different
gases. In the cold head the gas is cooled down (e.g. 40K for hydrogen) and enters the scattering
chamber through a Laval nozzle, which is specially designed for the various target gases. In this
cold state, the hydrodynamics of the Laval nozzle allow a stable beam for several millimeters.
Below the interaction point, the gas is pumped away through a catcher. So the vacuum inside of
the scattering chamber is not significantly worsened by the target gas. An areal target thickness
of >10'8 atoms/cm? allows a luminosity of O (10 cm™2s71) [78]. Several silicon strip detectors
are mounted inside of the scattering chamber for studies, where the knowledge on the recoil

target particles is needed [79].

Detection - Spectrometers and short drift TPC. Scattered electrons can leave the chamber
through the magnetic spectrometers STAR and PORT, located left and right of the beam-line.
They are connected to the chamber with a sliding seal, which allows a windowless connection
and an angular range from 15° to 165° with respect to the beam-axis. For smaller angles, an
additional detector uses the first MESA dipole after the scattering chamber. This Zero Degree
Tagger (ZDT) is able to measure at forward angles below 0.5° [80]. The magnetic spectrometers
have a quadrupole-dipole-dipole configuration and are designed to focus electrons with same

momenta to the same point in a horizontal focal plane (Fig.2.5 left). The scattering angle could
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Figure 2.4.: CAD drawing of the MAGIX scattering chamber (left) and sketch of the MAGIX gas jet
target (right). The MESA electron beam enters the scattering chamber through a windowless entry and
interacts with the gas jet of a target developed by the University of Miinster [78]. The cold head and
an additional nitrogen booster stage serve for the necessary gas cooling. A laval nozzle allows a stable
beam and in order to keep the surrounding vacuum stable, the target gas is pumped away directly
after the interaction through a catcher. Scattered particles can leave the chamber through windowless
openings in direction of the spectrometers.

be determined by measuring in a second plane, but two stacked detectors are not the best choice
due to the additional material budget. With a short drift TPC this disadvantage is eliminated
and full trajectories can be obtained. Only a thin foil between the spectrometer vacuum and the
gas filled TPC is necessary.

The TPC is located below the magnets inside of a lead housing. Its active volume covers the
full focal plane and is filled with a gas mixture, containing Argon as counting gas. A schematic

working principle is shown in Fig. 2.5 (right).
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Figure 2.5.: Magnetic field map of the MAGIX spectrometers (left) and TPC detection principle (right).
Trajectories of scattered electrons are shown in black. The dipole edges are designed to focus particles
with same momenta, but distinct scattering angle, to the same point in a horizontal focal plane. A
short drift TPC is located there. The applied electric fields and a GEM detector readout, allow the
detection principle shown on the right.

A strong electric field is applied between a drift cathode and an anode. An amplification stage

with three GEM foils and the readout plane is located there. All scattered beam electrons pass
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between cathode and anode. On its track, an incoming particle can ionize multiple gas atoms
of the TPC’s counting gas (at the time tp). Due to the electric field, ions drift to the cathode
and electrons towards the amplification stage. Strong electric fields inside the holes of the GEM
foils, lead to further ionization and an electron avalanche. In a pad plane, the charge of the
electrons is measured. Due to the particle’s path, time differences in the signal detection can
occur. The first signal is detected at the time t; and for an ionization closer to the cathode
a time t; + Atqrigy is observed. From these drift times and the x-y-positions in the pad plane,

momenta and scattering angle can be determined.

Selection - The MAGIX trigger and veto system. The trigger and veto system is located
directly below the TPC, in the same lead housing. This system is intended to distinguish between
real and background events with high precision. In a first trigger layer (T1) 22 plastic scintillator
bars with a rhomboid base and 150 mm length are connected to Plexiglas® light guides and
photomultiplier tubes (PMTs) on both sides. Beneath, a layer of 10 mm thick plastic scintillator
serves as second trigger (T2) and first veto (V1). This first veto and the two following veto layers
(V2, V3) are separated by multiple lead shielding layers from each other. A tray system allows
flexible replacement, interchange, or removal of veto and lead layers.? Light in the veto layers is
collected with silicon photomultipliers (SiPMs) on both short sides. The distinction principle of
the full setup is shown in Fig.2.6. The largest majority of scattered beam electrons will leave a
signal in the trigger layers T1 and T2, while leaving no signal in the veto layers V2 and V3. Due
to their energy, most of the cosmic muons leave a signal in all four layers. Background radiation
from neutrons can lead to signals in all layers, but these signals do not correlate in time. The
high efficiency of the trigger veto system allows a precise event selection without losing too many

real events.?

electron

neutrons trigger T1

veto V1 /T2
lead shield

neutrons veto V2

lead shield
veto V3

gamma

Figure 2.6.: CAD drawing (left) and working principle (right) of the MAGIX trigger and veto system.
The trigger plane T1 is read out on both sides. All trigger and veto layers are made of plastic scintillator.
Each tray can be filled with two 1 cm thick lead or scintillator layers. For scattered beam electrons, this
concept allows a high trigger efficiency O (100), while the veto response probability is below O (10_4).

2 Additional detectors can also be used with this tray system. A MAGIX shower detector made of SF5 lead glass
is briefly discussed in the outlook in Chap. 9.

3 An initial MAGIX trigger veto simulation study was prepared based on the DarkMESA simulation framework
and is presented in Sec. 4 along with initial results.
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Physics program. Due to its high precision and flexibility in terms of both, the usable target
gases and the detection possibilities of scattered electrons and recoil nuclei, MAGIX is suitable

for a wide range of innovative experiments:

e In elastic electron-proton scattering, high precision measurements of the magnetic and

electric form factors in the low Q2 range are foreseen.

« Measurements of astrophysical relevance, like the stellar nucleosynthesis 12C («, ) 6O reac-

tion. This can be realized by measuring the electro-disintegration reaction 10 (e, ¢/a) 12C.

e High precision measurements of electron scattering on few-nucleon systems allow a system-

atic study of new aspects of few-body physics.

e Searches for dark photons in the low mass region are foreseen. In electron scattering off a
heavy target nucleus, dark photons could be produced radiatively, decaying into electron

pairs and being detected by the MAGIX spectrometers.

2.2.2. Extracted beam (EB) mode

After three circulations in the EB mode, the beam is guided to the P2 experiment. The electrons
reach an energy of up to 155 MeV and a beam current of 150 pA. Since this mode is also of great

relevance for DarkMESA, the P2 experiment is discussed in more detail.

P2 - A parity-violating electron scattering experiment

The goal of P2 is a high precision measurement of the weak charge of the proton Qw(p) at
Q? =4.5 x 1072 GeV? [81]. This value can be determined by looking at the parity violating
elastic electron-proton scattering at a low momentum transfer.

In the unification of the weak with the electromagnetic interaction, both mix with a proportion
given by the electro-weak mixing angle, also known as Weinberg-angle ©y. The mediators of the
weak interaction are the W*, W—, and Z° gauge bosons. Their mass values were determined

experimentally [82-84] and the today’s world average [85] is:

mw = 80.379 =+ 0.012 GeV (2.3)
my = 91.1876 + 0.0021 GeV . (2.4)

The calculations in [86] show that:

2
sin?(Ow) = 1 — W ~0.223 . (2.5)

mz,
This value corresponds to the lowest order of perturbation theory and it also depends on the
energy scale and the renormalization scheme (u = /|Q?]). The Weinberg-angle is connected
with the weak charge of the proton and without radiative corrections the following formula is
given:

Qw(p) =1 —4sin?(Ow) . (2.6)
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For the determination of the electro-weak mixing angle the relative precision at P2 will be
~0.14%. This is 10 times better than for the weak charge:

Asin?(Ow) _ 1-4sin’(Ow) AQw(p) | AQw(p) (2.7)

sin2(Ow)  4sin’(Ow)  Qw(p) Qw(p)

The corrections for sin?(Oyw) have to be considered accurately, especially because of the impact
for Qw(p). For the desired precision, a maximum statistical uncertainty in the order of 107 is

allowed. This uncertainty can be reached with a total of

1
N=——__=0010% |, 2.8
oo~ 71 25
elastic scattering events. The measurement time is planned to be around 20000h. To reach
the necessary number of events in the given time, a sufficient high beam current and a long
target are needed. An overview of the experimental setup can be seen in Fig. 2.7 and the main

components are explained in the following.

) &

P 3
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\

Scattering
chamber

Beamline

Figure 2.7.: Overview of the P2 experiment: Inside of the scattering chamber a liquid hydrogen (IHs)
target is placed. The trajectories of the scattered electrons are identified with the tracking detectors
at lower beam current and the energy deposit is measured in the Cherenkov ring detector. For the
distinction of the particle origin the magnetic field of the solenoid and the tracking detectors are needed.
Figure adapted from [81].

The beam current delivered from MESA will be 150 pA (compared to Iax =~ 20 pA for polarized
electrons at MAMI) and it was decided to use an in-beam direction 600 mm long liquid hydrogen
(IH9) target (yellow in Fig.2.7), which corresponds to the design of the target cell of the GO

experiment [87]. Thereof the estimated P2 luminosity is

I
Lpy = -heam Dtarget g ot =238 x 10¥em 257 | (2.9)
e mp
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where Iheam is the MESA beam current, e the elementary charge, piarget the density of the [Hp
target, my, the proton mass, and liarger the target length. This implies a high rate of elastic
scattering events in the [Hs target. The detection of single events would only be possible with a
very high segmentation of the detector (O(10%)), which requires a lot of effort and is associated
with high costs. Therefore the setup is simplified by using an integrated measurement. This is
possible by using 82 Cherenkov detectors arranged in a cylindrical circle (blue in Fig.2.7). For
the radiator material a high light output and an outstanding radiation hardness are the main
criteria. Spectrosil 2000 [88] fulfills those requirements. The spatial separation of the elastic
electron-electron scattering events and the elastic electron-proton scattering events is possible
with a magnetic field, since the energies of the final states strongly differ, even for relatively

small angles (Fig.2.8).
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Figure 2.8.: Final state energies (Ef) of the elastic electron-proton and electron-electron scattering
depending on the electron scattering angle (O¢). Figure adapted from [86].

The magnetic field also serves for focusing the electrons from the elastic electron-proton scattering
to the Cherenkov detectors and offers the advantage of discrimination between photons from
Bremsstrahlung in the target and final state electrons from elastic electron-proton scattering. In
the P2 concept a superconducting solenoid was chosen (red in Fig.2.7), where a 180° spin flip
can be obtained by reverting the current. The solenoid covers a larger range of azimuth angles
than a toroid and reduces the measurement time. Thus the eventually occurring polarization of
the [Ho target has to be taken into account when determining Qw(p). For the determination of
the Q?-distribution the exact knowledge of the particle trajectories inside of the magnetic field is
needed. Inside of a helium filled chamber these are measured with tracking detectors (orange in
Fig.2.7) at a reduced beam current. Therefore the four independent module systems based on
high voltage monolithic active pixel sensors (HV-MAPS) [89] are used in coincidence with the
Cherenkov detectors. The lead shield protects the Cherenkov detectors from photons coming
from the target.

Because of the accuracy P2 aims for, the beam of polarized electrons has to be monitored carefully.
Three independent measurements of the polarization can be performed with a double Mott
polarimeter at 100 keV and a single Mott polarimeter at 5 MeV for long time stability measure-
ments, and a Hydro-Mgller polarimeter close to the P2 experiment with online capabilities [90].
Each has an accuracy better than AP/P = 0.01. Due to the flip of the electrons polarization

with a frequency of 1kHz, an active beam position stabilization is needed. A system of logging
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and active corrections with analog feedback loops like in the A4 experiment [91] or an online
measurement of helicity correlations for all parameters, a so-called feed-forward suppression, are
possible. The helicity correlates with the six beam parameters, position (z, y), angle (z/, v/),
intensity or beam current (I), and beam energy (E), at the target. The fluctuations in these
parameters contribute to the apparative asymmetry A®PP. which should be kept small. MESA is
planning a 210° return-arc followed by the 2.5 m long Hydro-Mgller polarimeter. A 10 m section
between the Hydro-Mgller and the P2 target is reserved for the beam stabilization and other
diagnostic tools.

The parameters can be monitored and stabilized with cavity beam monitors. With a beam current
monitor (BCM) the beam intensity and phase are measured, one beam position monitor (BPM)
measures the position (z, y) and in combination with a second BPM also the angles (2/, ) can
be determined. The beam energy is measured with two beam phase cavity monitors, which are
placed before and after the deflecting magnet of the return-arc, where the longitudinal dispersion
is at a maximum. The time difference of two electrons with different energies and therefore
deviating trajectories can be determined. The time difference can be monitored and minimized
by the accelerator crew to stabilize the beam energy. This is a critical parameter, because a
helicity correlated change of 1eV at MESA has a 23 % effect at P2. For a relative energy change
of 1075 a change in the path length of 0.1 mm can be routinely achieved. This corresponds to
a RF phase difference of 0.14°, which has to be detected in a 0.5 ms helicity window. This is

doable and the uncertainty does not exceed the maximum value of AA*PP =0.1ppb [81].
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Figure 2.9.: Shown is the absolute amount of the parity violating asymmetry Apy and its precision
d(Apv) for various electron scattering experiments. The solid points mark the values of past experiments
and the blank circles the predicted values of future experiments. MESA-P2 marks the P2 experiment
with the 600 mm [Hy target and MESA-12C the P2 setup with a 2C target [92]. The predicted value
for MESA-P2 is —39.94 x 10~ with 1.4 % precision, the smallest asymmetry measured by now. For
detailed information about the other experiments see [93—-104]. Figure from [81].
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When looking at the absolute amount of the parity violating asymmetry

Apy = 7= (2.10)

and its precision §(Apy) compared to other experiments (Fig.2.9), the predicted value for P2
with the (Hy target is —39.94 x 1079 with 1.4 % precision and the smallest asymmetry measured
by now. For the electro-weak mixing angle, this means that the measurement of P2 is located in

an energy range where such a high precision has not been achieved so far (Fig.2.10).
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Figure 2.10.: The electro-weak mixing angle in dependence from the energy scale u = /|Q?| is shown.
The blue curve shows the behavior in the M S-renormalization scheme. The red marks show the
concluded experiments and their error bars. On the low energy scale the error bars are relatively high
compared to the Tevatron, LEP1, and SLC results. The P2 experiment will contribute with a high
precision measurement at lower energies. For the experiments that are not yet completed, the position
on the y-axis is arbitrary. Figure from [81].

Only a small part of the beam electrons are scattered in the target so that the P2 experiment
can detect them. The majority leaves the experiment via a beam-exit-pipe and has to be stopped

in a beam-dump.

The P2 beam-dump

Since the P2 beam-dump is essential for the DarkMESA experiment, it is discussed in detail,
with some physical properties relevant to other parts of this thesis. This beam-dump was already
used in the A4 experiment and thus designed for higher electron beam energies than expected
for P2. It is therefore able to stop almost all MESA beam electrons at an early stage in the
beam-dump. Its structure is shown in Fig. 2.11. Particles leaving the P2 target in the direction of
the beam-dump pass through about 12m of vacuum before reaching the beam-dump. The jacket
of the beam-dump consists of an aluminum magnesium alloy (AlMgs). A pipe system is used to
pump water into the front part for cooling. The pipe is constructed in such a way that the water

jet at an angle of 30° is directed to the center of the front surface, where most of the particles are
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expected. This first hemisphere is almost completely filled with water, which is separated by a
perforated metal plate from the cylindrical part of the beam-dump filled with aluminum pellets.
The cooling water can now flow through the perforated plate, but vice versa the aluminum pellets
cannot reach the front part. The cooling water flows around the entire aluminum filling and
leaves the beam-dump through the rear tube which is again separated from the tube volume by a
perforated plate. Two copper plates with a total thickness of 117 mm, one of which is completely

and the other partially within the AIMg3 coating, complete the beam-dump.

water cooling
in- and outflow

500 mm

aluminum pellets
surrounded
by water

Figure 2.11.: Picture of the A4 beam-dump that is used in the P2 experiment. The jacket made of
AlMgs is filled with aluminum pellets and water is pressed through it for cooling. The beam-dump
has a total length of 2.1 m with a copper block at the rear end.

In the following, the total radiation length has to be determined first. Due to a lack of information
regarding the mass of the aluminum pellets, a maximum filling was assumed, which corresponds
to the densest close-packing of equal spheres of 74 %. The other 26 % is assumed to be water.
The physical properties in Tab. C.1 of Appx.C.1 were used to determine the total radiation
length of the P2 beam-dump in Tab. 2.2.

material length (mm) radiation length (Xy)
coating AlMgs 65 0.71
water H>0O 133 0.37
tube 74% Al/ 26 % HyO 1787 16.15
copper plates Cu 117 8.14
S 2537

Table 2.2.: Total radiation length of the P2 beam-dump for particles, which cross the beam-dump exactly
in the middle along the z-axis.
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For simplification only the radiation length for particles that pass through the beam-dump
exactly in the middle is calculated. This is appropriate because the curvature of the front surface
and the water inflow pipe lead only to slight fluctuations. In Tab. 2.2, summarized under the item
“coating” are all traversed AlMgs areas. This are 12mm at the entry and 35 mm immediately in
front of the copper plates, plus the 8 mm perforated plate and parts of the inflow water pipe
with a wall thickness of 5 mm. Together with the water, the aluminum pellets rushed around by

water and the copper plates, the total radiation length is 25.37 Xj.

This P2 beam-dump in combination with the stable beam conditions and the long measurement

time allows DarkMESA to use it for a parasitic dark sector experiment.

2.2.3. DarkMESA — A beam-dump experiment

The third experiment at MESA is DarkMESA, the topic of this thesis, and a very brief introduction
is given here. After more aspects of the experiment have been elaborated in this thesis, a detailed
discussion follows in Chap. 6. DarkMESA is positioned on the beam-axis of the P2 experiment
in a separate room outside the accelerator hall. The P2 beam-dump described in Sec.2.2.2 can
be regarded as the target of this experiment — a source for DM particles.

The assumption is that LDM interacts with the SM through a (massive) dark photon " coupling
with strength €. For the generation of these DM particles, a simple theory of dark Bremsstrahlung
can be used first. In this theory a dark photon 4’ could be produced in a process analog to
electromagnetic Bremsstrahlung in the beam-dump. The dark photon can then decay invisibly
into a pair of DM particles XX (Fig.2.12a). The coupling between dark photon and DM is

described by the dark fine structure constant ap.

beam-dump

(a) (b) (c)

Figure 2.12.: Schematic (not to scale) overview of the beam path including the Feynman graphs for
production and detection. Feynman graph of the dark photon 7/ production in a dark Bremsstrahlung
process and following decay into DM particles XX in the beam-dump (a). Feynman graph for the
detection possibilities of electron recoil (b) and nucleon recoil (¢) in a DarkMESA detector.
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Between the beam-dump and the DarkMESA detector location there are about 15m of air and
a total of 8.15m of concrete. Due to the low interaction probability, the DM particles can pass
through air and concrete undisturbed, while all other SM particles are stopped. A fraction of
this DM particles could then scatter off electrons or nucleons in the DarkMESA detector. These
recoil particles could then be detected. Depending on the detection principle, electron recoil

(Fig.2.12b) or nucleon recoil (Fig.2.12¢) is possible.
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Figure 2.13.: Expected kinetic energy distribution of the recoil particles for proton or electron recoil.
This simplified simulation assumed a primary energy of 140 MeV. The energy loss in the P2 target is
already taken into account.

In Fig. 2.13 a simple simulation study shows the kinetic energy distribution of recoil particles for
both cases. For proton recoil a sharp peak at about 10 MeV is predicted, whereas for electron
recoil a much broader spectrum is expected. A detection threshold has to be assumed, below
which the recoil of DM events is no longer detectable. At the beginning of this studies, the
threshold value was not known. It was decided to develop a detector concept that measures
the electron recoil, since for same threshold significantly more events would be lost with proton
recoil. The use of a traditional calorimeter, which can measure the deposited energy, seems to be
the natural choice. The initial experience of the Beam Dump Experiment (BDX) at JLab was
also used as a first step [105].

Based on this considerations, a suitable concept for the DarkMESA experiment is now developed
in this work. A constraint is the limited amount of space (12m? floor space) in the dedicated
DarkMESA room. Since the total number of scattering centers in the detector is decisive for
the detection probability of DM events, materials of high density must be preferred. Based on
simulation and material studies, a detector is developed which can make a significant contribution
to the search for DM. For this purpose, the overall concept is optimized on both the production
side (MESA, P2, beam-dump) and the detection side (DarkMESA DM detector). All beam-
related and beam-unrelated backgrounds have to be considered and reduced as much as possible.

The parasitic location to P2 gives DarkMESA the big advantage, that measurements with and
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without the DM beam are possible without relocation or modifications of DarkMESA. The
beam-off periods of P2 can be used to study beam-unrelated backgrounds. Thus, data can be

collected almost continuously without relying on beam schedules.

In the following Chap. 3, the basics of the DarkMESA simulation are presented before the results
of material studies follow in Chap. 5. Based on these results, a stage-like DarkMESA detector
concept is presented in Chap. 6. This concept is completed by background studies in Chap. 7 and

the reachable exclusion limits in Chap. 8.
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After the remarks at the end of Chap.2 about the possibility of a dark sector experiment behind
the P2 beam-dump, the possible concepts need to be investigated further. Instead of directly
realizing the concepts experimentally, a simulation framework based on MadGraph [106] and
Geant4 [107-109] was developed. In particular, the simulation should provide information on
whether this experiment can make a significant contribution to the search for LDM.

The chapter starts with a general discussion of the simulation tools used, with reference to the
processes in the subsequent DarkMESA simulation. Since several physical aspects related to
DarkMESA are investigated in the simulation, these parts of the simulation can be controlled
individually. An user who is performing simulation studies, can control the basic components of
the simulation via a so-called steering file, without having to recompile the code. This steering file
is reduced to the most necessary and useful settings, but can be expanded by the user optionally.
The use and content of this file is introduced in Sec. 3.2. After that, the simulation is discussed
in more detail. The processes in the simulation for the most important cases are presented in the
Secs. 3.3 to 4. It should be noted that the results of the simulation studies are not yet covered in

this chapter.

3.1. Simulation tools

For the simulations to be carried out, two tools are mainly used. The MadGraph event generator
handles the production of dark photons in the beam-dump and their decay into DM particles.
However, most of the simulation is carried out within the Geant4 environment, for tracking
particles through matter. Both make use of ROOT, a framework for data analysis. The scope and

purpose of MadGraph and Geant4 are described in more detail below.

3.1.1. MadGraph

MadGraph/MadEvent in version 4.4.17 [106,110] is a Monte Carlo (MC) event generator and is
used to simulate physical processes. Existing or new hypothetical physics models can be used.
The simulation and event generation is performed on parton level and additional program codes
can extend this processes up to the level of detector interactions. The core processes compute
the tree-level and next-to-leading order cross-sections on parton level. The programs full name is
MadGraphb5_aMC@NLO and is written in FORTRAN. The final events are obtained in the Les Houches
Event (LHE) format [111]. A full discussion of MadGraph’s capabilities is omitted here. Only the

components needed for the simulations in this thesis are presented in Sec. 3.5.3.
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3.1.2. Geant4

Geant4 is a simulation tool developed at CERN and released for the first time in 1998. Geant
stands for geometry and tracking. The software is used in many research areas and is regularly
developed further and maintained by the Geant4 Collaboration. Now available is version 11.0
(first released 10 December 2021), but in this work version 10.4 (first released 8 December 2017)
has been used. The tool is based on the object-oriented programming language C++. The user is
also provided with program examples for a wide variety of application cases, which can serve as
a starting point for own simulations.

Geant4 enables the user to simulate any particle (leptons, mesons, baryons, ions, quarks, messenger
particles, but also user-defined particles) or whole particle showers in a wide energy range. Any
place within a predefined world volume can be set as the starting point of the particle trajectory.
In addition, the particle can also be given a momentum or a fixed time, for example. The user
sets the entire geometry (detailed or simplified) in the world volume, including the corresponding
materials and their properties. In a physics list all processes for the particle interactions are
defined. Depending on the use case, high or low energy physics for example, a different list may
be more appropriate. The user can select a predefined physics list or create an own list. Now the
particles can be tracked through the entire world volume and the data of sensitive detector parts
can be stored in a desired file format. Since it is C++ code, analysis routines or cut values can be
programmed directly where it is needed.

The whole process can be started in a graphical environment, where all geometries and tracks
are displayed. This is suitable for a still manageable number of particles and for debugging.
Tracking can take a particularly long time, if optical properties of materials are considered or
when a large number of high energy particles has to be tracked through several components. For
the Eljen EJ-200 scintillators used in this work, for example, the scintillation yield is in the order
of 10000 optical photons for a 1 MeV electron [112]. In that case the track of each optical photon
through the media (reflections and refractions) is traced until it is absorbed or interrupted by
some condition programmed by the user. Here, the graphical environment is only useful for
individual primary particles, but not for a high number of tracks. A pure terminal input and
output is available for these computationally intense simulations. For the Geant4 installation
procedure and when building own programs or existing examples, there are differences depending
on the operating system and compiler used. Please refer to the “Geant4 Installation Guide” [113]
and the “Geant4 User’s Guide for Application Developers” [114].}

The basic structure of a Geant4 simulation is always the same. For a better understanding of
the structure even for the less experienced user, please refer to Appx. A.1. In addition to the
basic structure, the placement of geometries and the tracking process are discussed there using a
simple example. For the more experienced user, the specifics of the DarkMESA simulation are

discussed directly.

! For the default Debian GNU /Linux installation used in the MAGIX-DarkMESA working group, a guide for
installation and usage of this simulation package is attached in Appx. A.2.
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3.2. The steering file

The DarkMESA simulation is a Geant4 simulation that can cover different physics applications.
In order to give the user the possibility to call the part of the simulation that is currently needed
and also to set parameters without having to recompile the code, a so-called “steering file” has
been developed, which is read at the beginning of a simulation. First the functionality of this
file and its integration into the overall simulation is presented. Later in this chapter, different

applications of the simulation are shown without presenting the simulation results.

The steering file allows the user to change important parameters of the simulation quickly and
with no need to recompile the code. When executing the simulation, an additional argument that
specifies the steering file to be used (here: steering.xml) is provided. The file layout is made in
such a way that the value of each variable is between a start and an end tag. These are uniformly
structured in a <variableName>value</variableName> form. In addition, the variables are
sorted by application category and provided with comments. The value of the variable can be
of the data types G4String, G4double, G4int, or G4bool. In order to read them correctly, the
simulation was extended by the files BDXSteering.cc/.hh. In these files, there is the member
function LoadSteering(), which controls the reading of the data into the corresponding variables.
To do this, the steering.xml file is read into a std::stringstream buffer and searched for
the corresponding tags. There is a createSteeringDataType () function for each data type. The
function get_str_between_two_str() used in it returns a G4String that has to be converted
according to the desired data type. As an example, the function to read an integer variable is

shown here:

G4int BDXSteering::createSteeringInt (G4String input, G4String name) {
G4String start_delim = "<"+name+">";
G4String stop_delim = "</"+name+">";

G4String value = get_str_between_two_str (input, start_delim, stop_delim);

return atoi(value.c_str());
}
All variables are generated as public variables (G4DataType variable;) and in LoadSteering()

they are read in sequence.

variable = createSteeringDataType (buffer.str (), "variable");

The LoadSteering() function has to be called once at the beginning of main.cc. After that, all
variables from the steering file are available to the simulation. The value of a variable can now

be called in the simulation using

(BDXSteering#*) fSteering->variable

This type of programming allows the less experienced user to run simulations without the need to
change the program code. In addition, even without extensive programming knowledge, further
variables of the simulation can be set via the steering file easily. A complete list of the variables

that are set in this steering file is not given here. If necessary, the parameters are explained
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when needed. At the moment the file comprises more than 180 parameters. Although these are
all commented, it can be confusing for the inexperienced user. For this reason, the following
procedure is suggested. If one parameter has been proven to be optimal during the execution and
analysis of simulation parts, the parameter should be set with an initial value at the beginning
of LoadSteering(). Thus a simplified and an extended steering file can be made available to

the user. In addition, example steering files for the main use cases are provided.

Before individual parts of the simulation are presented, it is now necessary to show how these
different parts can be reached. The two variables primaryType and primaryPos are essential
for this. They determine which primary particles are generated at which location inside of the
world volume. As in the example in Appx. A.1, a simple G4ParticleGun is used. Particle type,
momentum direction, energy, and position are set with the steering file. It is also possible to
read all the parameters line by line from an external list. These two modes seem to be sufficient.
However, since different objectives of the simulation also require access to different simulation
components, it has shown that it makes sense to have a larger variety of generator types and

generator positions to choose from. The most important of these are the following;:

Main primary generator types
e Free choice of particle type, energy, and momentum,
o DM particles XX from four-vector list generated with MadGraph,
« recoil electrons from four-vector list generated with the XX run in Geant4,

» cosmic-ray particles generated with the cosmic-ray shower library (CRY).

Main primary generator positions
e Free choice of position,
e 5mm in front of P2 target,
e one Xy in beam-dump,
« at beginning of DarkMESA detectors,
e cosmic-ray layer above DarkMESA,
e beam-time positions,
e random or central in detector crystal,

e screening of scintillator modules.

The simulation excludes unreasonable combinations of type and position. In this case an error
message is displayed to the user. These two variables can be used to access the basic parts
of the simulation presented in the following Secs. 3.3 to 3.5. They do not only determine the
particle generation in the PrimaryGeneratorAction(), but frequently decide about the running

of processes in the RunAction(), EventAction(), and SteppingAction().

3.3. Light output simulation of detector prototypes

Right at the beginning of the DarkMESA project the question of suitable detector materials
came up. Since only limited space is available for DarkMESA, optical materials with high density

were considered: the higher the material density, the better the detection probability per volume.
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The chosen materials — PbF9, BiyGe3O12 (BGO), and the PbGlI types SF5, SF6, and SF57THTU
from Schott — were studied during two beam-times at MAMI in July and December 2018 with a
14 MeV electron beam, see Chap. 5. The experimental results obtained should be compared with
a simulation study.

For this study, optical processes are included in the simulation. First these processes are registered
in a physics list, see Appx. A.3.1. Energy deposition in an optical material for which additional
optical properties have been defined is accompanied by the generation of optical photons. Their
path through the simulation environment is fully simulated using the defined processes. The
most important processes are the reflection and refraction at boundaries, the absorption in the

material, and the Rayleigh scattering on sufficiently small and distant particles.

Primary generator. Since this simulation is based on the real conditions at the 14 MeV MAMI
experimental site, energy and particle type (14.86 MeV electrons) are fixed.? The starting point
of the beam is assumed to be almost point-like. The angle between the electron beam and the
detector can be adjusted to simulate a lateral impact. With a given beam-time date and detector
type, the correct positions are chosen from a database. The gun position, 10 mm in front of the
flange, and the momentum direction are dynamically calculated and set according to the lateral

angle of impact with a function in the PrimaryGeneratorAction() file.

beam position monitor
and trigger detector

photomultiplier

absorber

flange detector material

with reflective foil

14 MeV electron beam

Figure 3.1.: Geant4 construction layout of the 14 MeV MAMI beam-time simulation. The visualization
of all trajectories due to a single 14 MeV beam electron is shown. Electrons (red), gamma rays (green),
and optical photons (grey) are shown. The layers of one fiber bundle are shown enlarged.

Geometries and placement. The detector material is surrounded by a thin layer of air and a
reflective aluminum foil. An exception is only the frontal surface of the photomultiplier tube
(PMT), which connects directly to the detector material. Optionally, a fiber detector, used
as a trigger and beam position monitor, the 200 pm thick aluminum flange at the end of the
beam pipe, and absorber plates for energy reduction behind the flange can be switched on. The
necessary physical volumes can be seen in Fig.3.1. Flange and absorber are simple geometric
shapes — G4Tubs () were chosen. These can be switched on and off via the steering file and the

absorber thickness can be varied. Another useful Geant4 function is used for the fiber detector.

2 This part of the simulation can be accessed by choosing primaryType = 4 (14 MeV electrons) and primaryPos
= 4 (beam-time position).

35



3. The DarkMESA simulation framework

It should consist of horizontally and vertically running fiber bundles. Each bundle consists of
two layers of 16 fibers each. The fibers themselves are again created from G4Tubs (), but not
every fiber is placed individually. The logical volume of a single fiber is created — position and
rotation are not included, physical volumes are required for each fiber layer. The two layers of
a fiber bundle are created as G4Trd(). The physical volumes are generated according to the
position and orientation of the fiber bundle. Since the fiber layers in a bundle are supposed to
mesh, the physical volumes also overlap. These four volumes serve as the mother volume of the

fibers. The fibers are generated in these volumes in the desired number as G4PVReplica().

G4Tubs* solidFiberSingle =
new G4Tubs("Fiber", O.*mm, rFiber, 1lFiber, O.*deg, 360.*deg);
G4LogicalVolume* logicFiberSingle =

new G4LogicalVolume (solidFiberSingle, //its solid
fiber, //its material
"Fiber"); //its mname

G4Trd* solidFiberReplicaMotherX =

new G4Trd("FiberMother", 16*rFiber, 16*rFiber, rFiber, rFiber, 1lFiber);
G4LogicalVolumex* logicFiberReplicaMotherXl =

new G4LogicalVolume(solidFiberReplicaMotherX, //its solid

air, //its material
"LayerX1"); //its name
new G4PVPlacement (rotationFiberX, //rotation
posFiberSingleX1, //at position
logicFiberReplicaMotherX1 , //its logical wolume
"LayerX1", //its name
logicEnv, //its mother wvolume
false, //no boolean operation
0, //copy number
checkOverlaps); //overlaps checking

G4VPhysicalVolume* FiberXl =

new G4PVReplica("FiberX1", //its mname
logicFiberSingle, //its logical wolume
logicFiberReplicaMotherX1, //its mother wvolume
kXAxis, //replica axis
16, //number of replicas
rFiber*2, //width
0); //offset

For the construction of the detector made of the respective material, a thin air layer, a 20 pm reflec-
tive foil, and a PMT, the boolean G4SubtractionSolid () class is helpful. This allows to subtract
geometric shapes from each other. The solid detector material (solidDarkMESADetector) and
a simplified PMT (solidDarkMESADetectorPMT) are created. The PMT is only simulated as a
2mm thick circular disc. The material choice corresponds to the front glass of the PMT. This
allows to simulate the optical transition from the detector material to the PMT.? The photo-
cathode itself is not placed as a geometric element. Their function is mathematically included in
the simulation. For the surrounding air volume one creates the same geometric shape as for the
detector material with slightly larger dimensions (solidReflectiveFoilAir), corresponding to

the air layer thickness of 1 mm and the same for the reflective foil (solidReflectiveFoilTmp).

3 The optical grease lying between detector and PMT is omitted here, since the optical properties are very similar.
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Then solidReflectiveFoilAir is subtracted from solidReflectiveFoilTmp:

G4VSolid* solidReflectiveFoilTmp2 =

new G4SubtractionSolid("ReflectiveFoilTmp2", //its mame
solidReflectiveFoilTmp, //solid A
solidReflectiveFoilAir, //solid B
0, //rotation
G4ThreeVector (0.,0.,0.)); //trans wvector

To finalize the reflective foil (solidReflectiveFoil), the PMT element is subtracted from
solidReflectiveFoilTmp2. There the displacement of the two elements has to be taken into
account. At the end one has to place only the solidDarkMESADetector, the solidDarkMESAPMT,
and the solidReflectiveFoil in the world volume.*

When placing the elements it is necessary to consider the optional mode of a lateral impact.
In the simulation the detector always remains fixed and the axis consisting of beam, flange,
absorber, and fiber detector can be rotated around the detector. This axis can be shifted in two

additional dimensions and the intersection with the detector can be chosen exactly (Fig.3.2).

OO

as° i

Figure 3.2.: Realization of the lateral impact mode. The beam-axis with flange, absorber, and fiber
detector can be rotated around the fixed detector. With two additional directions of movement, the
beam-axis can be aligned to any point of the detector side surfaces.

Optical processes. Additional optical properties must be assigned to all relevant materials. For
each material a G4MaterialPropertiesTable() is created first. Properties can then be assigned
to this table. These can be individual constants, but also wavelength- or energy-dependent
distributions. For each material (G4Material® material) one has to assign at least a refractive
index spectrum ("RINDEX") and an attenuation length spectrum ("ABSLENGTH").?

For most materials in this study, these parameters are largely sufficient. An exception is the
detector material BGO. Unlike the Cerenkov detector materials, BGO is a scintillating material.
Therefore, scintillation properties must be included. This includes at least a "FASTCOMPONENT"

4 Since, the world volume material is air, it is not necessary to place the air layer. It was also dispensed with
packing the detectors in black foil, as no unwanted light sources are present in the simulation.
5 If the attenuation length spectrum is not provided by the user, the values are set to infinity automatically.
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spectrum, which describes the wavelength-dependent scintillation intensity, as well as the decay
time ("FASTTIMECONSTANT") and the scintillation light yield ("SCINTILLATIONYIELD"). For BGO

this is implemented as follows.”

// Setting optical matertial properties for BGO
myMPT = new G4MaterialPropertiesTable();

const G4int nEntries = 7;
G4double photonEnergy[nEntries] =

{4.13*eV, 3.54xeV, 3.10*xeV, 2.76*xeV, 2.48xeV, 2.25xeV, 2.07*xeV};
G4double refIndex [nEntries] =

{2.43, 2.29, 2.22, 2.17, 2.14, 2.12, 2.11};
G4double absorption[nEntries] =

{10*mm, 380*mm, 1400*mm, 2300*mm, 3470*mm, 3730*mm, 3990*mm};
G4double fComp[nEntries] =

{0.00, 0.01, 0.06, 1.00, 0.13, 0.07, 0.00};

myMPT ->AddProperty ("RINDEX", photonEnergy, refIndex, nEntries);
myMPT ->AddProperty ("ABSLENGTH", photonEnergy, absorption, nEntries);
myMPT->AddProperty ("FASTCOMPONENT", photonEnergy, fComp, nEntries);
myMPT ->AddConstProperty ("SCINTILLATIONYIELD" ,8000./MeV);

myMPT ->AddConstProperty ("FASTTIMECONSTANT", 300.*ns);

material ->SetMaterialPropertiesTable (myMPT) ;

The optical properties are now defined for all materials. To track optical photons correctly,
information about the material surfaces is still missing. Components of the same material do
not necessarily have to have the same surface properties. Therefore, the surface texture for all
relevant logical volumes is defined individually via the G40pticalSurface() package. Once a
set of optical properties has been created, it can be assigned to an existing surface. To select
the desired surfaces, the G4LogicalSkinSurface() and G4LogicalBorderSurface() classes are
available. In the first case, the entire surface of the logical volume is used. In the second
case, another logical volume is given and the optical properties are applied to the boundary
between the two volumes. Both particle directions must be considered here, resulting in two
GAOpticalSurfaces. With this concept, each surface of a volume can be provided with different
optical properties. This is not possible with the G4LogicalSkinSurface().

The most important properties of the boundaries are the surface type, finish, model, and polish
value. The dielectric_dielectric type is used for all materials except the aluminum foil,
which is of type dielectric_metal. With this setting the reflectivity of the foil is 100 % by
default, but a complex refractive index or the reflectivity can be set as a property in the
G4MaterialPropertiesTable () optionally. As surface finish a variety of options can be selected,
such as a perfectly smooth surface (polished) or a rough surface (ground). Furthermore, front-
or backpainted options can be used, as well as mechanical and chemical processes of surface
treatment. The way how the reflection and refraction at the volume surfaces has to be treated is
chosen with the model option. In this study the original glisur model from Geant3 was used.”

This model assumes that the surface consists of many micro-facets. Each time an optical photon

5 The number of nEntries in the BGO code snip was reduced for presentation purposes only. A reasonable large
number of data points describes the behavior more accurately, while local dips are also accounting.

7 A second model, that is often used, is the unified model. Although this was not used in this thesis, a comparison
of the two models should be considered in future simulations. Both models are described compactly in [115].
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is reflected at the surface, the orientation of a micro-facet is calculated. For this calculation an
average surface normal vector is chosen, depending on the finish type. For the polished finish,
a second vector dependent on the surface polish value (polish = 0.0 to 1.0, where 1.0 means
perfectly polished) is defined by the random selection of a point on a sphere with the radius
1—polish.® This second vector is placed at the top of the first vector. Together they define the
orientation of the micro-facet. A specular reflection is calculated from this. For a PbF9 crystal,

the surface texture could be created with the following code:

G40pticalSurface* opCrystalSurface =

new G40pticalSurface("CrystalSurface");
opCrystalSurface->SetType(dielectric_dielectric);
opCrystalSurface->SetFinish(ground);
opCrystalSurface->SetModel (glisur);
opCrystalSurface->SetPolish(0.93);

G4LogicalSkinSurface* crystalSurface =
new G4LogicalSkinSurface("CrystalSurface", logicCrystal, opCrystalSurface);

G40pticalSurface* opticalSurface = dynamic_cast <G40OpticalSurfacex>
(crystalSurface->GetSurface(logicCrystal)->GetSurfaceProperty ());

No optical properties were defined for the parts on the rotatable beam-axis (flange, absorber, fiber
detector), since their function for the simulation only depends on the energy loss and scattering

of the beam particles.

Beam monitor and output. During the simulation the following parameters are logged by

default or as extended option (*):

o Number of trigger layers hit (Nqyex and Nrygy),

« position of detector hit® (Xpit, Ynit, Znit),

o particle energy of detector hit (Ey;),

o total optical photons at PMT (N ),

o number of detected optical photons (Nget ),

 (*) total energy deposited in detector (Eqep),

 (*) total step length of energy depositing particles in detector (lgep),

o (*) place of origin and wavelength for each optical photon (Xop, Yop, Zop, Aop)-

The fiber detector serves as a simple beam position monitor. No single fiber hits are counted.
When a particle passes through one of the four trigger layers the counter of the corresponding
layer is set to 1. Nyex and Nygy can thus take the values 0, 1, or 2 respectively. This is sufficient
to simulate the logic of trigger layers as it was handled during the beam-times.!°

When the beam electron or a secondary particle reaches the reflective foil of the detector for the
first time, its position (Xyit, Yhit, Znit) and current energy (Ep;;) are stored. In the case where a
particle with higher energy hits the foil afterwards, the values are replaced.

Due to particles penetrating the detector, energy deposition can now occur which, due to the

8 For ground finish, a polish value of 1.0 means maximum roughness and the radius of the sphere is the polish.

9 In the case of more than one particle hitting the detector, the position and energy is set to the values according
to the particle with the highest energy.

OHowever, this does not affect the ability to select a smaller region-of-interest (ROI) by reducing the number of
constructed fibers and the trigger layer size.
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defined optical properties, is associated with the production of optical photons. Optionally it is
possible to output both the total energy deposit and the corresponding total step length, as well
as the place of origin and the wavelength of each optical photon.

The trajectories of the optical photons are now fully simulated by Geant4. The tracking can only
end in two ways: either absorption occurs within the material or the photon leaves the detector
material in the direction of the PMT.!! This must result in a transmission of the photon from
detector material to PMT volume, a reflection at this point does not stop the tracking. In case
of a transmission, the track of the corresponding optical photon is immediately terminated and
a statistical probability for the detection of the photon is calculated based on its wavelength
and the quantum efficiency of the PMT version used. After the complete tracking, the total
number of photons arriving at the PMT (Nio) and the number of photons finally detected (Nget)
is logged. The data is stored either in ASCITI files or in ROOT trees and the further analysis takes

place outside of the Geant4 environment.

This simulation part allows the comparison of beam-time data with simulations. On the one
hand, the simulation can be used as a prediction for upcoming beam-times, but it can also be
used to calibrate the measured data after a beam-time. This is done by translating the measured

charge spectra into the number of detected optical photons.

3.4. Efficiency determination of DarkMESA veto systems

The next part of the simulation is supposed to investigate several aspects of a concept for
background suppression. The largest background is expected to be from cosmic radiation. The
DarkMESA detector signals induced by cosmic radiation have to be identified and sorted out.
Various veto concepts can be tested on a small scale and successful concepts can then be adapted
to the entire DarkMESA detector.

Considerations. The construction principle for the individual detectors from Sec. 3.3 is used
again. The only difference is that several individual detectors can be simulated as modules. In
addition, a generator for cosmic particles, and veto concepts are required. The principle described
here anticipates the veto concepts that are presented in Chap.7. Without going into the exact
details, these concepts consist of large scintillators and absorbers. The materials and optical
properties of the scintillators are created according to the known principle from Sec. 3.3. It is
important that each single detector volume and scintillator layer has its own explicit name, since
a statement about the signal in each individual module should be made during particle passage.
Since high-energy particles passing through a scintillating material produce optical photons in
the order of several 10000, it is not practicable for this part of the simulation to rely on an exact
tracking of all optical photons. The trajectories of the cosmic particles through the different
modules and the energy deposit are now important and an exact value for the light output of

each module is only subordinate.'? Thus, for an efficient simulation of cosmic events, a small

1 Optionally, exceeding a specified time period after the trigger signal or the first detected photon may also lead
to the end of the tracking.

2For some particles, the energy deposition is not enough. Neutrons, for example, can have a high energy deposition,
but it may be associated with only a few or no optical photons at all, depending on the material (see Sec. 5.6).
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adjustment is made. Although all materials retain their optical properties, the optical photons
are not tracked through the entire volume. When the optical photons are generated, the track is
terminated immediately afterwards. Thus, only an absolute number of generated optical photons
for each module is obtained.!3

For this simulation part the important new elements to be described are the cosmic-ray generator
and the positioning of the scintillator and absorber panels, as well as the analysis of the obtained
data.

The cosmic-ray generator. The cosmic-ray shower library (CRY) is used to create the primary
cosmic-ray particles and runs directly in Geant4. CRY uses detailed data tables. The important
parameters for the generation can be set directly via a setup file. While there are parameters for

excluding certain secondary particles, the most important settings are:

e latitude in degree — set to 50° for the location in Mainz,

o altitude in m — three possible values (0, 2100, and 11300 m) — set to 0 m, which equals
sea level,

e subboxLength in m — particles are created in a square with this side length; data tables for
1, 3, 10, 30, 100, and 300 m are available — depending on the desired size, the next larger
table must be selected for values in between,

e nParticlesMax — cosmic showers with more particles are shortened to this number of
particles,

o date — the solar activity (eleven year cycle) is taken into account by a date, e.g. 12-31-2022.

The generator is included in the GeneratePrimaries (G4Event® anEvent) function in BDXPri-
maryGeneratorAction(). The user settings have to be read in as std::string and together
with a second argument for the location of the data tables a CRYSetup() is created. This setup
is then reported to the CRYGenerator (). The genEvent () function fills the std: :vector<CRY-
Particle*>*vect with all necessary event information. Within a for-loop the information is
passed on to the fParticleGun. Depending on the vector size, which corresponds to the number
of particles in one cosmic shower, the fParticleGun is filled multiple times. The vector has to

be emptied with vect->clear () before the next cosmic shower.

std::string setupString;

std::vector<CRYParticle*> *vect;

G4ParticleTable* particleTableCRY = G4ParticleTable::GetParticleTable () ;
//read in string from setup file

CRYSetup* setup = new CRYSetup(setupString,fSteering->crySetupData);

CRYGenerator* gen = new CRYGenerator (setup);
vect->clear (); //clear content of wector
gen->genEvent (vect) ; //pass event information to wvector

for (unsigned j=0; j<vect->size(); j++) {

13 Nevertheless, if an statement about the number of detected optical photons is desired, it is still possible to
obtain this information via a separate simulation part. There a particle of the desired type is generated with
a random position and momentum within the module under investigation. The energy is randomly selected
from a predefined energy range. The output is a two-dimensional histogram, which links the number of photons
produced with the number of photons detected.
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fParticleGun->SetParticleDefinition(particleTableCRY->FindParticle (
(xvect) [j1->PDGid ()));
fParticleGun->SetParticleEnergy ((*vect) [j]1->ke () *xMeV) ;

//calculate random position im a given plane
fPartlcleGun ->SetParticlePosition(G4ThreeVector (xpos,ypos,zpos));
fParticleGun->SetParticleMomentumDirection(G4ThreeVector ((xvect) [j1->u(),

(kvect) [j1->w(), (kvect)[jl->v()));
fParticleGun->SetParticleTime ((*vect) [jI->t());
fParticleGun->GeneratePrimaryVertex (anEvent) ;

}
Without further detector components, it is already possible to obtain the spectrum of cosmic
particles at sea level in Mainz. It is also possible to simulate the laboratory or MESA hall ceiling
between the cosmic-ray generator and the veto detector system to obtain the spectrum at the
experimental site. This is only done in a simplified way by summing up all concrete ceilings
above the experiment to one layer of concrete. Neither the complete laboratory building nor the
MESA hall and the overburden is simulated. In a more precise setup, lateral cosmic particles pass
through more material before reaching the laboratory or DarkMESA room, but a full simulation
of the environment was not considered at this time. Simulating the path of a sufficiently large
number of cosmic particles through multiple volumes is not practical at this point. To do this,
the particles have to be generated in a larger plane and most of them do not even reach the

laboratory or DarkMESA room. This would result in an unnecessary long simulation time.

Placement of components. The first component to be placed is the veto system. According
to the size of the selected veto system, the size of the CRY generator (subboxlength) is also
selected. To keep the simulation simple, only the scintillator and lead absorber panels are placed
— the holding structure is neglected in the simulation. In the veto concept described here, there
are an inner and an outer veto layer, consisting of six scintillator plates each. The layout was
chosen so that each of the four larger plates (top, bottom, left, right) and each of the two smaller
plates (front, back) have the same dimensions. Thus, apart from necessary cable entries, there
are only two differently sized scintillator plates per veto layer.

The positioning and rotation of the individual plates within the simulation environment is based
on a few variables and can therefore be easily adjusted. In addition to the size of the scintillator
plates, the z-y-z position of the top plate is set. Since the holding structure is neglected,
additional variables must be used to set the distance between the plates. There is a separate
distance value for inner and outer veto (scintiGapIV and scintiGapOV), which regulates the
distance between the large plates. Furthermore, the distance to the front and the back plate can
be set with scintiGapCap. From these variables the position of each plate can be calculated and
with a corresponding rotation all veto elements are placed. In a similar way, absorber layers can
be placed between the inner and outer veto layer, or at the innermost position, directly around
the calorimeter. It is possible to activate both absorber layers at the same time.

Next, the calorimeter has to be placed within the veto system. The module size is based on
the number of detector layers in x, y, and z direction specified in the steering file. By querying
these values in three nested for-loops, the crystals are generated at the correct positions. For a

prototype, the full setup may look like in Fig. 3.3.
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Figure 3.3.: Implementation of a prototype setup in the Geant4 environment. Outer veto (green), inner
veto (red), PbFy crystals with PMTs (blue), and two optional layers of lead absorbers (black).

Output and efficiency determination. For each cosmic generator event, the raw data of the
primary cosmic-ray, the individual veto plates, and the calorimeter crystals are stored in three
sub-folders of a ROOT file.

For the primary cosmic particle an event number, the particle type, and the energy is saved. For
each veto and each calorimeter crystal, multiple branches are filled. They specify whether the
respective element has been crossed by a particle and if so the deposited energy, the track length,
and the number of optical photons generated in this element is recorded. In addition, particle
type and energy of the particle responsible for the largest energy deposition in the element is
saved. This is not necessarily the primary cosmic particle. Also the timestamps for the first and
the last generated optical photon is stored.

Since all these branches are created for each element, the file becomes larger with the number of
calorimeter elements. This is one of the reasons for having a simplified output option. With this
option the most important information about selected events can be stored in an ASCII file to
allow an immediate analysis and to speed up the simulation process. Especially one can set a
minimum for the number of calorimeter crystals hit along with energy deposition limits for the
veto layers. This allows to focus on specific events of interest. Under the condition that at least

one calorimeter crystal responded, one can now look at the efficiency for certain veto conditions.

3.5. Full simulation of the DarkMESA experiment

This section shows how the expected reach of the DarkMESA experiment can be calculated with
the help of several simulation parts.

Since DarkMESA is parasitic to the P2 experiment, the beam-dump of the P2 experiment can be
considered the particle source for DarkMESA. The first objective of this simulation is to obtain

the position and energy information of the particles in the beam-dump. For this purpose, the
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155 MeV MESA electron beam is simulated immediately before the P2 experiment. From the P2
experiment itself, the most important components upstream to the beam-dump are simulated.
These are the [Hy target and the magnetic field of the superconducting solenoid.

The particles then pass through a vacuum tube which closes with the beam-dump. The beam-
dump itself consists of aluminum, water, copper, and a steel cladding and has been modeled
accurately in Geant4. The energy spectrum of electrons and positrons in the beam-dump is
then used as input for a MadGraph simulation outside of the Geant4 environment. This external
simulation aims to estimate the production of DM particles. For each kinematics setting a list of
DM four-vectors is obtained and used as a new particle generator in the Geant4 simulation. The
DM is tracked up to the DarkMESA detector and their detection probabilities are calculated.
In combination with further parameters, like operating time and detection thresholds, the
exclusion limits for DarkMESA can be calculated. By choosing a suitable representation, the

results can be compared with existing and proposed limits from other experiments.

3.5.1. Impact of the P2 target and magnetic field on beam electrons

The MESA electron beam is assumed to be point-like and reaches the P2 target with a fixed
energy. The maximum energy is 155 MeV and it is expected to remain very stable for the duration
of the experiment. Within the Geant4 environment the 600 mm long [Hs target with a diameter
of 100 mm can be used in two different levels of detail.'* The first version includes only the [Hj
in cylindrical form. The more detailed one includes the following aluminum parts: an internal
conical flow diverter with a wall thickness of 0.075 mm and holes for liquid exchange, upstream a
0.125 mm thick vacuum window, downstream a hemispherical cell window, and the cell wall of
0.25 mm thickness [81]. Fig.3.4 shows the visualization of this target in Geant4.

—
10 cm

-
’—*

cell walls
liquid hydrogen
vacuum windows
conical flow diverter

Figure 3.4.: Visualization of the detailed P2 target in Geant4. The [Hy in the cell (blue) is surrounded
by thin walls (grey), and the up- and downstream vacuum windows (red). The conical flow diverter
(orange) becomes narrower in beam direction. Components required for the flow of [Hy were not
simulated.

In addition to the target, the magnetic field of the solenoid has to be included in the simulation.
The used magnetic field map is called FOPI_real and is provided by the FOPI Collaboration [116].
The properties of the magnet are similar to those of the P2 solenoid. The data to fill the field
map is stored in cylindrical coordinates. The radial- and the z-component of the magnetic field is

provided. The maximum field strength is 0.7 T and compared to that the azimuthal component

M The distinction is of particular interest if the neutrino background has to be investigated.
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3.5. Full simulation of the DarkMESA experiment

is negligible small.
The additional files Field.cc and Field.hh with the function Field () are used to read in the
field map from the ASCII file ./fieldmaps/FOPI_real/field.dat. In BDXConstruction.cc

the field is created and the properties are made available to the G4TransportationManager ().

void BDXConstruction::DefineMagneticField () {
Field* field = new Field(scalingFactor, (char *)"FOPI_real");
G4Mag_EqRhs* fieldEquation = new G4Mag_UsualEqRhs(field);

G4MagIntegratorStepper* stepper = new G4HelixImplicitEuler (fieldEquation);

G4FieldManager* fieldManager = G4TransportationManager::
GetTransportationManager () ->GetFieldManager () ;

fieldManager->SetDetectorField (field) ;

G4double fMinStep = 1le-3*mm; // Should be much smaller than the step limit in
the lH2 wvolume

G4double fMaxStep = 7ebxmm; // Should not exceed the size of the world
volume

G4MagInt_Driver* integrationDriver = new G4MagInt_Driver (fMinStep, stepper,
stepper->GetNumberOfVariables ());

G4TransportationManager::GetTransportationManager () ->GetPropagatorInField () ->
SetLargestAcceptableStep (fMaxStep) ;

G4ChordFinder* chordFinder = new G4ChordFinder (integrationDriver) ;
fieldManager->SetChordFinder (chordFinder) ;
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Figure 3.5.: Visualization of the magnetic field map used in the Geant4 simulation for particle tracking
through the P2 experiment. It is an approximation of the P2 solenoid corresponding to the FOPI
solenoid. The radial- (left) and z-component (right) of the magnetic field are shown. The azimuthal
component is negligibly small. The r position is the distance from the beam-axis and the z position
corresponds to the z position in the Geant4 environment. The position of the cylindrical [Hs target is
shown in red.

In addition, the P2 gamma shield is simulated. It is about 2.5 m long and is made of steel and
Pb. Only the Pb parts are simulated in Geant4 and the visualization is shown in Fig.3.6. Due
to its geometry, it is important for some secondary particles on their way to the beam-dump.
The simulation of these elements ensures the correct path of the scattered particles to the
beam-dump. Without these considerations, the beam of electrons would be fanned out to such
an extent that 20 % of the scattered beam electrons would be stopped in the beam-exit-pipe
already (see Fig.B.1 of Appx.B.1).
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3. The DarkMESA simulation framework

Figure 3.6.: Visualization of the P2 gamma shield in Geant4. Only the lead components are simulated.
The steel mounting is neglected.

3.5.2. Energy and cos(0) distribution of e"e™ in the beam-dump

For a prediction of the DM production through processes of the incoming particles, the imple-
mentation of the beam-dump is of utmost importance. The P2 beam-dump was already used in
the former A4 experiment and is described in Sec.2.2.2. The shape and material composition was
already discussed there and is now implemented slightly simplified into the Geant4 simulation.
The AlMgs coating of the beam-dump is composed of a spherical and several ring elements
according to the dimensions shown in Fig. 3.7. The internal elements such as the water inlet and

the perforated plates are neglected.

50 50 3535
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Figure 3.7.: Visualization of the P2 beam-dump in Geant4. The water (blue), the cylindrical part with
the mixture of aluminum and water (red), and the copper plates (orange) are shown. The pipes for the
water supply are indicated by dashed lines, but are not simulated in Geant4.

The spherical part is filled with water. Then follows the cylindrical part with the aluminum pellets
and the water. Instead of simulating many small aluminum balls (& 7mm), a simplification is
made and a mixture of 26 % water and 74 % aluminum as a new G4Material() is used for the
whole tube.

For simulating the production process of DM particles X in the beam-dump, “the differential
energy spectrum of electrons and positrons as a function of the depth in the dump (in radiation

length units ¢), normalized to the number of primary particles, dN/dFE (t)” [117, p.45], is needed.
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3.5. Full simulation of the DarkMESA experiment

Three different methods were considered and implemented in the Geant4 simulation:

1. Dividing the entire beam-dump along the z-axis into discs of same thickness, regardless of

the material.

2. Approximation of the total radiation length of the different volumes to full radiation lengths
and subsequent division of the entire beam-dump into discs with one X thickness along

the z-axis.

3. Calculation of the radiation length of all particles on the basis of the actual traveled path

in the different materials and subsequent sorting according to full radiation lengths.

In the first approach there is no dependence on the radiation length, which already contradicts
the general approaches in [118-120]. The second approach includes the radiation lengths of the
different materials. The beam-dump was again subdivided along the z-axis and the radiation
lengths of each volume were estimated using Tab. 2.2. The AlMgs coating in the front and the
water were estimated together to one radiation length, the aluminum-water tube to 16, and the
copper plates to eight radiation lengths. This approach fits relatively well with the true numbers
for the P2 beam-dump, but is only valid for particles that hit and pass through the center. For
most primary particles this approximation is still acceptable, but for secondary particles strong
deviations can occur.'®

For the generation of the necessary spectra, the third option was chosen, since a simulation
with Geant4 also provides the exact paths of individual particles through the different materials.
For each particle the total traversed radiation length can be calculated. Then, all particles can
be sorted by energy and full radiation lengths to obtain the dN/dE (t) dependence. Despite
the necessary buffering of more data, there is no relevant loss of speed. Regularly during the
calculation, it is necessary to return to a previous physics process in which several particles
were originated. To distinguish between the different trajectories it is important to monitor the
parentIDs and trackIDs. This is an internal and continuous numbering of the tracks by Geant4,
where the parentID indicates from which former track a new track (trackID) originates. In
the BDXSteppingAction.cc file the entire radiation length up to the current step is determined,
regardless of the particle type. In a first step, depending on the material, the radiation length
in the current step is calculated. After that, the total radiation length is cached in an array
corresponding to the parentID and trackID at the end of the previous step. This parentID
and trackID is stored in a vector of pairs std: :pair<G4int,G4int> aPair. Thereafter, two
cases are distinguished. If both parentID and trackID match the two previous values, or if the
new parentID matches the previous trackID, the track is still active and the radiation length in
this step is added to the total radiation length. If these conditions are not met, the previous
track is not active anymore and the tracking continues with a process that has not yet been
completed. Now a cached radiation length from the position of this previous process is used
(radLenUpTo [x] [y]). The second position in the vector of pairs (at creation this was a trackID)

is searched for the current parentID. Since each track originates from only one parent track, an

15 A further problem arises if an additional target is attached in front of the beam-dump (see Sec.6.1.1). This
requires new estimations and subdivisions, which are especially difficult when the results for different target
thicknesses should be compared.
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unique pair is found in the branchID list. With this values the stored radiation length can be
accessed. This corresponds to the radiation length at the location of the current process. Based
on this value, the other particles are now tracked as well and the current radiation length is

determined in each case.

G4double radLenStep;

extern G4int parentIDpre;

extern G4int trackIDpre;

extern G4double radLenTot;

G4double radLenUpTo [10000][10000];

extern std::vector<std::pair<G4int ,G4int>> branchID;
std::pair<G4int ,G4int> aPair;
std::vector<std::pair<G4int ,G4int>>::iterator it;
struct FindPaird{...};

void BDXSteppingAction::UserSteppingAction(const G4Step* step) {

GATrack* track = step->GetTrack();

G4int trackID = track->GetTrackID();

G4int parentID = track->GetParentID();

G4double steplen = track-> GetStepLength();

G4StepPoint* prePoint = step->GetPreStepPoint () ;

G4String prelogName = prePoint->GetPhysicalVolume ()->GetLogicalVolume ()->

GetName () ;
if (preLogName == "Leg" || prelLogName == "Water" || prelLogName == "Chamber_ LV"
|| preLogName == "Cu" || preLogName == "Wolfram") {
radLenStep = steplLen/radLenMat (preLogName) ;
} else {
radLenStep = 0;
}
radLenUpTo [parentIDpre] [trackIDpre] = radLenTot;
aPair. first = parentIDpre;
aPair.second = trackIDpre;
branchID.push_back (aPair);
if ((parentID == parentIDpre && trackID == trackIDpre) || (parentID ==

trackIDpre)) {
radlLenTot = radLenTot+radLenStep;
} else {
it = std::find_if (branchID.begin(), branchID.end(), FindPair (parentID));
radLenTot = radLenUpTo [(*it). first][(*it).second]l+radlenStep;
}
parentIDpre = parentlID;
trackIDpre = trackID;

G4double BDXSteppingAction::radLenMat (G4String prelLogName) {

return radiationLength;

}

48



3.5. Full simulation of the DarkMESA experiment

An example for the tracking and radiation length calculation with this small code snippet can be
found in Tab. 3.1.
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0 1 -1 -1 -1 -1 0.0 0.2 0.2

0 1 0 1 0 1 0.2 0.1 0.3

0 1 0 1 0 1 0.3 0.3 0.6

1 24 0 1 0 1 0.6 0.5 1.1

1 24 1 24 1 24 1.1 0.1 1.2

1 16 1 24 1 24 1.2 0.2 0.8

1 15 1 16 1 16 0.8 0.3 0.9

1 23 1 15 1 15 0.9 0.1 0.7
23 33 1 23 1 23 0.7 0.4 1.1
23 32 23 33 23 33 1.1 0.2 0.9
23 32 23 32 23 32 0.9 0.3 1.2

1 14 23 32 23 32 1.2 0.5 1.1
14 96 1 14 1 14 1.1 0.1 1.2
14 97 14 96 14 96 1.2 0.2 1.3

* [parentIDpre] [trackIDpre]

Table 3.1.: Example for the determination of the total radiation length in the simulation. Each line
is one step during the simulation. The parentID, trackID, and radLenStep are directly provided
by the tracking algorithm of Geant4. They are chosen randomly for this example. All other values
are determined and set according to the code snippet. It becomes clear that for same branchIDs the
value radLenUpTo [parentIDpre] [trackIDpre] is overwritten by a new value. For example, the total
radiation length in the last row is the sum of radLenUpTo[1] [14] and radLenStep in this last step
(1.1 +0.2=1.3).

Still being within the BDXSteppingAction.cc, no distinction between particle types has been
made so far. When filling the histograms required by the MadGraph DM generator, only electrons
and positrons whose steps lie within the beam-dump are important. According to their total
radiation length, they are sorted into groups of whole radiation lengths. A check ensures that a
track is only recorded once when the integer threshold is exceeded for the first time. Histograms
for the current kinetic energy and cos(f) are filled for individual radiation length ranges, as well

as for the entire beam-dump.

extern G4int radLenFilledSlice [30][10000];
G4double energy_m = track->GetKineticEnergy();

if (pname == "e-" || pname =="e+") {

if (prelLogName == "Leg" || prelLogName == "Water" || prelLogName == "
Chamber_LV" || preLogName == "Cu" || prelLogName == "Wolfram") {

for(int i=0; i<30; i++) {
if (radLenTot >= i && radLenTot < i+1) {

if (radLenFilledSlice[i] [trackID] != 1) {
radLenFilledSlice[i][trackID] = 1;
momentumE = prePoint->GetMomentumDirection () ;
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3. The DarkMESA simulation framework

cosThetaE = fabs (momentumE.cosTheta());

// MadGraph needs the emnergy distribution and the cosTheta
distribution

// Filling the histograms at this point

return;

In the EndOfRunAction(), the final histograms are normalized according to the number of
primary particles. The same binning of the energy axis must be set for both. Histograms like

shown in Fig. 3.8 are obtained and can be passed to the MadGraph DM generator.

04 Entries  1.607589€+07
: Integral 160.8

Entries  1.607589e+07
160.8

Integral

=} o

o N o w

) o w a
H\\‘\\\\‘\\H‘HH‘HH‘HH‘HH‘HH

cos(6)

o
-
2

no. of charged particles dN/dE (1/MeV)
o
=

o
o
5]

PP IR HP s e e et L L N T e AR E O PR 10%
o 002 004 006 008 01 012 014 . X 006 008 01  0i2 01z

charged particle energy E (GeV) charged particle energy E (GeV)

o

Figure 3.8.: Energy distribution (left) and cos() distribution (right) of primary and secondary electrons
and positrons in the beam-dump, normalized to the number of primary electrons (100000 in this case).

3.5.3. Production of DM particles in the beam-dump

The DM production in the beam-dump has to be simulated next. The code for this production
process was provided by the BDX Collaboration, where it is used in simulations for the BDX at
JLab [105]. The underlying MadGraph event generator was originally developed by Natalia Toro,
Philip Schuster, et al. It handles the production process
eX — 'YX — XXX (3.1)
where X is a nucleus, 7/ is the dark-photon, and XX are the two fermions from the 7/ decay.
The exact process of MadGraph event calculation is not discussed here. Reference is made to the
underlying theory in Sec. 8.1 and the publication [106].
To consider showering effects in the beam-dump the RunEventGenerator.py script (developed
by Andrea Celentano [121]) calls the MadGraph code multiple times with different beam energies
and proper weights, which are obtained from the histograms in Fig.3.8. The collection also
includes a stand-alone detector interaction C++ program. In order to simulate complex detector
systems as well, it was implemented directly into the Geant4 simulation and is discussed in
Sec. 3.5.4. The whole simulation chain is started with the scripts singleHost.py (single CPU)

or farm.py (LSF-based farm). This collection of tools was used as a starting point and adapted
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3.5. Full simulation of the DarkMESA experiment

to the requirements of DarkMESA.

The process settings in MadGraph are mainly controlled by the three files: param_card.dat,
proc_card.dat, and run_card.dat. Sample files are in Appx. A.3.2.
Some of the parameters required to create these files are specified via an entry in the run/runs.dat

file. Multiple runs can be configured one after another and are entered in the form
<tag> My My € Qp Nevents Ebeanm Ldump Lx Ly Lz #proc

After a freely choosable <tag> string the kinematics parameters m/, my, €, and ap follow. The
desired number of events is chosen with Neyents, followed by the electron beam energy Epean
in GeV. Since the DarkMESA detection process is not performed in this simulation part, the
following parameters are not relevant: the distance between beam-dump and detector Lyump, the
dimensions of the detector (Ly, Ly, L), and the recoil process used (#proc)lﬁ.

In the singleHost.py (farm.py) script the location of the ROOT file, containing the energy
and cos(f) distribution of e"e* in the beam-dump, is specified. It is executed and creates
the file run_card.dat with the parameters (Nevents, Ebeam> Ldump> Lx»> Ly, Lz, #proc) and
param_card.dat with the parameters (myz , My, €, ap) by calling the corresponding function in
CardsUtils.py. Next the Unix shell script run/tmp.csh is automatically created and executed.
With this script, the two card files are moved to the correct path and the RunEventGenerator . py
script is executed with the two card files and the ROOT file as arguments. As the calculations are
performed once per energy bin, the histograms are rebinned to reduce simulation runtime and
the amount of data generated. A maximum number of 20 iterations is sufficient.!” For each bin
a LHE file is created and after one kinematics setting a final LHE file is created. In this file the
number of entries from each bin corresponds to the beam-dumps energy distribution.

The AnalyzeOutput.C script allows the reduction of the final LHE file for further use in Geant4.
The final state four-vectors of all DM particles (PDG ID 611 or —611) together with the
proper weight are written into a separate ASCII file and this can be used to fill a new primary
generator in Geant4. Since the DM particles are produced in pairs, the generator consists of a
ParticleGunChi() and a ParticleGunAntiChi(). The DM particle types are defined in the
additional G4DarkMatter.cc/.hh files as spin-0 particles with mass m,, corresponding to the
current kinematics.

The positioning of this new generator is simplified. For the z positioning, a position in the
beam-dump is chosen where most of the e~ and et are stopped. The deviations from the
beam-axis in the x and y direction are neglected, since they equalize on average and have
little effect due to the relatively large distance to the DarkMESA detector. According to the
four-vector list, SetParticleMomentumDirection() and SetParticleEnergy() are set and a
GeneratePrimaryVertex() event is generated. Histograms are created for the energy and
angular distribution of all primary particles. In addition, the stepping process checks whether a
detector element has been hit. The detector interaction length and time of flight (TOF) to this

detector element are determined. A new and reduced ASCII file is written containing only the

16Recoil process ID’s: 0 nothing, 1 proton elastic, 2 electron elastic, and 3 nuclear elastic.

1"Tn a few cases, problems may occur at the margins of the histograms. For them, the energy range in the histograms
has to be restricted. This ensures that MadGraph runs error-free, but the number of bins is correspondingly
smaller.
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DM particles passing through a detector element. The information about the original DM particle
(four-vector) and the detector interaction length (Lget) are stored in this file. The visualization
of the remaining particles in the Geant4 environment is shown in Fig. 3.9.

If these particles can be detected with the DarkMESA detectors is discussed in the next subsection.

Figure 3.9.: Visualization of the MESA hall with important components used in the Geant4 simulation.
The target and the magnetic field of the P2 experiment are shown. The beam-dump is located in the
center of the coordinate system. The blue block in the DarkMESA room represents the yet undefined
DarkMESA detector. For a single kinematics the trajectories of the X and X particles reaching the
DarkMESA detector are shown in pink and turquoise. The distances along the beam-axis in Geant4
coordinates are shown in Fig. B.2 of Appx. B.1.

3.5.4. Detection of DM particles with DarkMESA detectors

In the EndOfRunAction(), the reduced output file from the previous subsection is reused.
Together with the weight (W), the value y is calculated at the end of the DetSim() function for
the current kinematics (m,/, my, €, ap). This variable y is a dimensionless combination of model

parameters and allows the comparison of the DM detection probabilities of various experiments.

For the analysis of the DM recoil it is possible to use three different processes — proton elastic,
electron elastic, or nuclear elastic recoil. Specified via the steering file, the next steps are focused
on the electron elastic recoil, whose advantages have already been shown in Sec.2.2.3. The slight
differences between the three processes are summarized in Appx. A.3.3.

In the recoil analysis process, first, 1-dim. histograms (TF1** f_chieXsection) associated with
the calculation of cross-sections in BDXKinUtils: :Er_chieXsection() are created once. In the
energy range from zero up to the beam energy Fpeam, 100 equidistant values for the DM particle
energy FEy are set and for each value the cross-section in the whole possible recoil energy range is
calculated. Due to the recoil electron kinetic energy threshold Eiy,, the beam energy Fpeam, and

the electron mass me, the recoil energy range is limited to

Tmin = Fthr + M and Tmax = Epeam + Me — my . (32)
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For the selected kinematics m. =3MeV, m, =1MeV, € =0.001, and ap =0.5 the plotted

cross-section functions are shown in Fig. 3.10.
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Figure 3.10.: The cross-section functions for DM particles with total energies up to 155 MeV are shown
for the kinematics m. =3MeV, m, =1MeV, £ =0.001 and ap =0.5. Due to a recoil threshold
energy of Eiyp, =14MeV and a beam energy of Eyeam = 155 MeV in this case, the recoil energy range
is limited t0 Zmin = Ethr + Me and Tmax = Ebeam + Me — my. These functions are calculated once at
the beginning of the recoil analysis. The recoil energy for each DM particle can be determined with
this method.

The cross-section calculation is done following the theory described in Sec. 8.1.2 and is implemented

in the code as follows:

G4double BDXKinUtils::Er_chieXsection(G4double *x, G4double *par) {
G4double Er=x[0];
G4double EO=par [0];

//The reaction is: chi(pl)+e(p2)->chi(k1l)+e(k2).
//Perform the cross-section %n the lab frame, where p1=(0,0,P,E), p2=(0,0,0,
Me), k2=(zz,yy,zz,Er)

//1: Compute Lorentz-invariant dot products
G4double plpl=Mchi*Mchi;

G4double klk1=Mchi*Mchi;

G4double plp2=EO*Me;

G4double plkl1=-0.5%(2*xMe*Me-2*Mchi*Mchi-2*Er*Me) ;
G4double plk2=Me*(EO+Me-Er);

G4double p2kil=Me*(EO+Me-Er);

G4double p2k2=Erx*Me;

G4double klk2=Me*EO;

G4double kilp2=p2kl;
G4double k2p2=p2k2;
G4double kilpl=plkl;
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G4double t=2*Me*Me-2xMex*xEr;
G4double s=Me*Me + Mchi*Mchi + 2*Me*EOQ;

//2: the amplitude squared

G4double ampsq=1.0*(klk2*plp2 + plk2*xklp2 - Mchi*Mchixk2p2 - Mex*Me*klpl + 2%
Mchi*Mchi*Mex*Me) /(pow ((t-Maprime*Maprime) ,2)) ;

if (ampsq<0.0) {
return O;

}

//3: the 2 momenta in the CM frame (before/after). Since this is elastic
scattering, they’re the same!!!

G4double p=((pow(s-Mchi*Mchi - Me*Me,2) - 4xMchi*Mchix*Mex*Me)/(4*s));

p=sqrt(p);

G4double k=p;

//4: the Jacobian for the transformation cos(theta_CM) --> Recotl total
energy in LAB frame
G4double dcostheta = Me / (px*k);

//5: the phase-space
G4double S=(k/(s*p))*dcostheta;

//6: put everything together
G4double dsigma=ampsq*S; //in "GeV~-2 units"” (and no coupling yet)
dsigma = dsigma * Epsilon*Epsilon*4*xPIx*Alphax*xAlphaDark;

dsigma *=GeVm2cm2;

return dsigma;

After these 100 histograms (f_chieXsection) have been created once at the beginning, the

following steps are carried out for each incoming DM particle X or X:
1. The event counter for the total number of events Neyt tot is increased by one.
2. According to the energy of the DM particle the cross-section function to be used is selected.
3. The maximum energy transfer E; .y is calculated:

2me (E’g — mi)

2Eyme +m2 +m2

(3.3)

Er max =
If By max < Eyne the event returns a cross-section of zero. Otherwise it is processed further.

4. A random recoil energy E; between
21 = Bipy + e and L9 = Er max + Me (3.4)

is chosen and the total cross-section is computed by integrating the cross-section function

between x1 and .
5. The total energy of the recoil X is calculated:

Ey, =Ey+me—E, . (3.5)
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6. The momenta of both recoil particles are computed and the Lorentz four-vectors of the

final state particles can be determined.'®

7. The detector efficiency is taken into account by rolling a multi-sided dice, which decides,

whether the event is processed further.

8. For a cross-section g, > 0 and a detector interaction length Lget > 0 the second event

counter Neyt acpt is increased. The product of o, and Lge; is added to Wy ;.

After all DM particles have been treated, one value for W ., and the final number of accepted
events Neytacpt are obtained. From this, the detector interactions per electron on target Wepal

are calculated:

ZDet PDet NA pDumpNA
ADet ADump

Wﬁnal = Wgnal w Nevt,acpt XO,Dump fpb@m? 5 (36)
where W is the weight calculated with MadGraph, Zpe is the atomic number, Ape/pump the
mass number, and ppe/pump the density of the detector and beam-dump material.

Zpump = 1, because every nucleus in the dump counts one. Ny is the Avogadro number, X pump

the radiation length of the beam-dump material in cm. The factor f, 2 converts the value

pb,cm
from pb to cm?.
The final number of detected DM particles in a given time is obtained by multiplying this value

Wiinal with the electrons on target (EOT):
Ny = Wihna EOT (3.7)

This number N, was determined with a fixed coupling strength ¢ from the initial kinematics.
For the variable y, the coupling constant € has to be scaled to a value 1, where the number of
detected DM particles corresponds to an exclusion limit with a desired confidence level (CL).
For the standard confidence level of 90 %, often used in the DM community, the Poisson statistic

yields:

€1, 4
Nacated = Ny - (=) =23 . (3.8)

For this purpose, ¢, is reduced in a loop until the number of events Nycaeq falls below the
threshold of 2.3 events.

for (Int_t i=0; i<1E12; i++) {
epslL = 1/(G4double)i;
Nscaled = Nchi * pow(epsL/fSteering->m_Epsilon,h4);
if (Nscaled<2.3) break;

18 A more detailed description is omitted here, as the tracks of the recoil particles have not been considered further.
However, the results could be used for new generators in further detector studies.
For detector concepts with different active materials, averaged values depending on the volume ratio are used.
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3. The DarkMESA simulation framework

With this new e, value the variable y can be computed:°

4
y = etap (mx> : (3.9)

m,yl

Here ¢y, is the only variable specified by the simulation. All other variables were input parameters

from the chosen kinematics.

20When the simulation results in Nevt,acpt = 0 and therefore N, = 0 it is not possible to determine a y value with
this tool. In this case y is automatically set to infinity. To avoid display problems when plotting the data of all
kinematics the infinity value is set to 10°.
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3.5. Full simulation of the DarkMESA experiment

This procedure is repeated for a whole set of kinematics with different m, and thus m., values.
A ROOT file is created for each kinematics, and the most important information is also stored
in the BDX_log.dat file. This file contains date, time, and path of the used ROOT file as well as
all relevant presets and results. A simple representation of the results is obtained by plotting y
against m,, which allows the comparison with other experiments and the theoretical thermal

relic targets.

Prior to discussing the DarkMESA results obtained from these simulations, a case of application
of this simulation framework for MAGIX is discussed in Chap. 4, including necessary adjustments

and initial results.
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4. The MAGIX trigger veto system — an
application of the DarkMESA simulation

As plans for a trigger veto system for MAGIX arose, it became evident that there could be
synergies with DarkMESA. A first concept, described here and in Sec.2.2.1, was developed.
Both experiments will use plastic scintillators as cosmic veto counters and the segmented MAGIX
trigger plane (T1) will also be made of them. The electronics readout of both systems is developed
together due to the similar dimensions and detector materials.

Since the DarkMESA simulation already contains a cosmics generator and the routines for light
yield simulations including all necessary optical material properties, it is appropriate to use this
framework for designing the MAGIX detectors. Among a variety of issues, the following two

questions were addressed first:

1. Is the planned rhombic geometry of the trigger scintillator elements suitable? Is the light

output at the corners sufficient?

2. The system must be highly efficient in the identification of beam electrons and cosmic
particles. For scattered beam electrons, a trigger efficiency ~ 1 and a veto response
probability < 1073 is desired. For cosmic muons the veto response probability should be
~ 1. Are these numbers achievable with this system? How much lead is necessary between

the active veto layers to meet these conditions?

4.1. Simulation updates

Since only part of the existing DarkMESA simulation is needed for answering these questions
and in order to avoid overloading it, a separate simulation was created, containing only the
relevant components. The components used from the DarkMESA simulation are:

e The event processing,
e the physics list, including optical processes,
e the concept of a steering file,
o the cosmic-ray generator,
o and parts of the defined materials and their properties.
Newly included were:
e The geometry, including user parameters to be set in the steering file,
e a generator for the incoming beam electrons,

o and an extension of the event processing with output of all relevant parameters and results.



4.1. Simulation updates

This approach aims to keep the simulation compact and user friendly. The geometry was
implemented according to the initial plans. Since many parameters, including the exact size and
position of the focal plane, were not yet finalized, all geometry parameters are controllable via the
steering file. In these initial studies, only the basic performance of the concept was investigated.
An optimization of the geometry and material of the scintillators was not performed. The
dimensions of the individual parts can be found in Tab. 4.1 and further parameters in Tab. 4.2.

A visualization in the Geant4 environment is shown in Fig. 4.1.

trigger veto absorber
f label T1 V1/T2, V2, V3 Pbl, Pb2
h count n (per layer) 20 4 1
¢ o length 1 (mm) 240 800 800
height h (mm) 26 10 10
«—W—> width w (mm) 36 70 300
a (°) 60 60 90

Table 4.1.: Values for MAGIX trigger, veto, and absorber geometries in the Geant4 simulation study.

y

y N —

X ; vacuum/
ZA/ foil

T1
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Figure 4.1.: Visualization of the MAGIX trigger veto system in the Geant4 environment. Oblique view
(left) and side view of the y-z-plane (right). A 125pum thick Kapton vacuum foil (orange) is placed
in the origin of the coordinate system. The trigger layer (blue) consists of 20 scintillator bars with
coupled light guides and simplified PMTs. The three veto layers (red) consist of four bars each and
are separated by multiple lead layers (black). The amount of lead was not optimized and is just for
illustration in this setup. The shape of the single trigger and veto elements are rhomboid to avoid
efficiency relevant gaps between the elements. In the example, 100 MeV primary electrons are tracked
through the system. They are stopped soon and only secondary particles reach the veto plane V3.

From the final design of the spectrometers, the incident angles of scattered beam electrons are known by now:
[—16.4°, 7.3°] in dispersive and [—1.4°, 1.5°] in non-dispersive direction [122]. With this new values the sizes of
absorber and veto layers will be further optimized.
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4. The MAGIX trigger veto system — an application of the DarkMESA simulation

scintillator type EJ 204 vacuum foil thickness 125 pm
trigger readout one side width 140 mm
light guide yes length 650 mm

max. angle incoming e~ 10° gap trigger - trigger 250 pm
distance foil - trigger 220 mm veto - veto 1 mm
trigger - veto 10 mm reflective foil type Teflon®

veto - lead 10 mm thickness 200 pm

lead - lead 10 mm air gap 100 pm

Table 4.2.: Default parameters for the initial MAGIX trigger veto study. For follow-up studies the values
can be changed via the steering file.!

4.2. Light yield of the trigger plane

The strategy for answering each of the two main questions is a little different. For the light

output study in the trigger plane the procedure is the following:
e Veto and lead layers are not relevant in this study.

e The primary particle is a 100 MeV electron with a maximum incident angle of 10° with

respect to the negative y axis.

o All optical processes are turned on and the arising optical photons are tracked up to

simplified 1”7 Hamamatsu R1924A PMTs. Ascertained optical photons are counted.

o A scanning process along the z axis is implemented. For each position a defined number of
runs is performed and the average number of detected optical photons (for each trigger
element) is returned. This scan is performed for three different z positions, in the middle
of the trigger bar (z =0mm), next to the light guide and PMT (z =100 mm), and on the
opposite side (z =—100mm).

e For each trigger bar the number of detected optical photons is plotted against the x position.

In addition the sum of all trigger elements is plotted.

The results in Fig. 4.2 and Appx. B.2.1 are showing a linear drop down to zero for individual
trigger bars in the overlap area. At the same time the light output for the adjacent trigger
increases linearly. This behavior is directly related to the amount of material traversed by the
primary particle. Summing up the light output of neighboring bars does not compensate the
edge effects entirely. The sharp geometry leads to a loss of optical photons at these positions.
Optical photons are trapped at the corners and absorbed before reaching the PMT.

Looking at the total light output, a drop in the overlapping areas between 7.7 and 12.1% is
found. The values vary slightly for the three different z positions (see Tab.4.3). For positions
far away from the PMT the drop becomes larger. For the light arising in these corners, it is
even more difficult to reach the PMT before getting absorbed. This should not be concerning,
because for an optimized system the effect could be prevented by using PMTs and lightguides on
both short sides. No exclusion criteria for the proposed geometry concept were found and a first

laboratory prototype study was started by Sebastian Stengel.
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4.3. Veto and trigger efficiency
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Figure 4.2.: Scan over five trigger bars along the x axis for the fixed z position of 0 mm. A 100 MeV
electron with a random angle up to 10° is generated 10 mm above the trigger bar. The detected optical
photons in each of the five bars are counted. This is done 1000 times for each position and the mean
values are calculated. The results are plotted for each trigger including an error band. In addition, the
sum of all triggers is plotted in green.

z position drop

-100 mm 12.08 + 0.35%
0Omm 10.95 + 0.39%
100 mm 7.67 £ 0.52%

Table 4.3.: Decrease of light output in the overlap regions. z = —100mm is opposite to the PMTs.

4.3. Veto and trigger efficiency

The second question now focuses on the whole trigger and veto concept for MAGIX. Is this
concept suitable for distinguishing between beam electrons and cosmic particles? For this purpose,

the following points are taken into account during the simulation:

e The primary particles to be investigated are the beam electrons scattered into the MAGIX
spectrometers with the maximum expected energy of 100 MeV. In the focal plane their
angle differs up to 10° from the vertical y axis. For the study of cosmic muons, muons with

fixed energies of 1, 10, and 100 GeV were considered.

e Since the readout electronics for the detector elements should not be the focus yet, a
complete tracking of optical photons has been omitted. Only the number of optical photons

produced in the active material is considered.

e The decision whether a detector element returns a signal is determined by a predefined
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4. The MAGIX trigger veto system — an application of the DarkMESA simulation

threshold. The threshold is set to 100 photons for each element. The underlying consider-
ation here is the use of silicon photomultipliers (SiPMs), which would be able to detect

individual photons.?

e The effect of the amount of lead at the positions between the veto layers designated with
Pbl and Pb2 shall be investigated and optimized. Depending on the number of absorber
plates, the veto levels are moved along the y axis. For each combination that is considered

reasonable due to space conditions, a simulation run is carried out.

e The process of the simulation is the same for all configurations:
1. A primary particle is generated at a random position 10 mm above the vacuum foil.

2. During the tracking of this particle, the optical photons generated in each trigger and

veto element are counted.

3. Step 1 and 2 are repeated multiple times. Depending on the desired accuracy of the
resulting efficiencies, several 10000 primaries are appropriate. The results of this
section are reached after 100000 (1000 000) events in each configuration. The veto
response probability can therefore be specified up to 0.001 % (0.0001 %).

4. When the signal of at least one trigger bar is above the threshold, the evaluation of
the veto layers is started. The combination of hit veto layers, where the four veto
elements per layer are considered together (V1, V2, and V3), is considered. In total
there are eight possibilities: no veto responded (no V), one veto responded (V1, V2,
V3), a combination of two vetos responded (V1 && V2, V1 && V3, V2 && V3),
or all three vetos responded (V1 && V2 && V3).2 The response probabilities are

calculated from these values.

For evaluation, the response probabilities of the eight veto conditions are plotted for several
absorber settings. In the selection of shown plots (Fig. 4.3 (top) and Figs. B.9-B.10 of Appx. B.2.2),
the thickness of Pb2 is fixed and the Pbl thickness increases from left to right. The primary
particle is a 100 MeV electron. As a precondition only events with at least one active trigger
bar are evaluated. The trigger plane covers a slightly larger area than would be expected
from the angular distribution of the scattered beam electrons. For this reason the simulated
trigger response probability for 100 MeV electrons is between 99.997 and 100 % in all simulations.
With the same method the plot for 1 GeV muons in Fig. 4.3 (bottom) was obtained. The veto
inefficiency is already below 10~ and for even higher muon energies of 10 GeV veto inefficiencies
below 10~° are achieved (Fig. B.11 of Appx.B.2.2).

The highest probability for scattered beam electrons is the condition that only veto V1 is
activated. As the Pbl absorbers get thicker, the probability approaches to 100 %. For muons on

2 Regardless of the readout type, even a more conservative estimate of e.g. 1000 photons does not show any serious

change in the results (see Fig. B.12 of Appx.B.2.2). Since the veto detectors are intended to detect minimum
ionizing muons, the threshold could be set higher to exclude signals from electron shower events in the lead
absorbers. A more precise assessment, required for the final concept, is beyond the scope of this initial study.
Additionally, the latter case is tested with a further logic condition. It checks in the next lower veto level whether
an element adjacent to the element in the previous level is triggered. Thus, the segmentation of the veto layers
provides information about the direction of incidence of the particle. This could help to distinguish between
scattered beam electrons and cosmic muons, and improve the veto and trigger efficiency.
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4.3. Veto and trigger efficiency

the other hand, the probability is below 0.01 % for all Pb configurations. For them the highest
probability with close to 100 % is reached, when all three veto levels are responding. For the
100 MeV electrons the probability for this veto condition gets smaller and smaller as one increases
the amount of lead. With this two conditions one could already distinguish between the two
particle types with high accuracy. In the final evaluation also the other conditions have to be

taken into account and an appropriate veto and trigger condition must be established.
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Figure 4.3.: The veto response probability for 100 MeV primary electrons (top) and 1GeV primary
muons (bottom). The eight veto conditions in dependence of the thickness of the first lead absorber
layer (Pbl) are shown. The thickness of the second lead absorber layer (Pb2) is fixed to 2cm. If at
least 100 optical photons have been produced in one element, it counts as activated. Only events with
at least one active trigger bar are evaluated.

For example, the conditions V1 && V2 (or V1 && V3) occur with a high probability in the
0.1 to 10 % range, but in the case of a muon theirs probability is less than 0.005%. Since the

probabilities differ in at least two orders of magnitude, these conditions can be regarded as

63



4. The MAGIX trigger veto system — an application of the DarkMESA simulation

trigger events. Together with an appropriate amount of lead a veto efficiency smaller than the
required 1072 can be achieved for the scattered beam electrons. The signal height (proportional
to the number of optical photons) has not yet been accurately evaluated. It is expected that
especially in the veto planes V2 and V3 high signals for primary muons and low signals for
primary electrons are detected. In the latter case, the signals are more likely to originate from
secondary particles of a shower in the lead absorbers. A good evaluation will have a positive
effect on the veto efficiency. The simulation has to be confirmed in laboratory prototype studies.
A more conservative approach may also be appropriate. This would increase the measurement

time, but allow a better assessment of background events.

4.4. Energy deposition

Additionally, the energy deposit in the layers can be consulted to evaluate the various Pb
configurations. In Fig. 4.4 (left) the total energy deposit for the primary particles is shown
for each layer. Due to the mostly perpendicular incidence of the particles in this study, the
interaction length corresponds almost to the thickness of the scintillation layers. In the spectra a
peak forms at the corresponding position and the peak difference between trigger and first veto
is only related to these layer thicknesses, since almost no primary particle is stopped completely
in the trigger detectors. For the trigger layer the peak is around 4.6 MeV and for the first veto
layer the maximum is at 1.6 MeV. For the further veto levels, the secondary particles play an
increasing role, since most of the primary particles are completely stopped in the Pb absorbers
(Fig. 4.4right). The relation between particle energy, interaction length, and energy deposition is
no longer present. In line with the veto concept the proportion of events in which no energy is

deposited is increasing sharply.
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Figure 4.4.: Deposited energies (left) and incident particle energies (right) in the four distinct trigger
and veto levels for 100 MeV primary electrons.

The final size and quantities of trigger and veto detectors, as well as lead absorbers, will be
further investigated both experimentally and in simulation studies. In the experiment, the signals
of all detector elements will be combined in a FPGA. Therefore, laboratory prototype studies
are used to establish appropriate veto conditions. All these studies are already underway as part

of Sebastian Stengel’s doctoral thesis.
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5. DarkMESA material studies

In Sec.2.2.3 the concept of the beam-dump experiment at MESA was introduced and possible
detector concepts were shown. However, no decision for a specific detector was made. Detection
concepts for the detection of nucleon recoils or electron recoils were suggested and initial studies
showed that designs for electron recoil detection are superior to that of nucleon recoil. The
number of DM particles generated in the beam-dump (V) and properties of the DarkMESA
detector are decisive for the total number of generated recoil electrons

recoil = 2Ny Py e =2 (NeXonroyy) (Lanetye) - (5.1)

recoil

beam-dump  recoil electrons

The beam-dump material is characterized by the number of electrons on target (EOT) N, the
radiation length Xy, the target density nr, and the cross-section of the DM pair production
oyx- For the number of recoil electrons per incoming DM particle P, ., the detector interaction
length Lq, the detector material density ne, and the average electron recoil cross-section o, . are
relevant. From Eq. 5.1 it is evident that a large active volume with a high density is desirable for
a high DM detection yield.

The idea is to work with a traditional low-energy calorimeter, whereby the active volume should
consist of high density materials. The material choice depends also on granularity, backgrounds,
energy resolution, energy threshold for signal detection, and costs.

This total absorbing calorimeter is able to detect the transferred energy in elastic scattering of
LDM particles off electrons, which depends on scattering angle and mass. In addition, any form
of background above a certain electron recoil energy threshold is detected by the calorimeter.
Over a range of electron energies relevant for LDM detection, the light production of various
Cherenkov radiators and inorganic scintillators was studied in beam-tests at MAMI. The crystals
were all coupled to the same photo-sensor type and were wrapped in reflective foils for an
optimal light collection efficiency. To complement the beam-tests, optical properties of the
materials, in particular measured transmittances in the near UV and visible spectrum, were
studied. The measured detector responses were also compared to MC simulations of energy-loss,

light production, transport, and detection.

In the first section the mechanisms of light production are discussed and the main electronic
components are presented. In Sec.5.2 the materials studied are presented together with their
transmission behavior investigated with a spectrophotometer. With the selection procedure in
Sec. 5.3 suitable photomultiplier tubes (PMTs) were chosen and Sec. 5.4 presents the assembly of
the prototype detectors. These prototypes were investigated in beam-times at MAMI and in
Sec. 5.5 the results are presented and compared to Geant4 MC simulations. A neutron response

study follows in Sec. 5.6. The summary of all results with a decision for suitable calorimeter
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materials in Sec.5.7 also implies the next steps in detector development up to a full scale
DarkMESA detector.

5.1. Theoretical and technical principles

5.1.1. Light production mechanisms

The amount of light produced in a material, when traversed by high-energy or charged particles,

depends essentially on two processes: scintillation and Cherenkov radiation.

Scintillation. If the molecules of an optical transparent material are excited by ionizing
radiation, the absorbed energy can be converted into light: the so-called scintillation light.
Materials specifically designed as scintillators usually consist of several components to enable
light transport in the visible wavelength range. For optical materials that are not primarily
manufactured as scintillators, the resulting light is often in a wavelength range for which the
material itself is not transparent or the wavelength is deep in the UV range, which makes the

readout with photo-sensors difficult.

Cherenkov radiation. When a charged particle passes through a dielectric medium it can lead
to coherent bluish-white Cherenkov radiation [123]. This can only happen, when the velocity of

the particle v = fc is larger than the phase velocity of light cpp, in the material.

Figure 5.1.: Arising Cherenkov radiation from a charged particle with a velocity v larger than the
phase velocity of light cp, in the medium. The drawing is a simplified representation and actually the
Cherenkov radiation is emitted in a cone.

The schematic diagram in Fig. 5.1 shows the origin of the radiation. AB is the path of a particle
in the medium that meets the condition v > ¢py, . Points lying on this track can now be regarded
as starting points of spherical wavelets. The resulting coherent wave-front lies on the line BC. If
the particle needs the time At for traveling the distance AB this results in AB = BcoAt. In turn,
the emitted radiation has traveled the distance AC' (90° to the wave front) during this time.
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This results in the expression AC = (cp/n) At. Geometric considerations lead to the Cherenkov

relation [124]
1

cos (Oc) = — . 5.2
(0) = 5 (52)
In general, Cherenkov emitters are dispersive media. This means that a wavelength-dependent
emission is observed. The number of produced photons per particle path length x and per

wavelength interval A can be calculated with the Frank-Tamm formula [125]

dN?  27aemq?

= e -sin? (6g) . (5.3)

Qe 18 the fine-structure constant and g the particle’s charge in units of the elementary charge e.
The four diagrams in Fig. 5.2 are showing the wavelength dependence of Cherenkov light produc-
tion, transport, and detection for a given crystal material and detection system.! The amount of
light produced by Cherenkov radiation is proportional to A=2 (a). As a result, light production
in the ultraviolet range is larger. Whether a material can act as a Cherenkov emitter depends on
its dispersion (b) and transmission behavior (c). If the quantum efficiency of the used readout is

sufficiently high in the wavelength range of the Cherenkov photons, a detection is possible (d).
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Figure 5.2.: The Cherenkov light production is proportional to A=2 (a). The maximum visible amount
of light is determined by the refractive index (b) and the transmission (c) of the material. An efficient
light readout in the corresponding wavelength range is required for the detection (d).

! Shown is an example for a PbFy crystal read out with a Philips (Photonis) XP2900/01 PMT.
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5.1.2. Light detection and readout

The produced photons show a wavelength dependent distribution with a peak emission at a
certain wavelength. A suitable readout with a high efficiency in the expected wavelength range

has to be chosen. The PMTs used in the A4 experiment are the first choice in this work.

Photomultiplier tube (PMT). A PMT is a device that allows the conversion of photons into
a measurable electronic signal. PMTs consist of a vacuum tube with an entrance window followed
by a photocathode, multiple stages of dynodes, and an anode. A schematic view is shown in
Fig.5.3. When a photon overcomes the optical transition between crystal and entrance window,
it reaches the photocathode. The photoelectric effect is exploited and the photon can extract
a photoelectron from the photocathode. The applied voltage accelerates this photoelectron to
the first dynode, where secondary electrons can be knocked out. This creates an avalanche of
electrons that propagates to the last dynode, which is the readout anode. Even for individual
photons, the multiplication by the dynodes is high enough to obtain a measurable signal at the
anode.

Typically, the voltages of the photocathode and the individual dynodes are set with the help of
a voltage divider. Through the use of specific resistor chains, an optimal multiplication of the

photoelectrons and thus a good signal-to-noise ratio can be achieved.
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Figure 5.3.: Working principle of a photomultiplier tube (PMT). An incoming photon extracts a photo-
electron from the photocathode. This photoelectron is accelerated by several dynodes and with arising
secondary electrons the current at the anode is measurable. The applied acceleration voltage and a
resistor chain steer the dynodes voltages for an optimal electron avalanche.

The individual signals of the PMTs can be observed with an oscilloscope, but for data acquisition
and more precise analyses, devices that record the entire waveform or measure the charge of a

signal pulse are used.

Sampling analog-to-digital converter (ADC). The switched capacitor digitizer CAEN
V1742B [126] can fully record and store the waveform of each signal and up to 32 channels are
available. It is based on the DRS4 chip developed at the Paul Scherrer Institute (PSI), which
relies on 1024 capacitors in which a continous sampling of the analog signal takes place. The

resolution is 12-bit with a 1 Vpp input dynamic range and a sampling frequency of 0.75 to 5 GHz
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is possible. This frequency and a variable record length allow data acquisition windows from 27
to 1364 ns. The data acquisition can be triggered with an external signal or internally with a
logical linking of any number of channels. In the first case, it may be necessary to extend the
signal path with delay boxes and also to change an internal post trigger value. This is required

for pushing the signals back into the acquisition window.

Charge-to-digital converter (QDC). A 16-channel dual-range charge-to-digital converter
(QDC) of type V965 [127] from CAEN is used to acquire the charge spectra with 12-bit resolution.
The conversion is implemented in two steps. The input charge is converted to a voltage
amplitude with a charge-to-amplitude converter (QAC). The following two parallel analog-to-
digital converters (ADCs) allow the use of a high- and low-gain mode. In the low-gain mode a
conversion of 25 fC per channel allows an input range from 0 to 100 pC. The high-gain mode
has a acquisition window from 0 to 900 pC with 200 fC per channel resolution. These two modes

allow a high precision for small pulses and the avoidance of saturation effects for larger pulses.

High voltage (HV) power supply. For all studies presented in this chapter the power supply
of the PMTs is ensured with the CAEN V6533 [128] high voltage (HV) power supply module
in VERSA-Module Euro card (VME) standard. It has six safe high voltage (SHV) channels
with negative polarity and a maximum output voltage of 4kV and output current of 3mA. The
voltage resolution is 100 mV and the hardware accuracy for the set voltages is 2 % of the full scale
range (FSR). The voltage ripple at the supply voltages of the PMTs (between 1kV and 2kV)
is typically 3mV and 5mV at maximum. For the beam-test studies this number of channels is
sufficient. For the full prototype module, presented in Sec. 6.2.1, 25 channels are needed. Two of
the iseg C040n [129] Versatile High Voltage Modules in VME Standard (VHS), with 12 SHV

channels each, will be used in addition.

5.2. Calorimeter materials studied

The material studies in this chapter mainly focus on high density Cherenkov radiators. Their
advantages are a short response time, directionality, and a lower sensitivity to background
neutrons compared to inorganic scintillators [130]. A relevant disadvantage is their lower light
yield. For the DarkMESA calorimeter, PbFs and lead glass (in the following denoted as PbGl)
have been considered, which were investigated for their light yield. These are the high-density
PbF; crystals of the former A4 experiment [131] in different lengths and the PbGl types SF5,
SEF6, and SF57THTU from Schott AG, Mainz, which differ in their PbO content. This is reflected
in the variation of densities, radiation lengths, transmission edges, and refractive indices. To
our knowledge, it is for the first time that the ultra-high transparent material SF57THTU, with
improved transmittance especially in the blue to violet spectral range, is studied as a possible
electromagnetic calorimeter material.

One of the most widely used inorganic scintillation materials in electromagnetic calorimetry in
modern accelerator experiments is lead tungstate (PbWOy). A large lead content and a density of
8.3 gcm ™3 results in one of the shortest radiation lengths, Xo = 8.9 mm, among the calorimeter

materials. The scintillation mechanism has a fast decay time, but due to its low light output it
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5. DarkMESA material studies

was not considered in this design studies [132].

Another possibility was thallium-doped Cesium Iodide (CsI(T1)). Crystals from the former
BABAR experiment [133,134] are planned to be used by the LDM search experiment BDX at
JLab [105]. CsI(T1) has a higher light yield, but lower density compared to BGO, which is used
at the Laboratori Nazionali di Frascati (LNF) in Italy by the Positron Annihilation into Dark
Matter Experiment (PADME) [135]. PADME performs a dark photon search using the missing
mass technique in a positron beam on a diamond target. Their active volume is composed of
more than 600 BGO crystals from a dismantled end-cap calorimeter of the former L3 experiment
at CERN [136,137]. The raw material came from Soviet Union and was further processed by
the Shanghai Institute of Ceramics of the Chinese Academy of Sciences (SICCAS). Two of these
BGO crystals, with small corner damages, are available for the material studies and serve as
reference detectors. They were kindly provided to us by . Their light
output can be assumed to be sufficiently high, which can help especially during the preparation

phase at the beginning of the beam-times.

CsI(T1) PbF. BGO PbGl
type BABAR end-cap A4 ring L3 end-cap  various
cross-section (mm?) 47 — 60?2 262 — 302 212 ~ 302
length (mm) 325 150 — 185.4 230 150
shape of blocks tapered tapered cuboid cuboid
density (gem™3) 4.53 7.77 7.13 41-55
radiation length (mm) 18.5 9.3 11.3 16 — 26
light yield (ph. MeV 1) 50000 ~25 10000 ~15
signal height (p.e. MeV 1) 7600 ~2 1200 ~1
peak emission (nm) 565 350 480 ~ 450
signal decay time (ns) 680 (64 %) prompt 300 prompt

3340 (36 %)
refractive index 1.80 1.82 2.19 1.7-1.9
references [133,134] [138,139] [136,137]  [138,140]

Table 5.1.: Properties of calorimeter materials that were considered in the design studies for the
DarkMESA detector. Note that the light yield is dependent on the optical quality and the light
collection efficiency of the detectors as well as the coupling and quantum efficiency of the photo-sensors.
The peak wavelength in the emission spectrum of Cherenkov radiators depends on the transmittance
of the material. More details on different PbGl types are given in Tab. 5.2.

5.2.1. General and optical properties

In the following, BGO, PbF5, and the PbGl types SF5, SF6, and SF5THTU are further investigated.
The properties of the considered calorimeter materials are listed in Tab. 5.1 and more details on
different PbGl types are given in Tab. 5.2. Note that the light yield and signal height depend on
the optical quality and the light collection efficiency of the detectors as well as the coupling and

quantum efficiency of the photo-sensors.
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SF5 SF6 SF5THTU
length of blocks (mm) 150.5 149.5 150.5
cross-section of blocks (mm?) 32.8 x 33.5 31.5 x 29.3 29.8 x 29.5
shape of blocks cuboid cuboid cuboid
density (gem™3) 4.07 5.18 5.51
radiation length (mm) 25.5 17.0 15.5
refractive index @ 405 nm 1.71 1.86 1.91
internal transmittance @ 405 nm (%) 96 84 86

Table 5.2.: Properties of three different types of PbGl that are available from Schott [141] and that
were studied in the electron beam-tests at MAMI. The internal transmittances are given for a sample
thickness of 25 mm.

With 7.77gcm ™3, PbFy has the highest density of all studied Cherenkov radiators and with
Xo = 9.3mm it has also the shortest radiation length. The peak emission of 350 nm lies in the
for Cherenkov radiation favorable UV region.

The A4 calorimeter consisted of 1022 PbFs crystals arranged in seven rings forming a barrel
for detecting electrons of several hundred MeV energy. The blocks are tapered with an average
cross-section of 26 x 26 mm? at the front face and 30 x 30 mm? at the rear face. Their lengths
vary between 150.0 and 185.4 mm, corresponding to 16 — 20 Xy. These crystals have already
been exposed to an electron beam and sometimes show visible radiation damage (Fig. 5.4c—d)
or, in very rare cases, have slight repulsions at the corners (Fig.5.4b). For the first prototype

detectors, crystals with the least visible damages were chosen.

Cast blocks of the three PbGI types were provided by Schott AG, Mainz, for testing purposes.
They are chemically composed of a mixture of PbO and SiOs with a low fraction of alkali metal
oxides. The PbO content in all of them is above 50 % by weight and is the largest for SF57THTU
(74.8%), resulting in a density of 5.51 gecm ™ and a radiation length X = 15.5mm. SF6 has a
PbO content of 61 %, a density of 5.18gcm ™3 and Xo = 17mm. SF5 (51 %) has the lowest PbO
content and therefore a density of 4.07gcm™3 and X = 25.5mm. These were cast blocks and
the cast dimensions were chosen by the factory.

In order to obtain a good comparison of beam-test results even without an additional simulation,
for the Cherenkov radiators blocks of comparable sizes were used. For a cross-section of
~30 x 30 mm?, the maximum length was limited by SF6 to 149.5mm. Since the shortest PbF,
block is 150 mm long, the SF5 and SF57HTU blocks were shortened to this length. Photos of
the PbGI blocks before and after cutting can be seen in Fig. B.13 of Appx.B.3.1. Due to the
hardness of the material, the cutting procedure resulted in impurities. This is why it was decided
not to cut all sides of the cast blocks to the same fixed values. Thus, the crystals do not have
the same cross-section surfaces. Width and height vary by up to 10 %. Compared to SF57THTU,
the 150 mm long PbFy crystal volume is 11 % smaller because of the trapezoidal shape.

The dimension of the two scintillating BGO crystals have been left like shown in Tab.5.1. They
have a smaller front surface while being longer and their volume is 24 % smaller than that of
SF5THTU. Photos of the BGO crystals including some small corner damages can be seen in
Fig. B.14 of Appx.B.3.1.
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5. DarkMESA material studies

(e)

Figure 5.4.: Visible damages of selected PbF5 crystals. For comparison, a damage-free crystal is shown
in (a). In (b) there are repulsions at one corner. Radiation damage becomes visible through optical
blurring — in the form of local clouds (c) or thin lines through large parts of the crystal (d). Tension
fields in the crystal can lead to fine cracks (e).
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5.2. Calorimeter materials studied

For the BGO and PbF5 crystals no further polishing was necessary. In the case of PbGI a rough
grinding with fine water sanding paper and a polishing with Ceroxid [142] was carried out.
As shown in Fig.5.2 in Sec. 5.1, the refractive index and the transmittance of the materials are
wavelength dependent. Due to the low light yield of pure Cherenkov radiators compared to
scintillating plastics or inorganic crystals, these are the key properties for the optical quality of
Cherenkov radiators.
For the Cherenkov radiators the refractive indices were taken from data tables provided by
Anderson et al. for PbFy [138] and Schott AG for the PbGl types [141]. For BGO the results
from a study by Williams et al. [143] were used. The refractive indices show normal dispersion,
dn/dA < 0, and can be parameterized using a Sellmeier formula [144] for multiple absorption
resonances:

B1)\? By)\? Bs\?

) =1 SEI 4
=t Tttt (54)

The parameters obtained for the four Cherenkov radiators and BGO are given in Tab. 5.3.
Together with the given datapoints, the parameterization of the refractive indices in the near UV

and visible spectrum are shown in Fig. 5.5.

. B, C B, C, B3 Cs By Cy
material
(nm) (nm) (nm) (pnm)

PbF9 0.67 3x 1074 1.31 0.17 0.02 0.28 2007.89 796.67
SF5 1.46 0.11 0.25 0.23 0.95 10.58 — -

SF6 1.72 0.12 0.39 0.24 1.05 10.89 — —
SF57THTU 1.82 0.12 0.43 0.24 1.07 11.02 — —
BGO 3.12 0.18 - — — — — —

Table 5.3.: Parameterization of the refractive indices of PbF5 [145], three different PbGl types [141], and
BGO [143] in the near UV and optical spectrum using a Sellmeier formula for multiple absorption
resonances: n%(\) =1+, B;A?/(\? — C?).

For the Schott PbGl types the wavelength dependent internal transmittance 7; is also tabulated
in the datasheets [141]. The values are available for two different sample thicknesses z =10 and

25mm. The characteristic light absorption length A,ps can be obtained from these values:

(5.5)
For PbFy, the absorption length is also available from data of the A4 Collaboration [71].

5.2.2. Measurement of external transmittance with a spectrophotometer

Since the PbF; crystals have been exposed to a significant amount of radiation (up to 200 Gy)
during the several years of the A4 experiment, their current transmittance should be checked.
The calorimeter was built up between 1999 and 2000 and the measurement of the external
transmittance of PbFy was carried out with the Shimadzu UV-2101PC spectrophotometer. The
spectrophotometer is still available at the institute and is now used both for the important

verification of selected PbF crystals and for the verification of the transmittance of the new
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Figure 5.5.: Comparison of the refractive indices of PbFy [138,145], three different PbGl types [141],
and BGO [143] in the near UV and optical spectrum parameterized using a Sellmeier formula. The
parameters for multiple absorption resonances are given in Tab. 5.3.

PbGl types known from the datasheets.

These measurements were carried out shortly after arrival of the PbGls from Schott. Because
of the very large dimensions, the SF57THTU block was cut in size by the institutes mechanical
workshop. The dimensions of the PbGl blocks at that time are given in Tab. 5.4. Not all surfaces

were plane, which is why the maximum measured value is given.

material height h width w length
(mm) (mm) (mm)

SF5 74 59 186

SF6 32 62 161
SESTHTU 42 55 164
PbFy (1)  26—30 26—30 150
PbFy (7)  26—30 26—30 185.4
BGO 21 21 230

Table 5.4.: Dimensions of the three Schott PbGl types, the PbFy and BGO crystals surveyed with the
spectrophotometer.

For all upcoming measurements the MPC-3100 large sample compartment was attached to the
spectrophotometer. This addition allows the evaluation of larger samples up to 300 mm in length.
The double beam mode of the spectrophotometer employes two light beams: a reference beam
and a sampling beam that passes through the sample crystals. A movable table allows the sample

to be raised to the correct beam height. The light source is a halogen lamp whose beam can be
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spectrophotometer
Shimadzu UV-2101PC

reference beam

Figure 5.6.: View into the open large sample compartment of the spectrophotometer. The beam paths
of the reference and sampling beam are shown and it is evident how the sample can be moved in the
light beam. Two scales for width w and height h, and fixed marks on the sample plate allow repeated
measurements under same conditions.

controlled with a monochromator in the wavelength range from 190 to 900 nm and a precision of
0.1 nm. The beam path can be seen from the schematic drawing of the optical system and the
photo in Fig.5.6. The two beam paths converge in an integrating hollow sphere. The sphere
has a larger opening towards the sample side. This allows even the light deflected by passing
through the sample to reach the inner part of the sphere. Inside, the sphere is lined with BaSQOy,
a material that provides best reflective properties, leading to an undirected diffusion of the light
inside of the sphere.

The amount of light is now measured by a PMT at the bottom of the sphere. Due to the diffuse
light, the detector gives a correct result, regardless of whether it is a measurement with sample
(fanned out cone of light) or without (dot-like cone of light).

The window area A covered by the PMT is 12 x 20 mm? and over the surface integral of the
intensity of light E the radiation flux ® is

@://EdA : (5.6)
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For the sample measurements, the beam of light should always be perpendicular to the crystal’s
front and rear surface. This is why in case of the tapered PbFy crystals the smaller side had to
be raised by 2mm when measuring along the longitudinal axis. For a measurement vertical to
the axis a small deviation had to be accepted.

The data acquisition software UVPC Standard V3.52 was used to calculate the optical trans-
mittance. Before each series of measurements, a measurement was performed without the
investigated crystal and this baseline correction was loaded into the program. As a result, biases
coming from the experimental system could be largely excluded.

From the reference beam, one obtains the incident radiation flux ®g and from the sampling beam
the transmitted radiation flux ®1. The ratio of the two results in the measured transmittance .
A comparison of measured transmittances along the longitudinal axis of representative samples
of Cherenkov radiators and scintillating BGO is shown in Fig.5.7a. Measurements along the
shortest vertical axis are shown in Fig. 5.7b.

All materials show steep absorption edges. In both measurement setups the largest ranges of
the spectrum are covered by the PbF;, crystal, followed by BGO, and then the three PbGl
types. Of these, the absorption edge of SF5 extends further into the UV range. The non-fading
transmission in the deep UV range of BGO can be explained by a distortion caused by scintillation
of the material — the true transmission is zero. When irradiated in deep UV, there is a small
amount of scintillation light, which is in the visible range and is detected by the PMT of the
spectrophotometer.

The maximum values for 1, are between 70 and 90 %. This is not to be confused with the
internal transmittance ;. In order to obtain 73, the reflection losses at the front and rear faces of
the crystal have to be taken into account. This was done using the Fresnel reflectivity for a light
beam with normal incidence, irrespective of polarization: R = (1 —n)?/(1 4+ n)2. Depending on
the surface conditions of the crystal, the factor that approximates the losses is the reflection
factor P = (1 — R)? = (4n)?/(1 4+ n)*. When considering an infinite series of reflections between

parallel interfaces, the reflection factor becomes larger:

_17R_ 2n
14+ R  1+4n2

P=(1-RP*+R1-R*+... (5.7)
For the transmittance spectra of the Cherenkov radiators considered in this study, the difference
of the reflection factor including reflections to the one neglecting reflections is smaller than one
percent. A complete treatment would require the correction for absorption losses of the reflected

light inside the sample which changes the reflection factor to

(4n)?

P= (1 T n)4 — (n _ 1)4 exp(—?l‘/Aabs)

(5.8)

However, this correction is at the 10~% level and was therefore neglected.
Using the refractive index calculated with the respective Sellmeier formula in Eq.5.7, the
reflection factor P is obtained. The measured transmission divided by this factor gives the
internal transmission

Tm
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Figure 5.7.: Measured transmittance of PbFy, three different PbGl types from Schott, and BGO in the
near UV and optical spectrum. All data were taken with the Shimadzu UV-2101PC spectrophotometer

and the MPC-3100 large sample compartment attached. The measurements were carried out for a
sampling beam going through the longest crystal axis (a) and the shortest (b).

A comparison of measured and internal transmittance for all investigated materials is shown in
Fig. 5.8 for a sampling beam going through the longest crystal axis. Compared to the data from
a measurement of the shortest crystal axis (see Fig. B.15 of Appx. B.3.2), slightly lower values

are achieved due to absorption losses and scattered light that does not reach the integrating
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Figure 5.8.: The measured (7,) and calculated internal transmittance (7;) are shown for the measure-
ments taken with a sampling beam going through the longest crystal axis. The normal incidence
reflection (1 — P) was calculated with the approximation in Eq.5.7. The internal transmittance is then
obtained with Eq.5.9. For PbF; four crystals in two different lengths were analyzed (a—b). For each of
the three PbGI types one crystal was analyzed (¢c—d) and for BGO two crystals of same shape were
studied (e-f).

sphere. Nevertheless, for wavelengths above the transmission edges all samples show an internal
transmittance better than 90 %.

The absorption length A,ps can finally be determined with Eq.5.5. The results are shown in
Fig.5.9. It can be seen that for PbFs the absorption length rises steeply up to a wavelength
of 350 — 400 nm and is already above 1m there. This is followed by a slower rise to maximum
values between 2 and 3m. An old data set from the A4 Collaboration is at the same level as the

new data.
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Figure 5.9.: For representative samples the light absorption length A,ps was calculated from the internal

transmittance with Eq.5.5. Former data sets for PbF, taken by the A4 Collaboration [71] and for the
PbGI types calculated from Schott datasheets [141] are shown in magenta.
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For the PbGI types a steep rise up to 500 — 550 nm can be observed, whereby the absorption
length is already several meters long. At 400 nm, the value was only 0.1 — 0.6 m. For SF5 and
SF6 the data taken are in good approximation with the values calculated from the datasheets of
the manufacturer. An exception is SF57THTU, where the data taken with the spectrophotometer
shows a steeper rise and thus a high absorption length of 9m at 430 nm already. Here it seems
to be that Schott delivered an outstanding sample with better optical properties than an average
sample.? In the case of BGO, the steep rise at about 380 nm is followed by a slightly slower rise

up to 500 nm, before the absorption length remains almost constant at 3 —4 m.

5.3. Selection of photomultiplier tubes (PMTs)

The baseline idea is to build a traditional calorimeter, which is why PMTs are considered for
light collection. The PMT type must be highly efficient in the expected wavelength range. The
Philips (Photonis) XP2900/01 PMTs [146] with 11/8" active diameter and 10 dynode stages
were considered as first choice. In combination with PbF5 crystals, they were used by the A4
experiment. Their bi-alkali photocathode has a maximum quantum efficiency at 420 nm and
the transmittance of the borosilicate corning 801 — 51 window extends below 300 nm, which
matches the light spectrum of the PbFy radiators. For A4, the PMTs were selected with a
minimal cathode corning blue sensitivity of 11 pA/lm and a white sensitivity of 90 pA /lm. The
typical spectral characteristics, gain curves, and key parameters can be found in Appx. C.3. The
XP2900/01 also fits in size and spectral characteristics with the other crystals to be tested. The
voltage dividers from Institute de Physique Nucléaire Orsay (IPN) can also be used again and
the circuit diagram can be found in Fig. C.4 of Appx. C.3. Both the PMT and the voltage divider
have serial numbers (SNs), which are specified in the combination SN/SNpyT—SNyY divider (€-8-
SN/12345 — 678) for each PMT. Due to the age and the about 10000 hours in a radiation
environment, the damaged PMTs and voltage dividers have to be sorted out. As part of the
XVII Mainz Physics Summer Program 2019 together with , an appropriate

measuring setup was developed and 25 PMTs were characterized.

Experimental setup and procedure. The bare PMT was placed in a light-tight box with
a feed-through for the cables. The voltage was supplied by a CAEN V6533N module and was
raised in steps of 50V from 1250 to 1450 V. The PMT signals were amplified by a factor of
~ 80 with a five channel fast pre-amplifier and linear mixer. For each voltage level, data were
taken with a CAEN V1742B Switched Capacitor Digitizer until at least 10 000 waveforms were
recorded. The digitizer was used in self-triggering mode. The DRS4 sampling rate was set to
2.5 GHz and a record length of 256 data points was chosen. This corresponds to an acquisition
window of 102.4ns. A typical pulse of dark noise is shown in Fig.5.10. The post trigger has
been set to a level, where the pulses mainly occur in the center of the acquisition window. This
allows to determine the noise level with the data in the first 20 % of the window. The noise

level for each waveform was stored and for a complete run the average noise level and standard

2 To rule out a possible mix up of materials by Schott, the density of all PbGl blocks was determined. The
following values were obtained: psps = 4.07(7)gcm_3 (pdatasheet = 4.07gcm_3), pSFe = 5.19(14)gcm_3
(Pdatasheet = 5.18 gem™?), and pspsraru = 5.48(14) gem ™ (pdatasheet = 5.51 gem™?)
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deviation was calculated. Subtracting these noise levels, the charge of each pulse was determined
and recorded in a histogram. The average charge amplitude for each setup was determined by a
Landau distribution convoluted with a Gaussian distribution. In addition, with time stamps and

event numbers, an average dark count rate was determined from each file.

o

| | | | |
a B w N =
o o o o o
o o o o o

pulse height (mV)

Figure 5.10.: Acquisition window with a dark count pulse. The typical pulses have a rise time of
trise < 2ns and a fall time of g =~ 5ns. The first 20 % of the acquisition window was used for the
noise level determination.

Results. The spread of the noise level is exemplarily shown for the PMT SN /26397 — 832 at
voltages of 1250 and 1450V (see Figs.5.11a-b). The one sigma standard deviation is about
0.9mV for the 1250V setup and about 1.3mV for the 1450V setup. For all PMTs the typical
values are in the range of up to 2mV. All waveforms that deviate by more than 2o from the
average are not considered. Most of these contain double pulses. The charge spectra belonging
to these two settings (Figs.5.11c—d) show the increasing charge pulses with a higher voltage.
The resolution o/u worsens for an increased voltage from 35.4(6) % to 77.9(28) %. This mean
value p corresponds to the charge amplitude for a specific supply voltage. The results for each

PMT and the five supply voltages are summarized in Fig. 5.12.
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Figure 5.11.: Noisel level and total charge spectrum for a PMT voltage of 1250 and 1450V.

In the future experiment, all PMTs should provide the same signal height. PMTs with significantly
large (the uppermost red curve) or small amplitudes (the lowest blue curve) can therefore be
discarded. By choosing a fixed charge amplitude level for all PMTs (e.g. 4000 ADC counts),
individual working voltages can be set, but they are not determined at this point. The two
excluded PMTs cannot reach this amplitude level within the operating voltage specified by the
manufacturer. Since there are also differences in the quality of the crystals and the crystal-PMT
coupling, this calibration is only carried out with the completed modules.?

As a second criterium, the dark count rate was monitored (Fig.5.13). Except for one PMT, an
increasing dark count rate for rising voltages was observed. This was expected and is not too
severe for most of them. However, if the dark noise reaches the limit of the data acquisition®
already at a voltage of 1300V, this may lead to problems in an experiment like DarkMESA,
where the knowledge of all backgrounds is essential. If the dark count rate is high, but the total
charge spectrum has the expected shape, these PMTs are set aside as second choice.

In total, the PMTs SN /26097 — 873 and SN /25915 — 802 were discarded due to their too high or

3 A calibration method using the MAMI electron beam, a radioactive source, or photodiodes has to be developed.
The advantage of the MAMI beam would be the reproducible results due to a precise knowledge of the beam
energy, resolution, and position. If only one calibration is needed at the beginning this would be optimal.
However, it should be noted that due to the long measurement time of DarkMESA, a calibration has to be
performed more often. An online calibration method, e.g. by using photodiodes, would be very helpful.

When this measurements were carried out, not all settings of the digitizer were optimal. The biggest limitation
was the maximum number of events to be read out in one block transfer, which was set to 1event/ch. The
1024 events/ch multi-event buffer of this model was not exploited. Therefore the bandwith was reduced and the
recording rate was limited to just over 1kHz.

See footnote 4
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5.3. Selection of photomultiplier tubes (PMT5)

R
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Figure 5.12.: Charge amplitude of dark counts. Each color represents a PMT and the data were taken
for five different supply voltages. For the sake of clarity, the data points are not displayed and the
designation of the individual PMTs has been omitted. The results and the corresponding serial
numbers of PMT and HV divider can be found in Appx.B.3.3. The arrow denotes a possible charge
amplitude level at 4000 ADC counts for the determination of a working voltage.
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Figure 5.13.: Dark count rate obtained by using the digitizer. Each color represents a PMT and the data
were taken for five different supply voltages. For the sake of clarity, the data points are not displayed
and the designation of the individual PMTs has been omitted. The results and the corresponding
serial numbers of PMT and HV divider can be found in Appx. B.3.3. Due to sub-optimal settings, a
limitation at about 1kHz occurs.*
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5. DarkMESA material studies

too low charge amplitudes. In addition, PMT SN /26565 — 787 showed an unexpected spectrum
with several peaks (see Fig. B.18 of Appx.B.3.3). Due to the high dark count rate, the PMTs
SN /26349 — 807 and SN/26335 — 847 were set aside as second choice. This study selected 21
suitable PMTs. In addition, 10 PMTs from a similar, but not so systematic study are selected.
This study was carried out beforehand to select suitable PMTs for the first beam-tests at MAMI
in 2018. A larger number of PMTs was studied at a fixed PMT voltage of 1500V and the ones
that delivered dark pulses with same signal height level were selected. This study was carried
out only with the afterglow function of an oscilloscope and is less accurate than the analytical
method presented before. At that time, it was considered sufficient for the upcoming beam-tests.
The PMTs used for the detectors in these beam-tests could have been measured afterwards
according to the principle of this section. However, this was not done, as a complete disassembly

of the detector prototypes would have been necessary.

5.4. Assembly of calorimeter prototypes

In order to obtain an effective calorimeter, the following requirements must be met during

assembly:

e A good coupling between crystal and PMT must be achieved,
e from the produced light the highest possible amount must reach the PMT,
e and ambient light should not be able to reach the PMT.

The best possible light output is obtained if the light can leave the crystal only in the direction of
the PMT. In order to reach this ideal scenario, refractions on the other crystal surfaces must be
reduced, or the light should be reflected back to the crystal immediately. Therefore, the medium
surrounding the crystal should have a low refractive index to obtain a small critical angle 0, at
these transition surfaces. All optical photons that arrive at an angle > 0.,y are reflected back
into the crystal. This can be realized by a crumpled aluminum foil, which allows the combination
of the good reflective properties of aluminum with the low refractive index of air. In most of the
transition zones an air layer remains between the crystal and the foil (Fig.5.14b).

An alternative is the wrapping with polytetrafluorethylen (PTFE) tape (Fig.5.14c). At least
three layers of a 0.075 mm thin Teflon® thread seal tape were used.® The tight fitting tape allows
almost no air layer, but the refractive index is with 1.30 — 1.33 @ 250 nm well below the values
of the prototype crystals [149]. Despite the larger critical angle, total internal reflection is still
possible. Due to the superior reflection properties towards aluminum, especially in the UV range,
more light is trapped in the crystal [150]. For the beam-tests in this chapter, the crumbled
aluminum foil was used.”

A good coupling between PMT and crystal must be established on the open side. The light should
leave the crystal there, which is why high refraction and low internal reflection is desired. The

optical grade silicone grease EJ-550 from Eljen Technology was used for the coupling [151]. The

6 The thread seal tape is available with a width of 12 or 19 mm in construction markets. The handling of these
narrow bands is complicated when detector elements become larger (e.g. scintillator panels). Glass companies
also offer PTFE tapes with 50 mm width, such as BC-642 from Saint-Gobain [147]. The filtration solution
company Donaldson offers PTFE membranes with custom widths as crystal wrap [148].

7 For the setup of a multi crystal prototype calorimeter, discussed in Sec. 6.2.1, the second approach was chosen.
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Figure 5.14.: Assembly process of calorimeter prototypes. The crystal (a) is wrapped with aluminum
foil (b) or alternatively with Teflon® tape (c). The PMT is connected with optical grease to the
crystal (d) and wrapped in a black light-tight foil (e). The voltage divider (f) is connected to the PMT
afterwards.
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refractive index (n = 1.46) is close to the one of the borosilicate window of the PMT (n = 1.50
@ 400nm). The cut-off wavelength (10 % level) due to the window type lies at 270 nm. The
optical grease limits this range negligibly. The transmission of a 0.1 mm thick EJ-550 layer is
over 60 % at 285 nm and already above 90 % at 300nm (see Appx. C.2). To achieve an uniform
and stable coupling, the PMT was fixed twice with a light-tight tape running around the entire
crystal (Fig.5.14d). For best possible light tightness, the detector was wrapped in 70 pm thin
opaque black foil and the edges were sealed with light-tight tape® (Fig.5.14e).

When testing individual detector prototypes, the voltage dividers (Fig.5.14f) were connected
to the PMTs first. A PVC pipe with 40 mm nominal diameter (DN40) protected the PMT and
voltage divider from external influences and also enhances the stability of the crystal-PMT
junction (Fig.5.15).2 A cable tension relief was also included. For all materials proposed in
Sec. 5.2 these prototype detectors were assembled using the Photonis XP2900/01 PMTs.

Figure 5.15.: Ready-to-use single crystal calorimeter prototype detector.

5.5. Electron beam-tests

The assembled calorimeter prototypes were now ready for a characterization. In order to establish
the anticipated performance of the Cherenkov radiators experimentally it was necessary to carry
out measurements over a range of energies relevant for the DM detection with DarkMESA. Since
the results should be comparable, a reproducible experimental environment for all prototypes
was foreseen. An initial characterization with cosmic radiation or radioactive sources was not
performed, since the disadvantages of these two methods can be avoided with the MAMI electron
beam. In comparison to cosmic-rays, the MAMI beam allows high statistics in a short time
scale and a precise knowledge of particle type and energy. The divergence of the beam is
almost negligible and with an additional trigger detector, also serving as beam position monitor
(BPM), the point of impingement on the prototypes can be determined very precisely. Two PbF,
prototypes (from the A4 experiment at MAMI) in a length of 150.0 and 185.4 mm, three different
types (SF5, SF6, SEF57THTU) of PbGI (from Schott, Mainz), and a BGO prototype (from the L3
experiment at CERN, now at LNF) were studied with the electron beam. The characterization
was focused on the DarkMESA experiment. That is why beside the functional approval of the

calorimeter materials, also the directional dependencies and detection thresholds were studied.

8 3M® Scotchrap All-Weather Corrosion Protection Tape 50 (250 pm thick)

9 For the setup of a multi crystal prototype calorimeter, discussed in Sec. 6.2.1, all detectors without voltage
dividers are placed in the support structure first. The voltage dividers, together with a 130 pm thick Kapton®
pipe for shielding are connected afterwards.

86



5.5. Electron beam-tests

5.5.1. Experimental set-up

Since energies relevant for the DM detection with DarkMESA should be studied, the full energy
of MAMI is not necessary. The experimental set-up was placed at an experimental platform
located in MAMI hall A, between racetrack mircotron RTM1 and RTM2 (see Fig. 5.16). At the

deflection magnet, the electron beam can be extracted with an energy of 14.86 MeV.

==

Figure 5.16.: Excerpt of the MAMI accelerator floor plan. The green line (rectangle) marks the location
of the experimental setup after RTM1. At the deflection magnet between RTM1 and RTM2, the
electron beam can be extracted with an energy of 14.86 MeV. An experimental platform including a
beam-dump is available there.

This energy is sufficiently high and can be reduced further with energy degraders in front of the
exit beam pipe. An array of six prototype detectors was mounted on a remotely steerable table
so that different beam positions and different incident angles of the beam could be realized. The
maximum range of motion was 143 mm for the horizontal axis and 98 mm for the vertical axis.
A reference position was determined for each detector by using a laser alignment method. For
the head-on measurements, the central crystal position was determined, and for the lateral
measurements, the front edge of the crystal at central height represented the reference.

The data acquisition was triggered by a position sensitive detector in front of the calorimeter
prototypes with a flexible active trigger area: a region-of-interest (ROI) from 0.8 x 0.8 mm? to
13.3 x 13.3 mm? was possible. This detector was made from plastic scintillating fibers of 0.83 mm
diameter in two layers for one direction and two further layers in the perpendicular direction. A
detailed description of this detector can be found in the Master’s thesis of Manuel Mauch [152].
The average thickness of the detector was 2.4 mm corresponding to an energy-loss of 0.5 MeV for
the beam electrons.

The intrinsic energy spread of the MAMI beam is o <0.01 MeV. However, the beam left the
vacuum beam pipe through an aluminum flange of 0.2 mm thickness and traversed ~ 300 mm
of air before hitting the detectors. The resulting energy spread of the beam was simulated and
resulted in 0.07 — 0.08 MeV, corresponding to a relative beam energy spread of og/Eg ~ 0.5 %.
The beam energy variation for different detector setups with different path lengths through air
or detector material was found to be small. The multiple scattering in the flange increased the
divergence of the 14-MeV beam to g ~ 46 mrad and the simulation predicted a beam-spot of
approximately rp ~ 12mm width (full width at half maximum (FWHM) @p ~ 28 mm) for the
head-on position of the detectors and zp ~ 17 mm width (FWHM @p ~41 mm) for the side-on
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Figure 5.17.: Left: Photo of the experimental setup used for the beam-tests of calorimeter prototypes at
MAMI. The electron beam entered from the left and the beam electrons were localized with a position
sensitive detector that also provided the trigger signal to read out the prototype detectors. An array of
six of such detectors was arranged on a remotely steerable table to realize different beam positions and
different incident angles of the beam. Right: Schematics of the setup showing the relative positions of
beam exit, energy degraders, crossed fiber layers, and prototype detectors.

measurements. %

For the data readout the CAEN V965 QDC in high-gain mode was used. All signals of the
Cherenkov detectors were amplified with the Ortec Octal Fast Timing Amplifier 810 by a factor
of ~100. With this high amplification, the appearance of too large positive signals, which are
potentially harmful for the QDC, is possible. That is why the signal baselines were shifted
by —40mV with a linear Fan-In-Fan-Out (LeCroy Model 428F [153]). The acquisition window
of the QDC was started by a trigger signal of the fiber detector. The length of this window
was set to 100ns with a dual gate generator, which was built by the Physics Institute of the
University Bonn. Time differences of the various PMT signals were compensated by delaying the
corresponding signal with additional delay boxes and the signals of all Cherenkov detectors could
thus be placed inside the gate. The exception are the BGO detectors. Their long signal decay
times require a longer gate of 1 ps. Also the large amount of scintillating light did not require

the additional amplification and the offset was reduced to —6mV.

10T his is the real MAMI beam-spot without the trigger detector. By adding a ROI as trigger condition, only a
section of this beam is used for data acquisition. E.g. in the case of SF5 with a 1 x 1 ROI in AND logic the
beam-spot used for data acquisition can be reduced to zg ~ 6 mm width (FWHM &g ~13mm). A summary of
beam-spot sizes for different setups can be found in Tab. B.2 of Appx.B.3.5.
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5.5.2. Simulation settings for comparison studies

A good simulation and comparison with real beam-time data allows not only the prediction of
results but also the optimization of the detectors. For a replacement of the PMTs or geometrical
changes to the radiators, the corresponding components do not have to be bought and tested in
several versions: a thoroughly optimized version is sufficient.

In the simulation, the electron beam was generated just before an aluminum flange and, depending
on the setup, passed through plastic absorbers and the fibers of the trigger detector. The ROI
and the trigger logic could be set. All these components could be moved around the prototype
detector in such a way that the real beam-test conditions were well met. The prototype detector
itself consisted of a 20 pm reflective aluminum foil and a 1 mm air layer, surrounding the detector
material, with a gap for the PMT. The borosilicate window of the PMT was simulated as a 2 mm
thin disk. The radiators were always constructed as G4Trd objects in the simulation environment.
The dimensions were set according to Tab.5.1 and 5.2. In the case of the PbGls, this was
only an approximation. There were edge damages or uneven cast side surfaces (Fig. B.13 of
Appx.B.3.1). Also the BGOs had broken corners (Fig. B.14 of Appx. B.3.1), which were ignored
in the simulated geometry. The detailed implementation can be found in Sec. 3.3.

All necessary materials were defined in BDXConstruction::DefineMaterials (Appx.B.3.4).
Their optical properties were set via the G4MaterialPropertiesTable. In particular the proper-
ties in Tab. 5.5 were assigned to the materials and the specific values are summarized in Tab. B.1
of Appx.B.3.4. Differences when using absorption lengths from datasheets or transmittance

measurements were found to be small.

material
air | foil | PMT| PbF,| BGO| SF6| SF5 | SF57THTU
N VARAVANA VAV,
ABSLENGTH \/ \/ \/ \/ \/ \/
> REFLECTIVITY \/
o
g FASTCOMPONENT \/
2
d | FASTTIMECONSTANT \/
SCINTILLATIONYIELD ‘/
QUANTUMEFFICIENCY!! \/

Table 5.5.: Material properties set in the G4MaterialPropertiesTable. For the beam-time studies in
this chapter an aluminum foil and a borosilicate PMT window were used. The detailed values can be
found in Tab. B.1 of Appx. B.3.4.

In addition to these properties, the surface properties of the materials were implemented in the
Geant4 simulation according to the principle described in Sec. 3.3. The effects of the polish

factor on the light output are shown in Fig. 5.18. All surface settings are summarized in Tab. 5.6.

1 This property was not included in the G4MaterialPropertiesTable, but the values could be calculated with
the self build BDXSteppingAction: :calc_PMTefficiency(G4double wavelength) function. Depending on the
optical photons wavelength and the result of a multi-sided dice flip a 0 or 1 was returned.
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Figure 5.18.: Change in simulated light output for a rising surface roughness. Exemplarily shown for a
SF5 crystal with the dimensions from the 2018 electron beam-tests (Tab.5.2). In the glisur model
with ground finish, a polish factor of 1.0 meant maximum roughness. A perfectly smooth surface
(polish = 0.0) did not lead to the maximum light output.

type finish model polish
air 12 dielectric_dielectric polished glisur —
aluminum foil dielectric_metal ground glisur 0.95
PMT window dielectric_dielectric ground glisur 0.90
PbFy dielectric_dielectric ground glisur 0.93
BGO dielectric_dielectric ground glisur 0.93
SF6 dielectric_dielectric ground glisur 0.93
SF5 dielectric_dielectric ground glisur 1.00
SF5THTU dielectric_dielectric ground glisur 1.00

Table 5.6.: Settings for all optical surfaces used in the simulation of the 14-MeV MAMI beam-time.

In the glisur model with ground finish, a polish factor of 1.0 meant maximum roughness.
A perfectly smooth surface (polish = 0.0) did not lead to the maximum light output. With
ground finish and a polish factor between 1.0 and 0.7, the light output increased steadily and
almost linearly. In addition to the optical examination of the surfaces, the chosen factor also
included other properties. The age of the crystals, individual damage points, or the coupling of
the PMT wvaried from detector to detector. That is why the polish factors had been slightly

adjusted based on the beam-time data.

12 No differences were found between the settings ground and polished for the surface finish of the air volume.

90



5.5. Electron beam-tests

PbFy and BGO were the best polished crystals. SF6 had cast edges, but the best polished surface
among the PbGls. The same polish value of 0.93 was set for all three. SF6 compensated the
slightly worse surface by being brand new. In contrast, PbFs and BGO had suffered radiation
damage for several years. The barely polished PbGlI types SF5 and SF5THTU received a polish
factor of 1.0. The surrounding aluminum foil was very smooth, but to create an air gap between
crystal and foil, the foil was crumpled. Therefore, a polish factor of 0.95 was assumed for the
aluminum foil. The PMT’s glass window was estimated to have a value of 0.90.

Without additional absorbers, 100000 or 1000000 primary electrons were simulated depending
on the trigger logic and ROI. With additional plastic absorbers, this value was increased up to
5900000 for sufficiently high statistics.

5.5.3. Data processing

For the data evaluation, the measured QDC values were histogrammed first. It was still
very common to have trigger signals without signals in the acquisition window. These events
accumulated in the so called “Pedestal peak” and corresponded to a signal charge of zero. The
mean of this peak was set to a QDC charge of 0 pC and the other QDC values were shifted
accordingly. In the high-gain mode one QDC channel equals 200fC. This conversion was
performed and the histogram entries were normalized by the total number of events.

The measured signal peaks did not always correspond to a Gaussian curve, but were often
asymmetrical. For both, measured and simulated data, the (asymmetric) distributions of the
signals ¢ in the spectra were fitted with a Crystal Ball function [154], which has a Gaussian part

to describe the peak region and a power-law part on the low-energy side of the peak:

(4—E)* ¢—F
exp(—+5=—), for &= > —q
flga,n, E,op) = N e : (5.10)
A-(B- q;—E)_”, for &£ < o
E OF

with A = (n/|a])" - exp(—|al? /2) and B = n/ |a| — |a|, where o, n, E, and o5 are parameters
which were fitted to the data. The relative peak width op/E was determined by the width of the
Gaussian component. In the measured spectra, noise was present near the pedestal at ¢ <50 pC
corresponding to signals of 1 — 2 photoelectrons. By limiting the fit range, the noise at small
charges did not affect the extraction of the fit parameters. The uncertainties in the parameters

originating from the fit were in general smaller than 1pC.

5.5.4. Reference run with BGO prototype

Since it was not yet clear whether and how much light the Cherenkov radiators generate at
an electron beam energy of 14 MeV, the basic function of the measurement setup was tested
with a scintillating BGO crystal first. With a high light yield in the order of 8 000 — 10000
photons/MeV [155], a clear signal peak was expected even at the low beam energy of 14 MeV
and no additional signal amplification was required. Due to the long signal decay time of 300 ns,
a well-spaced gate with a length of 1 s was chosen. For a good coverage of the 4096 available
QDC channels, a PMT voltage of 1400V was selected. In order to record a sufficient amount of
data, a trigger area of 5 x 5 fibers was chosen. Together with the MAMI beam current, this
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corresponded to a trigger rate of about 2 kHz.

For a measurement without beam, only the pedestal peak at QDC channel 416 was visible. This
is the baseline of the following BGO measurements and the corresponding channel was set as
0pC. The detector was moved in 4 mm steps around the previously determined detector position
and 90 s measurements with beam switched on were carried out. The results of the measurement

of a horizontal axis going through the vertical center are shown in Fig.5.19.
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Figure 5.19.: Measured signals from a BGO detector for a 14-MeV electron beam entering the front
face of the radiator at different positions with respect to the center as indicated in the insert. The
FWHM of the beam was @ &~ 28 mm, reduced to g =~ 10 mm with the trigger condition of the fiber
detector.

A clear signal peak is visible for the central beam positions (black and blue) at about 500 pC.
The height of this peak decreases towards the edge and when crossing the edge it disappears
almost completely. Due to the reduced coverage of MAMI beam-spot and detector, the average
deposited energy decreases and the noise events increase.

Due to a difficult comparability of these results with the other detectors, a conversion of the

QDC charge into detected photoelectrons and a simulation was not performed at this point.

The functionality of the experimental setup was proven by the clear signals of the BGO detector.
For the following measurements of the Cherenkov radiators, uniform basic settings should be
found first.

5.5.5. Evaluation of basic settings

First some basic settings were evaluated in order to find the optimal settings for the comparison
runs of the Cherenkov detector prototypes. The evaluated settings in this section are the pedestal
peak position and with it the PMT high voltage setting for an optimal exploitation of the 12-bit
QDCs range. Spectra for rising event rates (Wehnelt voltage) were taken and finally the impact
of the ROI, defined by the trigger logic of the fiber detector, was evaluated.
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5.5. Electron beam-tests

Pedestal and PMT HYV settings. The pedestal peak arises from trigger events, where the
incident electron did not leave a signal in the crystal. Only the background noise was recorded
in this case. In order to distinguish these signals from possibly very small real signals, it was
necessary to record a pedestal without real signals. The MAMI beam was off and using a 10 kHz
pulser!® as random trigger for the readout of the PMT signals, spectra of the pedestal peak were
recorded for all PbGI detectors at once in only 30 seconds. For the Schott SF5 prototype the
spectra in Fig. 5.20 were obtained for PMT voltages from 1200 to 1500 V.
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Figure 5.20.: Measured pedestal peak for the Schott SF5 detector at PMT voltages between 1200 and
1500V. No shift in the peak position is visible and the pedestal peak broadens only slightly for higher
PMT voltages.

The peak position was at QDC channel 354 and did not change during the four settings, but
as expected with rising PMT voltage the peak slightly broadens from 2.8 to 3.0 QDC channels.
The pedestal peak positions of the other PbGI detectors can be found in Fig. 5.21.

The PbF9 measurements were carried out during the first beam-time in July 2018 and no pulser
was available for the pedestal runs at that time. So the detector was triggered by the random
background events of the fiber detector. Obviously these events were not so frequent and even
with longer measurement times, only low statistics was acquired. The peak position was found
at QDC channel 503, but the peak width for different voltages was not studied with this setup.

No differences compared to the PbGl detectors were expected.

3The LeCroy IP-2 Instapulser® with a pulse duration of 5ns and an amplitude of 2.5V was used [156].
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Figure 5.21.: Measured pedestal peak for PbGl detectors of type Schott SF5 (a), SF6 (b), and SF5THTU
(c) at a PMT voltage of 1500V.

For the next steps the MAMI beam of 14-MeV was turned on. For each detector the PMT voltage
was raised in the allowed working boundaries and the QDC spectra were recorded. These spectra
should now cover as many of the QDC channels as possible without going into the overflow. The
Ortec FTA810 amplifier was used for all Cherenkov prototypes and for a PMT HV of 1500V a
good coverage of the QDC range was achieved (see Fig. 5.22). With this settings signals up to a
charge of 747 pC' could be measured.
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Figure 5.22.: Scan of PMT supply voltages. QDC charge spectra for PbFy (left) and Schott SF5 (right).
The signal peaks were fitted with the Crystal Ball function.

The full range of the QDC covers 4096 x 200 fC = 819.2 pC, but the pedestal value narrows the range to 747 pC.
With an optional offset the full range is available again.
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5.5. Electron beam-tests

Wehnelt voltage scan. The MAMI accelerator uses Wehnelt cylinders for adjusting the
beam intensity and focusing. A Wehnelt cylinder is an electrode with a slightly negative
voltage compared to the injectors cathode. Electrons can leave the Wehnelt cylinder through
a small opening at the bottom. Thus, the beam current can be set via an adjustable negative
potential: the Wehnelt voltage. A translation from voltage to PMT signal rate for the following
measurements is given in Tab.5.7. An optimal beam current should be set to provide sufficient
statistics within a reasonable amount of time. Since DarkMESA will be operated at low rates,
the Wehnelt voltage should not be set to a level where high rate effects have an influence on
the measurement. In this study, runs at different Wehnelt voltages were performed, exemplarily
shown for Schott SF5 in Fig. 5.23 and PbFs in Fig. 5.24.

Wehnelt measured rate
voltage (V) (Hz)
-15.0 16
-13.0 284
-12.6 1331
-12.4 2850
-12.2 6212
-12.0 12757

Table 5.7.: Measured rates for the Wehnelt voltage (beam current) scan of PbF5 (7) shown in Fig. 5.24.
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Figure 5.23.: Wehnelt voltage (beam current) scan. QDC charge spectra for Schott SF5 with a 3 x 3
ROI. Zoomed out view on the right shows the shift of baseline for higher beam currents. The signal
peaks were fitted with the Crystal Ball function.

The electron beam hits the front surface of the radiators centrally. In both cases there is no large
shift of the signal peak for Wehnelt voltages up to —12.6 V (1.3kHz). At higher rates, the peak
migrates to lower QDC charge values, but this is not due to a lower amount of deposited energy.
When looking at the pedestal peaks in the zoomed out views in the right plots of Fig. 5.23 and
5.24, one sees a second peak forming left of the original pedestal peak. This peak increases with
the rate and is a second pedestal peak. More and more signals have this baseline and therefore
the signal peak moves further to the left. But why does this happen only for higher rates?
Looking at the typical pulse shape of the PMT signals in Fig. 5.10 one sees that the baseline is
slightly shifted upwards after the pulse. It takes a certain time for the PMT to reach the previous
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Figure 5.24.: Wehnelt voltage (beam current) scan. QDC charge spectra for PbFy with a 5 x 5 ROI
connected in an OR logic. Zoomed out view on the right shows the shift of baseline for higher beam
currents. The signal peaks were fitted with the Crystal Ball function.

baseline level again. With a higher rate in more and more cases the next PMT signal is so close
to the prior one, that the baseline is still at this lower level. This leads to the recording of lower
QDC charge values and thus to the observed behavior. In order to exclude these high-rate effects,

a Wehnelt voltage of —12.8 V was selected in the following series of measurements.

Region-of-interest (ROI) scan. In the next data runs the ROI covered by the fiber detector
was studied. With its 32 fibers arranged in two crossed layers the maximum possible ROI is
16 - dfiper X 16 - dpjper =176.4 mm? large. For a trigger signal, at least one fiber in each of the
two layers must respond and the signals of both layers are AND-ed. By reducing the number of
fibers in this trigger logic the ROI can be reduced. This reduction should allow a more precise
position scan of the detectors, but on the other hand a too small ROI increases the amount of
time needed for a run with sufficient high statistics. For the SF5 prototype this measurement
was carried out for three ROI sizes. The QDC spectra are shown in the left plot of Fig. 5.25.
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Figure 5.25.: ROI scan. Measured (left) and simulated (right) signals from the Schott SF5 detector for
a 14-MeV electron beam entering the front face of the radiator. The signal peaks were fitted with the
Crystal Ball function.

There are no differences in the position and shape of the signal peaks. The low statistics of the
single fiber per layer ROI, especially compared to the 256 times larger ROI for 16 fibers per
layer, is obvious. The simulation study in Fig.5.25 on the right also shows that the signal peaks
for all three ROI settings are close to each other. However, there is a slight tendency for the

average signal height to be lower for larger ROIs. This effect can be understood even better if
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Figure 5.26.: Hitmaps of the simulated signals from the Schott SF5 detector for a 14-MeV electron beam
entering the front face of the radiator. They are shown for a ROI of 16 x 16 (a), 3 x 3 (b),and 1 x 1
(c) in AND logic.

one looks at the hitmaps in Fig. 5.26. For the largest 16 x 16 ROI, the beam-spot with a FWHM
of 20.16 mm is so large that several events occur in the corners of the detector, equivalent to a
lower light output. For a 3 x 3 ROI, the beam-spot reduces to a FWHM of 15.09 mm and the
1 x 1 ROI can improve the FWHM to 13.35 mm even further. Due to the arising problems of
higher rates, measurements with the 1 x 1 ROI and sufficient high statistics are not feasible. As
a compromise in all following measurements the 3 x 3 ROI is used. The Wehnelt voltage scan
for a 3 x 3 ROI (Fig. 5.23) showed no differences compared to the 1 x 1 ROI scan (Fig.5.27).
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Figure 5.27.: Wehnelt voltage (beam current) scan. QDC charge spectra for Schott SF5 with a 1 x 1
ROI. Zoomed out view on the right shows the shift of baseline for higher beam currents. The signal
peaks were fitted with the Crystal Ball function.

The differences in beam-spot size are not significant and the nine times larger ROI leads to a
distinct reduction of measurement time. As a result of these preparatory studies, all the following

measurements of the December 2018 beam-time were carried out with
e a PMT voltage of 1500V,
e a Wehnelt voltage of —12.8V,
e and a 3 x 3 ROI in AND logic.

The data sets for PbFg were recorded during the July 2018 beam-time with different settings.
Unless otherwise specified, for PbFo a Wehnelt voltage of —13V and a 3 x 3 ROI in OR logic
was used. A hitmap of the crucial change to an OR logic is shown in Fig. B.19 of Appx.B.3.5.
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5.5.6. Response to a head-on 14-MeV electron beam

With the settings from the previous Sec. 5.5.5, the investigation of the calorimeter materials was
started systematically. The detection properties of a head-on 14-MeV electron beam were studied
first. With a laser alignment during the beam-time preparation, the approximate center positions
of the individual detectors were already known. This method could not provide mm accuracy
due to constraints resulting in a lack of space. The MAMI beam was not perfectly optimized and
left the beam pipe under a certain angle during the second part of the July 2018 beam-time. For
these reasons, the centers were determined experimentally. Based on the positions determined
with the laser, the horizontal and vertical axes of the detectors were scanned in 4 mm steps and
pulse height spectra were recorded. Both, the PbGI and the PbFs detectors, showed clear signal
peaks for 14-MeV electrons entering the front face of the radiators, well separated from the noise.
Even small displacements of the signal peaks could be resolved. For each axis a movement of
the peak could be observed. When moving the remotely steerable table from left to right or top
to bottom, the average pulse height increased steadily up to a certain point where it started to
decrease steadily. The table positions with the maximum pulse heights were thus defined as the
center of the crystal. The accuracy of the determined center was =2 mm. For PbFs, SF6, and
SF5THTU there were only small deviations of 4 mm compared to the laser measurement, and
8 mm for SF5.

The measured results of the three types of PbGl detectors and two PbFs detectors for a 14-MeV
electron beam pointed at the center positions are shown in the left plot of Fig.5.28. The PbF,
detectors showed higher signals compared to the PbGl detectors. The largest pulse heights
were found for PbF3 (1), which had a smaller active volume compared to PbFg (7). Among the
PbGI detectors of approximate the same shape and size, Schott SF5 performed best, followed by
SF6, and SF57THTU. For SF5, the position and the slope of the absorption band between 330
and 370 nm is favorable for Cherenkov radiation, for SF57THTU the emission of Cherenkov light
is restricted. The corresponding simulated signals in number of photoelectrons are shown in
Fig.5.28 on the right and the same sequence as for the measured signals was found. The number
of produced Cherenkov photons increases quadratically with decreasing wavelength (Fig. 5.2a).
Thus the higher light output for PbFy compared to the PbGl types was expected, because the

transmission edge was found to be up to 100 nm deeper in the UV spectrum (Sec. 5.2.2).
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Figure 5.28.: Measured (left) and simulated (right) signals from three different types of PbGl detectors
and a PbFy detector for a 14-MeV electron beam entering the front face of the radiators. The signal
peaks were fitted with the Crystal Ball function.
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Starting from the pre-determined centers, a beam-spot scan over the front faces of the radiators
was performed. Due to the positioning of the crystals in the six detector array and the limited
range of motion of the table, only parts of the surface were scanned. A good homogeneity in the
center regions was found and for the following study it was decided to scan only the interesting
edge area. For PbF3 (7) a vertical (Fig. 5.29a) and a horizontal (Fig.B.20 of Appx.B.3.5) axis
next to the center position were scanned.'® Scans over the corners were performed for the PbGl

types (Figs. 5.29b—d). The above restrictions in table movement led to the use of different corners.
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Figure 5.29.: Measured signals from a PbFs detector (a), and PbGI detectors of type Schott SF5 (b),
SF6 (c), and SF5THTU (d) for a 14-MeV electron beam entering the front face of the radiator at
different positions with respect to the center as indicated in the insert. The FWHM of the beam was
o ~ 28 mm, reduced to @p ~ 11 mm (PbFs) and &g ~ 15mm (PbGI) with the trigger condition of
the fiber detector. The signal peaks were fitted with the Crystal Ball function.

In all four cases the mean QDC charge decreases slightly when moving the beam-spot to an edge
or corner. When going beyond this point, the decrease becomes even stronger and a low-energy
tail develops from the peak. Despite the slightly larger ROI, the uncertainty in the hit location
is smaller for the PbFy than for the PbGl measurements, since the PbFy detector was closer to
the fiber detector than the PbGl detectors. The trigger events without calorimeter signals or
only dark count pulses increase and lead to the higher entries in the low-energy region of the

spectra. This behavior was also observed in the simulated results in Fig. 5.30.

15This PbF, data was taken with a higher Wehnelt voltage of —12.4V and a 5 x 5 ROI in AND logic. Also the
MAMI beam was not perfectly optimized at that time. The data illustrates the edge effects of PbF2 but is not
suited for a direct comparison with the other materials.
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Figure 5.30.: Simulated signals from a PbFs detector (a), and PbGl detectors of type Schott SF5 (b),
SF6 (c), and SF57THTU (d) for a 14-MeV electron beam entering the front face of the radiator at
different positions with respect to the center as indicated in the insert. The FWHM of the beam was
op ~ 28 mm, reduced to @ ~ 11 mm (PbF5) and @ ~ 15mm (PbGl) with the trigger condition of
the fiber detector. The signal peaks were fitted with the Crystal Ball function.
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Figure 5.31.: Hitmaps of the simulated signals from the Schott SF5 detector for a 14-MeV electron beam
entering the front face of the radiator at the positions measured during the corner scan.
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5.5. Electron beam-tests

The motion of the peak for the edge scan of PbFy was not as strong as for the PbGl types, since
the proportion of the beam-spot on the crystal surface was not reduced as fast as with the corner
scans. See Fig.5.31 and Figs. B.21-B.23 of Appx.B.3.5.

5.5.7. Response to a side-on 14-MeV electron beam

Beam-spot scans over the side faces of the detectors were used to study their response in
comparison to a head-on beam. This is especially important for Cherenkov radiators as their
light is emitted in forward direction with respect to the electrons.

The detectors were rotated by 90° and due to their material density and thickness, the electron
beam energy was still completely deposited inside of the crystals. The pulse height spectra for
different positions on the horizontal axis, going through the vertical center of the photocathode,
were analyzed. A position close to the PMT should be measured for all detectors. Almost the
entire length of the PbGl detectors could be scanned. As the length of the PbFy (7) detector with
185.4 mm is longer than the maximum possible horizontal motion of the zy-table, no measurement
was carried out in the front area in that case. All measurements in Fig. 5.32 show an increase in

the average QDC charges when approaching the PMT.
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Figure 5.32.: Measured signals from a PbFy detector (a), and PbGI detectors of type Schott SF5 (b),
SF6 (c), and SF5THTU (d) for a 14-MeV electron beam entering a side face of the detector at different
distances to the PMT face as indicated in the insert. The FWHM of the beam was @p ~ 41 mm,
reduced to @ ~ 37mm (PbF;) and @p &~ 34mm (PbGl) with the trigger condition of the fiber
detector. The signal peaks were fitted with the Crystal Ball function.
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Figure 5.33.: Hitmaps of the simulated signals from the Schott SF5 detector for a 14-MeV electron beam
entering the side face of the radiator at the positions measured during the 90° scan.
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Figure 5.34.: Simulated signals from a PbFs detector (a), and PbGl detectors of type Schott SF5 (b),
SF6 (c), and SF5THTU (d) for a 14-MeV electron beam entering a side face of the detector at different
distances to the PMT face as indicated in the insert. The FWHM of the beam was @p ~ 41 mm,
reduced to g ~ 37mm (PbF;) and @ ~ 34mm (PbGl) with the trigger condition of the fiber
detector. The signal peaks were fitted with the Crystal Ball function.

This effect is associated with the increase of direct light for beam-spot positions next to the PMT.
The motion of the peak is much lower in the case of PbF5, because not only the effect of direct

light has to be considered here, but the geometric shape ensures an optimized light collection in
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the front areas. For the positions next to the PMT (orange spots) it is also observable that the
low QDC charge entries in the histogram increase again and the height of the signal peak drops.
This can be explained by the decreasing coverage of the beam-spot (simulated for example) in
the bottom right plot of Fig. 5.33.

A similar effect was expected for the front positions (black spots) of the PbGl detectors and in
Fig. 5.34 the simulation showed a reduced peak height for the black and orange beam positions.
However, this effect was not found in the measured data. For the black spots an almost complete
covering of the beam-spot on the crystal surface seems to be present. The differences between
simulation and experiment can be explained by a slight shift in the alignment. Since the
alignment during the experiment was carried out with the laser method, also used for the head-on
measurements, a displacement below 10 mm can be assumed. In the simulation a significantly
lower displacement of the signal peaks for the PbGl detectors is noticeable and for PbFs a higher
light collection in the front area than next to the PMT can be seen. Due to the homogeneous
nature of the optical elements in the simulation, the effect of direct light at a position close
to the PMT is less prominent. Even for positions in the front area, the light emitted towards
the PMT often reaches the photocathode on a direct or at least short way without absorption.
At positions close to the PMT, the light emitted away from the PMT has a lower probability
of reaching the photocathode, due to the longer path. The shape of the PbFs crystal further
enhances this effect and part of the light remains trapped in the front part.

For the PbF3 (7) detector, the response to a side-on beam was also studied for an incidence angle
of 45° and 135° in Fig. 5.35.
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Figure 5.35.: Measured signals from a PbF5 detector for a 14-MeV electron beam entering a side face of
the detector under an angle of 45° (a) and 135° (b) at different distances to the PMT face as indicated
in the insert. The signal peaks were fitted with the Crystal Ball function.

For all positions, the 45° variant shows a minimally lower light output compared to the 90°
measurement. Due to the direction of incidence towards the PMT, most of the resulting light can
easily reach the photocathode. With the 135° measurement, the opposite case can be observed.
The angle of incidence is directed away from the PMT and for hit locations close to the PMT,
hardly any light reaches the PMT directly. Most of the optical photons have to pass through
the entire crystal and a not negligible part of them gets trapped in the front area until they
are totally absorbed. This results in lower pulse heights for hit positions next to the PMT.
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5. DarkMESA material studies

Additionally the trigger events without or with very low signals increase. This is because the
self-built crystal positioning table was not optimal for backward angles and a part of the beam
was stopped in a vertical MayTec® bar. The area in front of the PMT and part of the crystal is
obscured by this bar and therefore rarely hit by beam electrons, illustrated in Fig. 5.36.

Figure 5.36.: Beam-time setup during the 135° measurements with the fiber detector temporarily
removed. The studied PbF3 (7) detector is in the middle position on the beam position table. For
incoming beam electrons a part of the crystal-PMT junction is shadowed by a MayTec® bar.

Similar to the corner scans, the coverage of beam-spot and crystal is reduced. The increase of
events with low pulse heights for the 135° scan at the red and orange spots is also seen in the
simulation results in Fig. 5.37 and the hitmap in Fig. B.27 of Appx. B.3.5 shows this shadowing
effect as well. Like for the corner scans, the influence of direct light is underestimated in the
simulation and the spectra are a little further apart. In addition, it has to be assumed that the

positioning during the beam-time was not perfect again.
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Figure 5.37.: Simulated signals from a PbFy detector for a 14-MeV electron beam entering a side face of
the detector under an angle of 45° (a) and 135° (b) at different distances to the PMT face as indicated
in the insert. The signal peaks were fitted with the Crystal Ball function.
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5.5. Electron beam-tests

5.5.8. Response to an energy-degraded electron beam

The measurements until now were all performed with the maximum possible electron beam
energy of MAMI, which is 14.86 MeV behind RTM1. This value was slightly reduced by the
0.2mm aluminum flange and ~ 2.4 mm of plastic scintillating fibers (AND logic) to an average
value of 14.26 MeV. In order to find out down to which electron energy a measurement of the
signal peak is still possible, the beam energy was gradually reduced with polystyrene absorbers
of one to several cm thickness. With a density of 1.06 gcm™3 the energy loss in polystyrene is
2.05 MeV em~! [30]. The simulated beam energy distributions for a PbFs and a PbGl setup are
shown in Fig. 5.38.
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Figure 5.38.: Simulated energy distributions of the energy-degraded electron beam for polystyrene
absorbers of thicknesses up to 53 mm. The PbFy measurements were carried out during the July
2018 beam-time (a) and the PbGl measurements during the December 2018 beam-time (b). The
beam left the vacuum beam pipe through an aluminum flange of 0.2 mm thickness followed by the
energy-degraders and 270 — 320 mm of air, ~ 2.4 mm of plastic scintillator, and additional 72 — 115 mm
of air before hitting the detectors. Variations with respect to the trigger conditions and the detector
setup were found to be small. The signal peaks were fitted with the Crystal Ball function.

Each incoming beam electron was tracked in the simulation from the vacuum beam pipe through
all materials and its remaining energy was determined at the first interaction point in the detector.
During the July 2018 beam-time (PbF5), only small polystyrene plates with different thicknesses
were available. For the December 2018 beam-time, equal absorbers of 10 mm thickness were
manufactured. For the PbF9 energy distribution without absorbers, a double peak structure is
visible. This is due to the OR trigger logic used for the PbFs absorber study during the July
2018 beam-time. The higher peak mainly corresponds to particle passages through two fiber
layers and the lower peak to particle passages through all four fiber layers. This effect is also
present in the measurements with absorber, but it is so small that it is no longer visible. These
spectra depend on the absorber and the trigger settings only. Therefore, there are no differences
for the two PbF3 detectors, as well as for all PbGI detectors. The fluctuations in energy-loss
lead to the increased energy spread for thicker absorbers with a relative energy spread op/Ep
of 0.5% at 14 MeV to 8 % at 6 MeV. However, even after 40 mm polystyrene a very pronounced
peak remains for electrons reaching the detectors. For all absorbers the beam energy spread
op is below 0.5 MeV, providing a sufficiently precise determination of the beam energy for the
following studies.

For all the absorber thicknesses employed here, a head-on measurement was carried out for the
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5. DarkMESA material studies

two PbFy and the three PbGl detectors. Multiple scattering in the absorbers led to a spreading
of the beam-spot and the trigger rates went down. Therefore, in the case of PbF5 starting with
the 20 mm measurement, the measuring times were increased from 90 to 300s. Additionally,
starting with the 28 mm measurement, the Wehnelt voltage was increased from —13 to —12.5V.
For PbG], starting with the 10 mm measurement, the measuring times were increased from 90 to
300s and the Wehnelt voltage was gradually increased from —12.4 to —11.8 V.16 In Fig. 5.39 the
QDC charges for PbF5 (1) and PbF; (7) are compared to an optical photon simulation study.
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Figure 5.39.: Measured (left) and simulated (right) signals from a PbF (1) (top) and a PbF5 (7) (bottom)
detector for electrons of 4 — 14 MeV energy entering the front face of the radiator. The signal peaks
could be resolved even below 10 MeV and were fitted with the Crystal Ball function.

The same energy deposition leads to a higher light output for PbFs (1) than for PbF4 (7). For
the arising optical photons it is more likely to reach the photocathode in the smaller detector
volume of PbFs (1). Up to an absorber thickness of 43 mm (corr. to ~ 6.2 MeV) the signal peak
is observable. For the PbGl prototypes the results in Fig.5.40 show a visible signal peak up
to 30mm (corr. to ~8.6MeV) for SF5 and SF6, and up to 20mm (corr. to ~10.6 MeV) for
SF57THTU.

16 A negative effect due to the change of Wehnelt voltage was not expected and also not observed, since the
counting rates in the detectors do not change significantly.
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Figure 5.40.: Measured (left) and simulated (right) signals for electrons of 6 — 14 MeV energy entering
the front face of the radiator for PbGI detectors of type Schott SF5 (top), SF6 (center), and SF5THTU
(bottom). The signal peaks were fitted with the Crystal Ball function.

It should be recalled that the PbGIl detectors have almost same size and therefore a direct
comparison is possible. The best performance of the PbGl types is found for Schott SF5 again.
But overall the performance of the PbFy detectors is even better. PbFs (1) compared to SF5,
both with a similar active volume, show a difference of 21 — 37 % in the average QDC charges.
With the performed Crystal Ball fits, the peak position Fjfean and the width of the Gaussian
component og of the Crystal Ball function are known for each absorber measurement — experi-
mentally measured and simulated.

The measured versus simulated peak positions are shown in Fig.5.41 for all materials in one plot.
Below a certain material dependent energy, a consistent fit of the peak position was not possible.
For these points, the beam degradation and energy straggling led to small non-linear effects and
they were excluded. A linear fit yielded a calibration factor of 12.9(7) pCp.e.~!. Small residuals

demonstrate the robustness of the calibration.
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Figure 5.41.: Calibration of the measured signal heights in number of photoelectrons using the simulation.
The linear fit yielded a calibration factor of 12.9(7) pCp.e.~! as well as small and randomly dispersed
residuals.

This calibration allows the calculation of the detected photoelectrons (dp.) for each absorber
measurement. In Fig. 5.42 (top left) the progression of the measured number of photoelectrons with
the beam energy is shown for all Cherenkov radiators. The same for the detected photoelectrons
in the simulation study is shown in the top right plot. It shows a linear trend of signal height
versus beam energy that is also observed in the data, demonstrating a good linearity of the
measured energy response. The progression of the peaks relative energy resolution AFE for
measured and simulated data is shown in the bottom plots of Fig.5.42. The relative energy

resolution was calculated with

OFE OF OF
AFE = A (AFE) = 1 . A1
EMean and ( ) \/El%/lean ( * EMean) (5 )

The simulated contribution from the relative beam energy spread (shown with [J symbols in the
bottom right plot) has been subtracted quadratically from the measured energy resolutions in the
bottom left plot of Fig. 5.42. In contrast to the simulated data, for the measured data, four data
points in total are missing. These were data runs for thicker absorbers, where the resolution of the
signal peak was no longer possible. For both measured and simulated data, an improvement in the
relative energy resolution can be observed with increasing beam energy. The PbFs (1) detector
showed a nearly constant energy resolution of 32 % for all the experimental measurements with
absorber. Although most of the simulated data points agree with the experimentally determined
data points, some of the measured resolutions exceed the expectations of the simulation. In

particular for all SF5 data points and the low beam energy measurements of the PbFy detectors.
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Figure 5.42.: Top: Measured (left) and simulated (right) signal heights for electrons of 6 — 14 MeV
energy entering the front face of the radiators. The signal heights increase approximately linearly
with energy. The materials PbFy and PbGl type Schott SF5 yielded more light than the types SF6
and SF57THTU. Bottom: Measured (left) and simulated (right) relative energy resolutions for these
beam energies as determined by the width of the Gaussian component of the Crystal Ball function.
The simulated contribution from the relative beam energy spread (shown with O symbols) has been
subtracted quadratically from the measured energy resolutions.

An average light yield 7yjclq was then calculated for each detector type. The full dataset and the
error calculation used for the values in Tab.5.8 can be found in Appx. B.3.6. With an average
value of 1.86 —2.04p.e. MeV~! the PbFy detectors achieve values in the same range as found in
the studies from Patrick Achenbach et al. [131]. The PbGlI types are all below these values, with
SF5 achieving the highest light output of 1.56 p.e. MeV~! whereas SF57HTU achieves only 50 %
light output compared to the PbFy detectors.

Cherenkov light yield
radiator (p-e. MeV 1)

PbF, (7) 1.86(7

(7)
PbF, (1) 2.04(7)
SF5 1.56(6)
SF6 1.23(6)

(6)

SESTHTU 0.97(6

Table 5.8.: Average light yield of the Cherenkov radiators, calculated with the full dataset in Appx. B.3.6.
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5. DarkMESA material studies

5.6. Neutron response study

As part of a Bachelor’s thesis, the response of the prototype detectors to neutrons was investigated.
The most important result for this thesis is briefly outlined here. For the detailed measurement

procedure and interpretation of the results, see the work of Paul Burger [130].

plastic
scintillator

QDC channel
I|III|IIITIII|III|III

e A
10 15 20

0
ToF difference (ns)
(b)

Figure 5.43.: (a) Basic measurement setup with y—detector on the left, >** Am?Be source in the middle,
and neutron detector on the right. In this setup, a detector made of plastic scintillator served as
neutron detector. (b) TOF spectrum for the setup on the left. The red line marks the theoretical
TOF difference for coincident v —  signals and the green lines mark the TOF difference for coincident
n—- signals of 7 and 0.5 MeV neutrons.

The neutrons came from a 2! Am?Be source, which generates prompt n—~ pairs. 80 % of these
neutrons have an energy of more than 1.5 MeV, with the maximum energy being 7 MeV. For all
measurements, a BGO detector was used as y—detector. For the detection of neutrons, first a
plastic scintillator was used, which is sensitive to fast neutrons [157]. Later the plastic scintillator
was replaced by the prototype detectors to be investigated. The experimental setup is shown in
Fig.5.43a and with a TOF measurement, it was possible to distinguish between coincident v — ~
signals and coincident n—~ pairs. The distance between the source and the y—detector must be
chosen sufficiently large. In Fig. 5.43b, the «/n separation was achieved with a distance of 25 cm.
The red line marks the theoretical time difference for v — = coincidences. The green lines show
the theoretical time differences calculated for 0.5 to 7 MeV neutrons. The higher energy neutrons
are faster and deposit more energy in the crystals, which explains the shape of the distribution.
Taking into account the spatial angles covered by the active materials, the prototype detectors
showed the neutron sensitivities summarized in Fig. 5.44.

The highest response is reached by the organic scintillator made of plastic with a sensitivity
of 72%. The inorganic scintillator made of BGO shows a more than one order of magnitude
lower sensitivity. The Cherenkov radiators follow with even smaller sensitivities. With 0.045 %,
SE5THTU shows the lowest sensitivity, which is one order of magnitude below the PbFy one. Due
to the low neutron detection probability found for the Cherenkov radiators, it can be assumed
that neutrons will be one of the smallest background contributions. These background events
can be suppressed even further with a suitable veto system made of plastic scintillators, having a

factor of 180 — 1600 higher neutron sensitivity.
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Figure 5.44.: Results of the neutron response study for the prototype detectors discussed in this chapter.'”

5.7. Summary

The next steps in the development of the DarkMESA detector need an informed decision about

the materials. It would be desirable if the chosen material fulfills most of the following points:

A high light output for electrons,

a small response to neutrons,

a high material density,

and low investment costs, at best by reusing existing materials from other experiments.

Studies with the electron beam of MAMI showed that all investigated materials are in principle
suitable for the detection of electrons with a minimum energy of ~10 MeV, but there are some
differences in the average light output. With an average of 1.94 p.e. MeV~!, the PbFy prototypes
reach a twice as high light output compared to SF57THTU with 0.97p.e. MeV~!. SF6 with
1.23p.e. MeV~! and SF5 with 1.56 p.e. MeV ! lie in between. Studies with fast neutrons from an
241 Am?Be source have shown that all Cherenkov detectors have at least two orders of magnitude
lower neutron response efficiencies than plastic scintillators.

Since the available volume of the DarkMESA room is also limited, a higher detection probability
can be achieved by using a denser detector material. A smaller calorimeter would also reduce
the size (and costs) of a veto system (Sec. 7.2).

By far the largest density of all studied Cherenkov radiators is the one of PbFy with 7.77 g cm™3.
Due to its results so far and its availability from the completed A4 experiment, PbF5 is considered

the first choice. The total quantity from the A4 experiment is limited to about 0.13m?3.

1"SF6 was missing in this series of measurements. A previous series of measurements under slightly different
conditions showed that the neutron sensitivity of SF6 lies between those of SF5 and SF57HTU.
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5. DarkMESA material studies

For a further increase of the PbFy detector volume, new crystals would have to be acquired. In
contrast to PbFs, the PbGI types do not have to be grown individually from a seed crystal but
can be cast in blocks and cut into shape. This is associated with lower costs, which is why a
PbGl detector for expanding the active volume should also be considered.

Although SF57HTU has the highest density of all PbGl types with 5.51 gcm ™3 and showed the
lowest neutron response, it was not adequate due to the lower light yield of 0.97 p.e. MeV !
on average. The less dense SF5 would be the first choice due to the high light output of
1.56 p.e. MeV L. Independently of this selection, it has been found that 0.72m? of Schott SF5
can be provided by the University of Miinster [158-160]. The 1278 SF5 blocks were initially used
in the SAPHIR calorimeter of the WAS80 experiment at the CERN Super Proton Synchrotron
(SPS) [161]. They have a dimension of 35 x 35 x 460 mm?® and were also re-used in the Leadglass
Detector Array (LEDA) calorimeter of the WA98 experiment at CERN SPS [162]. In addition,
15 blocks (each 260 x 142 x 65 mm?) from a 2018 cast by Schott are already in Mainz.

With this two materials, PbFs and PbGl of type Schott SF5, the design of the DarkMESA
calorimeter can start. Further optimizations and a staged approach in the construction of the
full DarkMESA calorimeter are described in the following Chap. 6.
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6. DarkMESA full calorimeter concept

In this chapter the DarkMESA calorimeter is described in more detail. Due to the accelerator
infrastructure of MESA and structural conditions of the halls, specifications are also made for
the DarkMESA experiment. Studies to improve the DM detection probabilities are presented in
Sec. 6.1. Based on the results of these studies, there are limitations and specifics that need to
be considered when planning the overall design. In Sec. 6.2 a staged approach for DarkMESA

including a possible time line is presented.

6.1. Optimization studies on DM detection probabilities

To improve the DM detection capabilities, one can start from two considerations. On the one
hand, one can try to increase the production probability of dark photons and thus also DM
particles at the production side — the beam-dump. The second point is the optimization of the
detector. A detection method is needed that is well suited for the detection of DM and at the
same time is not too sensitive to low energy backgrounds. The dimensions of such a detector
must take into account the available space in the DarkMESA room and the bearing capacity of
the floor. A possible segmentation of the detector and an optimized placement in the room are
investigated with a geometrical acceptance study. Here, economic factors are already taken into

account and the partial re-use of existing detector systems is preferred.

6.1.1. Production side

Due to its previous use, the P2 beam-dump is not optimized for a DM experiment. A material
with an even higher atomic number than aluminum (Z = 13) would be desirable, since the Z
value enters quadratically in the cross-section of the dark photon production (see Sec.8.1.1). Since
the P2 beam-dump was already used in the A4 experiment, the location is a prohibited radiation
area, where dose rates of more than 3 000 pSv are possible. Therefore a complex re-design of the
beam-dump is not possible and only small and expeditious changes can be made.

A way to increase the number of generated photons, and theoretically also the number of dark
photons, is to introduce a denser material as an additional absorber in the beam-dump. An
up to several mm thick plate could be inserted directly in front of the existing beam-dump
without major effort. The effect of using tungsten (Z = 74) in various thicknesses was studied
in a simulation. With a density of 19.3gcm™3, tungsten is a factor of seven denser than the
aluminum of the beam-dump. In the ' cross-section, a pure tungsten beam-dump would result
in an improvement by a factor of 32. The additional absorber allows the high-energy beam
electrons to be stopped earlier, which should result in more Bremsstrahlung photons tending

to have higher energies. The simulation results in Fig. 6.1 show the total number of generated
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change in number of photons (%)
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Figure 6.1.: Total number of generated photons for an up to 10 mm thick additional tungsten target,
where the case without target is the reference. In blue the change for photons above 5MeV, in red
above 10 MeV, and in green above 40 MeV are shown. Since loss of high energy photons should be
avoided, the target should not be chosen thicker than 3 mm.

photons in the beam-dump (N) for tungsten thicknesses up to 10 mm as a percentage change

N — N,

1 1
. 0% (6.1)

with respect to the setup without tungsten (Np). The three graphs refer to different energy
ranges of the generated photons. The detailed quantity of photons for smaller energy ranges
can be found in Fig. B.28 of Appx. B.4. When focusing on photons above 5 MeV the maximum
number of photons is reached at 4-5 mm tungsten. If one restricts this range to high energy
photons above 40 MeV, the maximum shifts to 2-3 mm. For larger thicknesses the number of
photons drops again. For the overall energy range, a plate thickness of 2.5 mm seems a good
choice. If new dark sector searches show that a lower energy range is preferable in the search for

DM, the thickness of the target can be adjusted accordingly.

Whether this increases not only the number of Bremsstrahlung photons, but also dark photons, is
not yet demonstrated. It seems not improbable that the number of dark photons is also increased
by the tungsten target. In the studies in Chap. 8 this target is not included from the beginning.

The change in the expected limits due to the tungsten target are discussed in Sec. 8.4.1.

6.1.2. Detection side

The largest potential for optimization is on the detector side. In the simplified MESA floor plan
in Fig. 6.2 the MESA accelerator and the P2 experiment are shown. The beam-axis runs almost

centrally through the marked room, whose dimensions are shown in the enlarged view on the
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Figure 6.2.: Excerpt of the MESA accelerator hall with indicated positions of the P2 experiment (green),
the P2 beam-dump (orange), the MESA beamline (magenta), and the DarkMESA room (blue). In the
enlarged sketch on the right, the dimensions of the DarkMESA room are included. The P2 beam-axis
is shown in red.

right. With its extended floor load capacity, this ~12m? room is dedicated to DarkMESA. The
detector system under development, must not exceed the room space and should include the
Cherenkov crystals investigated during the material studies in Chap.5. At this point, it is also
worth recalling the decision already met in Chap. 2.2.3: a detector system optimized for detecting
electron recoils is preferable to one optimized for proton recoils. An additional veto system is

discussed in Chap. 7 and should also be considered while dimensioning the detector.

Available detector elements. Dimensions and properties of available crystals are listed in
Tab.6.1. The two most convincing candidates from the material studies — PbFy and SF5 PbGI —
are available from the A4 experiment at MAMI and SAPHIR at CERN. In both cases more than
1000 crystals and major parts of the associated electronics can be used. In addition, a total of
15 brand new Schott SF5 PbGl crystals and seven 9330B 5” PMTs from ET Enterprises are
available.! The other listed crystals do not play a role in the planning for the time being, but
can still be considered in later phases of the DarkMESA experiment.

Not all of the more than 2000 PbFy and SF5 PbGI crystals, will be used from the very beginning.
Rather, a staged approach is planned to put detector elements into operation at an early stage

and collect initial data.

Detector layout and positioning. Before these stages are presented in Chap.6.2, it is
important to know whether there are any restrictions on the positioning of the detector elements
in the DarkMESA room. A closer look at the DM beam and in particular its angular distribution
at the level of the DarkMESA room for different kinematics with m., = 3m, is shown in
Fig.6.3. One can see the increasing divergence of the DM beam for larger masses m,, while
a clear beam-spot is present for a light mass of m, =1MeV. Now looking at the position of
the room (marked in red), one can see that this effect plays a negligible role for the detector
positioning, since the distribution of the DM particles in the room is extremely homogeneous

over all kinematics. The detector can therefore be placed anywhere in the room.

! The order of this amount was based on the idea, to stack two blocks on top of each other and read them out
with one PMT. One SF5 block remains as a spare.
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terial former no. of front/rear length volume
materia experiment(s) crystals (mm?) (mm) (L)
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NA62LAV
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___________ BaBAR at ..
Csl SLAC 820 47 x 54 325 0.83

Table 6.1.: Dimensions and properties of likely available crystals. (* currently stored in Miinster and
available through collaboration partners.)
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Figure 6.3.: The angular distribution of the DM particles is shown as a beam-spot at the beginning of
the DarkMESA room. Shown are different kinematics with m.» = 3 m, and rising DM mass from left
to right and top to bottom. The dimensions of the DarkMESA room are indicated with a red box.

A larger detector — more scattering centers Nge; — increases the probability for DM interactions.
Whether this increase is due to a larger geometrical acceptance (enlargement in = and/or y

direction) or the interaction length in the calorimeter (enlargement in z direction) has turned
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out to be irrelevant. In Fig. 6.4, a look at detectors with different front surface sizes shows that
for DM masses below 10 MeV only small changes in the geometrical acceptance are expected.
Independently from the detector size, no significant loss in DM events has to be expected. For DM
masses above 10 MeV up to 85 % fewer DM events are expected due to the smaller geometrical

acceptance.

| detector on-axis.

geometrical acceptance for X, X (%)

dark Bremsstrahlung only

10°2 i i i
1072

dark matter mass m, (GeV/c?)

Figure 6.4.: Dependence of the geometrical acceptance on DM masses for an on-axis detector position
and dark Bremsstrahlung only. The graphs show the results for detectors with fixed front surface sizes.

From these studies, there are no special requirements for the positioning of the detector elements
in the DarkMESA room. However, the following functional advantages led to the preference for

a wall layout:

o Exploitation of the room height,

e easy access to individual detector elements,

o enough space for electronics, including data acquisition at a workstation,

e space for new and different detection systems,

» and the possibility to rotate the calorimeter wall by 90°/180°, which may help in further

background suppression.

6.2. DarkMESA staged approach

These preliminary considerations and the funding periods for MESA and DarkMESA resulted in
the following staged approach for the detector design. In the years 2025 - 2028 the accelerator
and the P2 experiment will be commissioned and the effective time with electron beam will be
limited. Therefore a conservative plan with 2200 h of beam is envisioned during these years.
In the following periods 2200 h of beam per year are expected. The schedules can be read in
Tab.6.2. For Phase C, the planning is not yet complete, and a conceptual design with initial

studies is presented in Sec. 8.6.
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stage description period scheduled time EOT
Phase A PbF, prototype 1. - 3. year 2200h 7.42 x 10%!
Phase B | PF2 (Ad) + SFS 4. - 6. year 6600 h 2.22 x 1022
(Miinster)
Phase ¢ Thase Bsetup o 13200h 4.45 x 1022
extension

Table 6.2.: Proposed DarkMESA stages in the three funding periods. The active volume of the prototype
is made of 5 x 5 PbFy crystals. The calorimeter in Phase B will consist of 30 x 30 PbF5 and 32 x 32
SE5 crystals. Phase C aims to extend the active volume even further. An innovative detector system
using thin radiation shielding glasses is foreseen and is presented later in Sec. 8.6.

6.2.1. Phase A — PbF, prototype

Since the PbFs crystals, PMTs, and voltage dividers are already stored in Mainz and individual
crystals have already been characterized with the MAMI beam, it is natural to first build a
prototype module from them. A module consisting of 25 crystals including PMTs and voltage
dividers, weighing about 40 kg, is still practical enough for its characterization in the laboratory
and to be used at MAMI or MESA later. This size still allows the use of a dark box to reduce
the influence of ambient light. Nevertheless, the crystals are individually wrapped in Teflon® and
black foil, as shown in Sec. 5.4. To achieve the highest possible active volume, only the longest
PbF; crystals (PbF2 (7): 185.4mm) are used for this prototype. These are arranged in a 3D
printed lattice of five by five, giving the detector a total active volume of 3.6 L. The 3D printed
structures support especially the front of the crystals and the transitions to the PMTs.2 The
voltage dividers are screwed to the last 3D printed element. The data acquisition for Phase A

can still be carried out using the CAEN waveform digitizer already presented in Sec.5.1.2.3

Figure 6.5.: The DarkMESA prototype in Phase A is built of 5 x 5 PbF5 crystals and has an active
volume of 3.6 L. A CAD rendering (left) and a real module during assembly (right) are shown.

2 The first support element is divided into five pluggable levels to allow a module assembly from bottom to top.
In order to be able to replace detectors of lower levels without removing overlying detectors, a revised holding
structure is envisaged already.

3 The data acquisition should be switched to the system planned for Phase B (Sec.6.2.2) at an appropriate time
already.
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Together with the veto system presented in Sec. 7.2.1, this compact detector allows characterization
studies in the laboratory or at MAMI already during the setup phase of MESA. With the
commissioning of MESA, it allows first measurements of beam-related backgrounds and, due to
large time intervals without beam, also an intensive study of beam-unrelated backgrounds, in

particular the cosmogenic background reaching the DarkMESA room.

6.2.2. Phase B — Full PbF, and PbGI calorimeter

Based on the Phase A prototype, it is planned to build a whole wall of these modules in Phase B
and thus to use all PbFy crystals provided by A4 except a small number of spare modules
and crystals. A total of 36 of these modules will be used at the same time in the DarkMESA
experiment. Their total volume is around 120 L.* In addition, modules made of SF5 PbGl will
be used in a second wall. 64 modules with 16 crystals each, from the former SAPHIR calorimeter
of the WAS80 experiment, and a total volume of about 580 L. will be used. The wall size is again

planned in such a way that broken modules can be replaced by spare modules.

Figure 6.6.: The DarkMESA Phase B calorimeter consists of two detector walls with 1924 detectors
and has an active volume of 700L. A CAD rendering shows the PbF5 calorimeter in front of the SF5
calorimeter (left). Four of the 4 x 4 SF5 PbGl modules are already in Mainz. A full module and a
single crystal are shown (right).

The readout is carried out via old FEU-84 PMTs from a Russian manufacturer. Their properties
can be found in Tab. C.4 of Appx. C.4. An initial characterization of fourteen PMTs during a
summer student program showed no major failures. However, a replacement of all supply cables
was required and a full replacement of the old devices is still under consideration. To obtain all
signal information, the use of the commercial digitizer is no longer economical and practical due
to the high number of channels. The data acquisition will therefore be switched to a sampling
ADC developed in-house.

Already during the studies in Chap. 5, the materials to be used in the DarkMESA concept —
PbFy and SF5 PbGI — turned out to be well suited. By increasing the detector volume, more DM

4 The active volume of each module varies between 2.9 and 3.6 L due to various crystal lengths.
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particles generated in the beam-dump and emitted forward can reach the DarkMESA detector,
and the interaction probability increases. The chosen materials have good detection properties
over a wide energy range of the recoil electrons. However, this also means that they are sensitive
to other particles in the same energy range and above. For these two concepts of Phase A and B,
the expected background is investigated in the following Chap. 7. With a suitable veto system
this background events should be detected with highest efficiency.
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Since DM particles have not yet been experimentally detected, it must be assumed that their
interaction with SM particles is extremely weak. Thus, even with a search in the correct energy
range, one expects very few events. In proportion, events due to secondary particles arising in

the beam-dump, and in particular cosmic radiation, could be much more frequent.

These possible backgrounds are identified in Sec.7.1. Based on this, in Sec. 7.2 a concept for

their reduction in Phase A and B of the experiment is presented.

7.1. Types of background radiation to be considered

The backgrounds can be divided into two categories: one is beam-related and the other is
beam-unrelated. The former category can be reduced by comparing data with and without
beam. Beam-unrelated background, on the other hand, always occurs and must be eliminated
completely or at least minimalized using a suitable technique.

In particular uncharged particles such as neutrons and neutrinos, belong to the first category.
They could probably make it through the radiation protection walls. Also, a beam loss of the
MESA accelerator near the walls closest to DarkMESA cannot be completely excluded, but
should be detected by the monitoring system of MESA.

The backgrounds that are expected to be permanent are mostly from cosmic particles, since
there is only ~ 1 m concrete as shielding above DarkMESA. Other background signals may arise
from natural radiation, especially radon from the surrounding concrete, or electronic noise from

the DarkMESA readout.

7.1.1. Beam-related neutrinos and neutrons

First it shall be investigated whether a significant background by beam-related particles is to be
expected for DarkMESA. For this purpose, two Geant4 and FLUKA studies were performed with

respect to the neutrons and neutrinos produced in the P2 experiment.

Neutrino study. For the study of beam-related neutrinos the DarkMESA simulation was used
again. The detailed P2 target with the conical flow diverter was used and the QGSP_BERT_EMV
physics list was applied to include most of the possible processes. Especially, this model uses a
Geant4 Bertini cascade for pions below ~ 10 GeV, resulting in more secondary particles and a
better agreement with experimental data.

More than 99.9 % of the short-living pions decay into muons due to the weak interaction. Since

these are responsible for the largest fraction of higher-energy neutrinos, the simulation searches



7. Background radiation studies

for produced pions in particular. The muons in turn decay into leptons and v7 pairs.

7T+—>u++1/# (71)
et + v+,

The functionality of the implemented processes was verified with a higher beam energy of 1 GeV
first. For one million primary electrons, slightly more than 2000 charged 7+ decayed into u™
and v,. In more than 70 % of the cases, the subsequent decay of the muon into e™, v., and 7 is
observed (Fig. B.29 of Appx.B.5.1). In the remaining cases, the free muon has not reached the
end of its lifetime before the end of the simulation.

For the DarkMESA case the beam energy is only 155 MeV, which is slightly above the thresholds

of charged pion photoproduction on nucleons, which are:

151.43MeV  for y+p— 7" 4+n

(7.2)
and 148.45MeV for y+n— 7 +p .[163]

The simulation of 40 million primary electrons in Geant4 did not show any produced pions. Just

low energy 7 (< 1MeV) from the 5~ decay
92X — Y +e i, (7.3)

were observed. This is suitable as a first indication, but the small number of primary particles
(< 108) compared to the O(10'®) awaited in a single hour of MESA beam-time makes this
study not very useful. With Geant4 no significant increase in statistics is possible. The FLUKA
simulation used for the estimation of the neutron background has more capabilities, but cannot
simulate the full amount of beam electrons as well. For a full simulation, it is also important to
keep in mind that the generated neutrinos are rarely detectable in the calorimeter, since their
trajectory must pass through the calorimeter and neutrinos interact with the active detector
material only via the weak interaction which results in a low detection probability. Even if no
huge background is expected, together with the teams of the MESA accelerator and the P2
experiment, there is a plan to lower the beam energy below the thresholds in Eq. 7.2 to prevent a

direct production of pions.

Neutron study. In a FLUKA simulation carried out by Luca Doria, the generation of neutrons
in the P2 experiment and its beam-dump was investigated. The MESA hall was integrated into
the simulation and an investigation for 107 beam electrons was started. One obtains the spatial
distribution of all neutrons in Fig. 7.1 and recognizes that no neutron has made it through the
first radiation protection wall behind the beam-dump and accordingly none could reach the
room of the DarkMESA experiment. In this simulation, the number of primary particles is also
relatively small, but looking at the energy distribution of the neutrons in Fig. 7.2, one sees that
they are of low energy mostly and neutrons with more than 1 MeV are rare. The probability
of overcoming all radiation protection walls up to DarkMESA can be estimated as very low for
particles with energies above the detection threshold of DarkMESA.
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Figure 7.1.: Simulation of beam-related neutrons in the MESA halls with FLUKA. For 107 primary beam
electrons no neutron reaches the DarkMESA room.
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Figure 7.2.: Energy distribution of all generated neutrons from the FLUKA simulation in Fig.7.1.

In addition, the calorimeter is built of materials whose neutron detection probability is low
according to the study in Chap. 5.6 with 0.4 % for PbFy and 0.12% for SF5 PbGI.

In the case of remaining background caused by beam-related neutrinos or neutrons, this could be
suppressed by evaluating the calorimeter signals with and without MESA beam operation. Since
DarkMESA is located only a few meters underground and only one meter of concrete serves as
shielding above the experiment, the far greater part of neutrons and neutrinos is expected to
come from cosmic-rays, which cannot be switched on and off so easily. This background must
be modeled accurately in order to subtract it from the obtained calorimeter data. In [105] a
possible procedure is described and for the BDX at JLab experiment ~ 5 neutrino events are

predicted during the run-time of 285 days.
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7.1.2. Beam-unrelated cosmic radiation

The largest background rate is expected from cosmic-rays. Burning processes in the sun and
other cosmic events produce high-energy particles that are thrown into space. Most of them are
captured by the Van-Allen belt surrounding the Earth. However, about 1000 particles m=2s~!
reach the Earth’s atmosphere, where further processes with the gas particles produce particle
showers, which reach the Earth’s surface. One primary particle can produce up to 10! secondary
particles. The primary radiation consists of protons (87 %), alpha particles (12 %), and heavy
atomic nuclei (1 %). Neutrons, protons, and in particular pions are produced during the spallation

of the gas molecules via the following processes:

p+p— ptp+m
—>p—|—n—|—7r+ ,

p+n— p+n+a’ | (7.4)
— n+n+n" ,

— pt+tpt+m

These pions can decay via the following processes:
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The muons can reach the Earth’s surface directly or decay in further processes:
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The particles resulting from these processes are those expected in the cosmics spectrum at the
Earth’s surface and are investigated in the following study. For the simulation a cosmics generator
using CRY was implemented in the Geant4 simulation (Sec.3.4). The low energy solar neutrinos
are not part of this generator and only the secondary neutrinos arising in Earth’s atmosphere
are considered.
In this study, it should be noted that only a single particle and not the full particle shower is
generated as one event. This is a conservative approach, because the decay partners are not
simulated, which may lead to detection mistakes in the simulation. On the other hand, these
cases can also occur for large-area particle showers, where a part of the shower is flying past the
detector. Therefore, this simplification should influence the results only to a small extent.
From the simulation, the energy spectrum in Fig. 7.3 is obtained for Mainz latitude on sea level.
It is dominated by the muons and gammas from the decay processes in Eq.7.5. The exact rates
over the entire energy range and above a threshold energy of 10 MeV can be found in Tab.B.4 of
Appx. B.5.2. This spectrum is a first indication of the particles a veto system to be developed
has to deal with. In order to get a better impression of the spectrum at the DarkMESA detector,
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7.1. Types of background radiation to be considered

the parts of the building above were simulated in a simplified way and the spectrum in Fig. 7.4
was obtained.

In addition to the first spectrum, the neutrinos and kaons produced in secondary processes are
now included. The dominant particle species have not changed, but the rates have decreased.
A comparison of the individual particle species before and after the simulated ceiling can be

found in Fig. B.30 of Appx.B.5.2. In particular, the distribution of gammas has shifted to lower
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Figure 7.3.: Cosmic-ray spectrum simulated with the cosmic-ray shower library (CRY) for Mainz (sea
level) at the 15¢ June of 2020.
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Figure 7.4.: Cosmic-ray spectrum simulated with the cosmic-ray shower library (CRY) for the DarkMESA
room at the 15* June of 2020. For simplification reasons a 1m layer of concrete was used to simulate
the building parts above the DarkMESA room.
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energies, and with an expected energy threshold of 10 MeV, their rate drops significantly from
1655~ m~2 above ground to 23s~'m™2. It also results in a drop from 30s~'m~2 to 45! m~2
for neutrons. In the muon spectra there is a sharp cut at about 400 MeV, which is due to the
fact that low-energy muons are completely stopped in the concrete.

To reduce cosmic-rays even further, experiments searching for very rare events are often located
very deep and well shielded underground. For DarkMESA, the shielding is limited and the

suppression of this background becomes even more important.

In order to identify events in the calorimeter arising from cosmic-rays and to suppress them
afterwards, these signals have to be detected in coincidence with another detector system. A

veto system adapted for this purpose is presented in the following Sec. 7.2.

7.2. Concept for an efficient veto system

An efficient veto system has to enclose the calorimeter crystals hermetically and should have
equally good or even better detection properties for all relevant particle types from the previous
section. This approach is only possible because DM particles must have a very low interaction
probability with SM particles. It is almost impossible that a DM particle detected in the
calorimeter leaves a signal in a surrounding detector, too. A simplified scheme of how this might

look like can be seen in Fig. 7.5.
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Figure 7.5.: Simplified scheme of a veto system for an enclosed calorimeter with a two veto layer setup
and an intermediate absorber: on the left for particles from cosmic radiation and on the right for a DM
particle.

With two veto layers and an intermediate absorber layer, events of low-energy electrons can also
be distinguished from high-energy muons. The electrons are completely absorbed by one veto
layer or stopped inside the absorber. The muon is a minimum ionizing particle and deposits
energy in each layer leaving signals of same height. Particles close to the detection threshold of
veto or calorimeter detectors can thus be stopped and identified at an early stage and the risk of

leaving a signal only in one of the calorimeter crystals, like for DM, is reduced.

126



7.2. Concept for an efficient veto system

Selection of materials. An obvious choice of material for the veto layers are plastic scintillators,
which are characterized by high light yield, easy machining, and relatively low cost. It has already
been shown experimentally in Sec. 5.6 that the sensitivity of neutrons to plastic scintillators is
2-3 orders of magnitude higher than it is the case for PbFy or SF5.

In order to be able to also realize larger veto systems, EJ-200 from Eljen Technology was chosen,
which combines a high light attenuation length of 380 cm with fast timing (0.9 ns rise time and
2.1ns decay time). Lead is used as absorber, whose high nuclear charge (Z = 82) and high
density (11.35gcm™3) is especially beneficial for stopping gamma radiation. Lead is relatively
soft, can be easily machined, and is cheap and easy to obtain. Additional secondary radiation

due to Bremsstrahlung in the lead absorber must also be taken into account.

Sensitivity simulation study. In an idealized simulation, the sensitivity of EJ-200, SF5 PbGl,
and PbFs for all particle types and energies expected in the DarkMESA room was studied. The
simulation of a readout was omitted and only a block of 10 x 10 cm and a thickness of z=2cm
was simulated. Barely above the central x-y position the incident particle is generated with
momentum in z direction and a fixed energy. In each event the total number of produced optical
photons is stored and after one million events the sensitivity is calculated by applying a detection
limit of 100 optical photons to allow a comparison between the three materials. This was done
across a broad energy range, but uncommon energies (< 10~ particles s~' m~2) were neglected.
To obtain a good physical description over the wide energy range, the QGSP_BIC_HP physics list
was used. This is especially recommended for shielding applications over all energy ranges. In
particular, it contains a string model for interactions of high energy hadrons and an additional
neutron package, which allows to track neutrons down to thermal energies.

The simulation results are tabulated in Tabs. B.5 and B.6 of Appx.B.5.3.

The neutron simulation results are in good agreement with the experiment, where in the
investigated energy range of 0.5 to 7 MeV (with lower energies dominating), a sensitivity of 72 %
was obtained for a plastic scintillator. The sensitivity for low energies of 0.1 MeV was found to
be 78.948 %, for 1 MeV 49.742 %, and for 10 MeV still 18.827 %. For the SF5 PbGl, in turn, the
values in this energy range were between 0.005 and 3.555 %, with the highest value for 10 MeV,
which was less common in the experiment. This result is consistent with the experimental
observation of 0.12 %. Consistency was also found for PbFs.

For almost all particles, the plastic scintillator shows a higher sensitivity compared to the
calorimeter materials. In contrast, the plastic scintillator becomes more and more inefficient for
increasing neutron energies, while the efficiency of the calorimeter materials slightly increases
again. Also for gamma particles with energies higher than 10 MeV, the plastic scintillator is less
sensitive than the calorimeter crystals. A lead absorber, even in larger dimensions, is not suitable
for shielding high-energy gammas. It only prevents low energy gamma particles generated in one

veto layer, e.g. through Bremsstrahlung, from reaching further veto layers.

The inefficiency of the veto system for certain particle types is discussed again in a later

optimization phase. First, the concept shown in Fig. 7.5 is realized for the Phase A prototype.
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7.2.1. Veto system — Phase A

For the implementation of a veto system for the Phase A prototype the following requirements
have to be fulfilled:

e The dimensions of the inner veto plane should allow the placement of the 5 x5 PbF,
calorimeter, a SF5 prototype!, or future detectors of similar size. For first tests the
placement of the whole system in a dark box is foreseen, which drives the wish for a

compact design,
e hermetic enclosure of the calorimeter with as few gaps between elements as possible,
e holding structures must be able to support the weight,

e and easy access to the internal calorimeter and ability to replace individual scintillator

plates without complete disassembly.

This resulted in the concept of a first prototype veto system shown in Fig. 7.6. Further technical

drawings with exact size and the assembly concept can be found in Fig. B.31 of Appx. B.5.4.
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Figure 7.6.: Exploded-view CAD drawing of the veto prototype concept for the 5 x 5 PbFy Phase A
prototype calorimeter with an inner and outer veto layer made of 2 cm thick EJ-200 plastic scintillator
and a 1cm thick lead layer in between. The electronic components of the readout are marked through
green elements, the so-called carrier and collector boards.

A first inner veto layer tightly encloses the calorimeter, with the four large plates (1la-d) inserted
into a MayTec® framework via aluminum angles. These angles also form the support base for
the calorimeter block. The two smaller plates (2a-b) close off the inner veto and are held in
position via small angles. A thickness of 20mm was chosen for the EJ-200 scintillators. Lead
plates are screwed to the outside of the MayTec® framework. In order to still be able to handle

the prototype well, a lead thickness of only 10 mm was chosen. Nevertheless, this equals a lead

1 At the time of design, the offer to use the SF5 crystals from SAPHIR (460 mm long) was not present. Only the
usage of the shorter SF5 blocks from Schott (260 mm long) was planned. The usage of the SAPHIR crystals
with the original PMTs is not possible, but a readout with SiPMs or shorter PMTs is still possible.




7.2. Concept for an efficient veto system

weight of about 100 kg and the whole prototype will thus weigh about 200-220 kg.

The entire inner veto and calorimeter block can then be inserted into another MayTec® framework,
which contains the outer veto. Like for the inner veto, there are two differently dimensioned
scintillator plates 3a-d and 4a-b. The dimensions are such that the length of the side to be
read out is always 250 mm for the inner veto and 380 mm for the outer veto. This simplifies the

development of a readout and allows the comparison of two or four plates at a time.

Readout of the scintillators. During initial beam-tests at MAMI, a 500 x 250 mm and 20 mm
thick plastic scintillator plate was tested with and without embedded wavelength shifting (WLS)
fibers. The readout was performed using four SiPMs (SensL 60035) per short side. They have
a sensor of 6 x 6 mm? composed of 18980 microcells with a pixel size of 35 x 35 um? allowing
the detection of single photons [164]. The light collection for different scanning positions was
investigated with an 855 MeV electron beam. The results of these measurements can be found
in the Master’s thesis of Matteo Laufl and were published in [165]. It was shown that the light
collection with a WLS fiber of round geometry and 1.5 mm diameter can be improved by up
to 50 % in the neighborhood of the fiber compared to the setup without fibers. However, the
detection properties of such a detector are highly position-dependent and fast and accurate
interpretation of the data, which is preferred at this prototype stage, becomes difficult. In
addition, the insertion of the fibers requires more work and the scintillator material varies in
thickness due to the milling of the grooves. Therefore, fibers were not used in the prototype and
instead the number of SiPMs per side was increased from four to nine. First tests with these
new readout boards have started, but a complete assembly of the prototype could not be done
yet due to the present global chip crisis, so that a redesign became necessary. For this reason, no
exact layout is given here. The concept foresees a carrier board that is located directly at the
scintillators. With a width of only 10 mm, it is dimensioned in such a way that the respective
scintillator side is only half covered and an adjacent scintillator can still rest on it. This board
carries the SiPMs and a first preamplifier stage. A further amplification, the discrimination of
the signals, the voltage supply, and both analog and digital outputs are on a collector board
which can supply six carrier boards via flexible zero insertion force (ZIF) cables. With a total of
four collector boards the readout of all twelve plastic scintillators on both sides is possible.
Each SiPM is operated with a supply voltage below 30V, via a HV-digital-to-analog converter
(DAC). For the readout of the full waveforms, the CAEN digitizer or the PANDA S-ADC can be
used. The latter is an ADC under development at KPH which, in contrast to the commercial
CAEN device, achieves a sampling rate of only 80 MHz, but due to the flexibility in development
and lower costs per channel it is foreseen to be used at this early stage of DarkMESA. Since
the exact thickness and flexibility of all cables to be fed through the veto and lead layers is
not yet fully known, the implementation of a cable feedthrough has been omitted in Fig. 7.6.
However, this option is already provided in the simulation, and looking at individual panels
showed only slight variations in light output when the cable feedthrough is close to the readout
sides (Fig.B.33 of Appx.B.5.4).

This concept was designed without a complete cosmic-ray simulation. In the following, the

theoretically achievable efficiencies are determined. If there is a need for improvement, these
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observations will be implemented for the prototype if possible, otherwise they will be included in
the design for Phase B.

Simulation study of a single scintillator panel. In a first simulation study, a single
scintillator plate (500 x 250 x 20 mm?) is examined. This study should provide information on
how many of the initially generated optical photons are detected by the SiPMs and which spatial
dependencies exist. A comparison with the experimental results from Matteo Laufy’ Master thesis
is also possible to some extent. The scintillators are wrapped in a crumpled aluminum foil with
7 x 7Tmm? cutouts for each 6 x 6 mm? SiPM. For these, a typical efficiency of 38 % according to
the data sheet is assumed. Since only the percentage light yield has to be determined in this
study, the type of primary particle is not yet relevant. The choice fell on 1 GeV muons generated
above the scintillator at random positions. 20 000 events were generated.

The simulation result in Fig. 7.7 shows a homogeneous distribution to a great extent. The average
light yield is ~ 8.5 %. Deviations from this can be found in the edge areas. There are particularly
favorable positions for a higher light yield directly in front of the SiPMs, but there are also some
positions with bad scattering angles resulting in a decreased light yield. Looking at the Figs. B.34
and B.35 of Appx. B.5.4, which show the light yield of the SiPMs one by one, the effects for light
production directly in front of the SiPMs is evident. Furthermore, one recognizes a cone, which

causes a reduced light yield for positions on the same side but further away from the SiPM.
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Figure 7.7.: For a 500 mm long scintillator panel, the optical photons detected in total by all SiPMs in
relation to all generated optical photons, depending on the primary particle position, is shown. With
exception of the edge areas, a homogeneous distribution can be found and the average value is ~ 8.5 %.

This result cannot be directly compared with available experimental data. In a next step, the
light collection of the left SIPM side was distinguished from the right one and the percentage ratio
on the total yield was plotted. The results are plotted both for the simulation and a laboratory
experiment in Figs. 7.8 and B.32 of Appx. B.5.4. In the experiment, a ?°Sr source was placed on
top of the scintillator at 200 different positions in a measurement grid. In 45s long measurements
the percentage light yield was calculated from the observed counting rates.

As expected, the distribution for central positions is close to 50 %. Near the actual readout side,
the proportion of direct light increases and the percentage ratio on the total yield increases, while

it decreases on the opposite side. The results of simulation and experiment agree qualitatively. A
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Figure 7.8.: Percentage ratio on the total yield in simulation (top) and experiment (bottom) for a
readout of the nine SiPMs on the right side.

reduction of the number of bins was omitted in the case of the simulated data, because additional
edge effects arise. These are due to the effects already mentioned above and are not yet visible

in the experimental data due to the smaller grid.

Simulation studies of full Phase A prototype. For these studies, the simulation part
described in Sec. 3.4 is used. The prototype shown in Fig. 3.3 is initially simulated with the
first Pb absorber between the two veto layers only. Above the setup a layer of 1 m concrete
approximates the hall ceiling and directly above, the CRY generator is placed with a size of

3 x 3m?

. This can only be considered as an approximation, since incoming cosmic particles
with large angles are not correctly treated. However, an even larger generator would lead to
performance limits of the simulation. For the study of the complete setup, the full tracking of the
produced optical photons is omitted for performance reasons, too. The number of optical photons
generated is therefore calculated but only threshold values are used to decide whether this is
enough for a detectable signal. The threshold to detect a real signal in a scintillator is calculated
conservatively. Out of the total 18 SiPMs, half shall detect a signal of five photons on average.
This corresponds to 45 photons to be detected, resulting in a threshold of 500 generated optical
photons when the light yield of 8.5% from the previous study is taken into account. Since the

scintillator used in this study was of medium size, this value is also used as a good approximation

131



7. Background radiation studies

for all other panels. It corresponds to an average energy deposit of about 0.05 MeV for muons.

The energy deposit in each veto layer is plotted as an example in Fig. 7.9.
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Figure 7.9.: Deposited energy of all cosmic events in all Phase A veto layers stacked in a single histogram.
A peak is found at around 4 MeV and corresponds to the most common energy deposit of a minimum
ionizing particle crossing a horizontal veto layer vertically from above.

With this threshold of 500 optical photons, 5.4 % of the cosmic-rays, which leave an energy deposit,
are not counted as veto events. By far the largest part deposits its energy in the horizontally
lying veto planes and flies through an average of 20 mm of plastic which corresponds to an
energy deposition of about 4 MeV in most cases. For the energy deposition in the calorimeter
crystals, the result from the experimental studies in Chap. 5 is used. Whether PbGI or PbF,, the
spectra could be resolved for an energy deposition of 10 MeV and this value is now used as energy
threshold. A comparison of the spectra of energy deposit and produced optical photons shows at
which point the cut has to be set in units of optical photons. In this case 10 MeV corresponds
to 1250 generated optical photons. The simulation also includes a time gate. After the first
detection of an event in any detector element, a maximum time of 20 ns may elapse for further
veto or calorimeter signals to be accepted.

Only events in which at least one calorimeter crystal detects a signal are of interest for the
simulation. No fixed number of cosmic events is simulated but rather a simulated duration of
the CRY generator is specified — one hour in this study. A calorimeter signal is not expected in
every case, because of the relatively small active volume in relation to the CRY generator size.
For the prototype, energy deposition and number of optical photons produced are plotted for
each individual calorimeter crystal as well as for the whole module in Fig.7.10. The three colors

represent the following veto conditions:

e Blue: At least two veto layers detect a signal.

—— Can be considered a cosmic veto event and discarded.
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A maximum of one veto layer detects a signal.

— Not clearly assignable to a cosmic veto event.

e Red: No veto layer detects a signal.

— Inefficiency of the proposed veto system.?
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Figure 7.10.: One hour of cosmic radiation was simulated above the 1 m concrete ceiling of the DarkMESA
room for the Phase A prototype. For each event detected in at least one of the calorimeter crystals,
the veto condition was evaluated and the histogram corresponding to the veto condition’s color was
filled. This was done top for the energy deposition and bottom for the generated optical photons. On
the left, the values for all individual calorimeter crystals are registered, on the right only the sum of
an event is shown. The associated counts, veto inefficiencies, and rates can be found in Tab. 7.1.

For an efficient veto system, it is clear that events with green and especially red veto conditions
must be strongly reduced and, at best, completely eliminated. In the case of the default setup,
this has only been achieved to a limited extent. Almost all events with one of these two conditions,
leave a signal in only one single crystal. That is why there is no great difference between the
single crystal and full module histograms for these two conditions. Although they occur several
orders of magnitude less frequently, the veto inefficiency is still too high at about 0.2 %. With
this value, it seems unrealistic to work with the previously determined calorimeter threshold of
10 MeV. The threshold would have to be in the range of 50 MeV, which would have a negative

2 Tt is important to note that the condition for zero veto events is contained in the veto conditions green and red.
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impact on the energy range of DM that can be studied by DarkMESA. The obvious reasons for
the poor efficiency are the different particle sensitivities of the calorimeter and veto materials
used, which were studied at the beginning of Sec.7.2. Furthermore, a larger amount of lead
was omitted due to the prototype’s weight. Both problems can be reduced by making small
adjustments that do not change the structure of the prototype itself. The possible setups are
shown in Fig. 7.11. In a first improvement step, the calo setup, the outermost ring of calorimeter
crystals is used as additional veto and not as DM detector. Although this leads to a significant
64 % reduction in active volume in the prototype case, this change is not as significant for larger
detectors. In a second step, the ceiling setup, a large-area veto detector is applied above the
prototype. This consists of a 2 cm thick plastic scintillator directly under the concrete ceiling

and a subsequent 5cm thick lead absorber. The both setup combines the two improvements.

violet: remaining calorimeter elements
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Figure 7.11.: Additional veto concepts for improvement of veto efficiency. Inner veto, outer veto, and
Pb absorber are not shown, since they do not change. Beside the default setup the use of calorimeter
crystals as additional veto elements and an additional veto detector at the ceiling are foreseen.

) ) projected
Phase A Vitzo v%tt ve?to 1neﬂ(ci(;1;e N rate (Hz) counts
¢ (2200h)

single 48469 88 39 8.04x 1072 1.08x 1072 858 x 104

default
full 17944 82 37 2.06 x 1071 1.03 x 1072 8.14 x 10%
. single 17476 15 4 229x 1072  1.11x1073  8.80x 103
calo
full 9020 14 3 3.32x 1072 833x107°* 6.60 x 103
. single 46 711 7 2 4.28 x 1073 4 5
ceiling 5.56 x 10~ 4.40 x 10
full 17329 7 2 1.15 x 1072
single 16608 0 0 <6.02x1073 . 5
both <2.78 x 10 <2.20 x 10
full 8689 0 0 <1.15x1072

Table 7.1.: For all four Phase A prototype setups the counts of the three veto conditions and the
calculated inefficiencies, rates, and the projected counts are summarized.
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Figure 7.12.: Simulation results of the improved veto concepts for the Phase A prototype — top for the
calo setup, middle for the ceiling setup, and bottom for the both setup. On the left, the values for
all individual calorimeter crystals are registered, on the right only the sum of an event is shown. The
associated counts, veto inefficiencies, and rates can be found in Tab.7.1.

The results of these three new studies are shown in Tab. 7.1 and Fig. 7.12, where the events are
histogrammed by the number of produced optical photons. It can be seen that the two additional
options, both in absolute and percentage values, reduce the calorimeter signals without a veto
signal present. The veto inefficiency drops from 0.206 % to 0.033 % for the calo setup and 0.012 %
for the ceiling setup. No inefficiencies are found in the combination of both improvements within

one hour, resulting in an upper bound of 0.012 %. The shielding effects of the additional ceiling
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veto and the additional lead layer are also evident. In the simulations that include these, almost
4% fewer cosmic particles reach one of the calorimeter crystals.

Which primary cosmic particles are responsible for these inefficiencies was also investigated
within the simulation study. A separation by particle type and the number of signal-giving
veto panels for the default setup can be found in Fig. 7.13. The events with 0 veto panels are
the inefficiencies. The separation by particle type for the three improved setups can be found
in Fig. B.36 of Appx.B.5.4. A comparison shows that the inefficiencies largely due to gamma
particles are strongly suppressed with the ceiling veto. The inefficiencies due to low-energy

electrons and positrons are almost completely removed.

particle type
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Figure 7.13.: Sum of the signal-giving veto panels separated by the primary particle type for the Phase A
default setup. Events with no signal-giving veto panels are the inefficiencies of the system.

One way to further reduce these potentially critical particle types is to add an additional absorber
layer immediately around the calorimeter. A reduction of the fraction of 7, e™, and e~ by 35 %
is observed (Tab. 7.2) and the veto efficiency is slightly improved. A thicker shielding between

the veto layers is also desirable for the subsequent Phase B.

With all improvements, a good efficiency of about 99.99 % can be achieved, but due to the
short simulation time of 1h, up to 2200 cosmic signals must still be expected in the calorimeter
crystals during the entire Phase A. By measuring without beam for a similar amount of time, the
background of both measurement series can be compared and further reduced. The efficiency can
be further adjusted by changing the threshold values as well. For the development of Phase B
additional improvements should be implemented. On the one hand, the critical particles could be
reduced with a larger amount of lead. On the other hand, it has been seen that a great amount

of active volume is allocated by using the outer calorimeter crystals as additional veto elements.
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7.2. Concept for an efficient veto system

setup ut ~ n et /e other
absorbers
one lead 95.04 % 1.87% 1.64% 0.80 % 0.65 %
absorber
absorbers

Table 7.2.: Proportion of the different primary cosmic particles among the signals detected in the
calorimeter for the three possible Phase A lead configurations.

An adaptation where the lower and perhaps some lateral crystals are used as DM calorimeters
again seems appropriate. Since the logic signals of all elements will be merged via an FPGA, the
decision on whether to assign them as veto or DM calorimeter element should be made in an

experimental study.

7.2.2. Veto system — Phase B

For Phase B, the concept of an inner and outer veto layer is used again. Based on the previous
simulation results, the lead layer in between is chosen to be 5 cm thick. Large parts of the readout
electronics from Phase A will be used again and gaps in the veto layers are to be kept as small as
possible. However, the six sides of each veto plane cannot consist of a single scintillator plate in
this case. Each side will consist of 5-9 long scintillator panels with a fixed width of 250 mm and
lengths between 1800 and 2258 mm. To ensure a good gap closure, the side surfaces of adjacent

plates are tapered: this is the same principle as in the MAGIX trigger veto system (Fig.4.1).

PbGI calorimeter

inner veto
Pb absorber
outer veto

N

PbF, canrim /

Figure 7.14.: CAD drawing of the veto concept for the Phase B PbGl and PbF; calorimeter with an
inner and outer veto layer made of 2 cm thick EJ-200 plastic scintillator and a 5 cm thick lead layer in
between. The front, top, and right veto elements are not indicated.
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In Fig. 7.14 an idealized design is shown. Obviously, the lowest two veto layers will not close
completely hermetically. First, the weight of the calorimeter walls and lead absorbers cannot
rest on this scintillator panels, but must rest on the hall floor via support feet. Secondly, the
signal and HV cables of the calorimeters must be fed out. The load capacity of the now more
massive structure made of MayTec® has not yet been finalized and must be adjusted due to the

increased lead amount of up to 10t.

Simulation study of a single scintillator panel. Since the veto panels are significantly larger
than the ones in the prototype study, the light yield of a 2000 mm long panel was simulated
first. The study showed a decrease of light yield from the readout to the scintillator’s center by
~2%/100mm.? Overall an average light yield of 2.7 % was found.* This lower value results in
a higher detection threshold of 1600 generated optical photons, corresponding to a deposited
energy of about 0.16 MeV for muons.

250
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50

800 1000 1200 1400 1600 1800 2000
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Figure 7.15.: For a 2000 mm long scintillator panel, the optical photons detected in total by all SiPMs
in relation to all generated optical photons, depending on the primary particle position, is shown.
Overall an average value of ~2.7% can be found, while the value decreases by ~2 %/100 mm from
the readout to the scintillator’s center.

Simulation studies of full Phase B setup. The procedure for this study is the same as in
the previous subsection. The generator size of 3 x 3m?, the concrete ceiling, and the time period
of 1h remain the same. The threshold values for the calorimeter crystals remain at 10 MeV and
1250 generated optical photons, respectively. Only the threshold values for the veto elements
change according to the previous study to 0.16 MeV and 1600 generated optical photons. The
veto conditions and their color marking from Sec. 7.2.1 still apply. The results for the default
setup can be found in Fig. 7.16. Due to the two orders of magnitude increase in active volume, the
inefficiencies in absolute values are higher than for the Phase A prototype. However, due to the
better shielded calorimeter, the percent inefficiency has already improved to 0.065 % compared

to 0.206 % for the prototype. With the veto improvement options already established in the

3 In an experimental study of a 500 mm long scintillator and four SiPMs per side, the value for the central region
was found to be 5%/100 mm.

4 The yield in the final setup could be increased by a segmentation of the veto panels, but it is also possible to use
wavelength shifting fibers which were already studied in the Master’s thesis of Matteo Laufl (results published
in [165]).
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Figure 7.16.: One hour of cosmic radiation was simulated above the 1 m concrete ceiling of the DarkMESA
room for the Phase B setup. For each event detected in at least one of the calorimeter crystals, the
veto condition was evaluated and the histogram corresponding to the veto condition’s color was filled.
On the left, the values for all individual calorimeter crystals are registered, on the right only the sum
of an event is shown. The associated counts, veto inefficiencies, and rates can be found in Tab. 7.3.

. . projected
Phase B v%tzo vEt];) V(gtO 1nef€i(;1)e Y rate (Hz) counts
° (6 600 h)
single 4356639 576 265 6.08 x 1072 7.36 x 1072 1.75 x 106
default
full 357579 486 233 6.51 x 1072 6.47 x 1072 1.54 x 108
. single 1788407 98 35 1.96 x 1073 9.72x 1072  2.31 x 10°
calo
full 171438 62 24 1.40 x 1072 6.67 x 1073 1.58 x 10°
. single 4204137 87 33 785 x 107 9.17x 1073 218 x 10°
ceiling
full 346 154 79 31 895x 1073 861 x 1073 2.05 x 10°
both single 1720779 8 3 1.74 x 107* 833 x10™*  1.98 x 10*
(o)
full 165647 6 2 1.21 x 1073 5.56 x 1074 1.32 x 104

Table 7.3.: For all four Phase B setups the counts of the three veto conditions and the calculated
inefficiencies, rates, and the projected counts are summarized.

previous subsection, the histograms in Fig.7.17 and the values in Tab. 7.3 are obtained.

In the case of the calo setup, the outermost ring of detector elements of both calorimeters is
reassigned to veto elements. For the active volume, this corresponds to a loss of 12 %. It is again
evident that in the case of inefficiencies almost always only one calorimeter crystal responds.
Using all options, a veto efficiency of almost 99.999 % can be achieved.

Looking at the particle types involved in Fig.7.18, one sees again that -, e*, and e~ are
responsible for a large fraction of the inefficiencies. In particular, the veto ring of PbFs crystals
helps to eliminate inefficiencies due to cosmic gammas. A new aspect, is the high neutron
contribution, which becomes more relevant due to the now larger calorimeter even though the
neutron sensitivities of the calorimeter materials are poor. With the additional veto options,

the inefficiencies can be almost completely eliminated, but one should be aware of the short
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Figure 7.17.: Simulation results of the improved veto concepts for Phase B — top for the calo setup,
middle for the ceiling setup, and bottom for the both setup. On the left, the values for all individual
calorimeter crystals are registered, on the right only the sum of an event is shown. The associated
counts, veto inefficiencies, and rates can be found in Tab. 7.3.

simulation time. At longer runtimes, neutral pions or kaons may also become relevant. In
addition, the cosmics generator was used in simplified form, which does not reflect laterally
incident events.

These two remaining events correspond to 13200 cosmic events left as background for a MESA

runtime of 6 600 h in the second funding period, and it is necessary to reduce it further. Besides
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Figure 7.18.: Sum of the signal-giving veto panels separated by the primary particle type for the
Phase B default setup (left) and both setup (right). Events with no signal-giving veto panels are the
inefficiencies of the system. For calo and ceiling setup alone see Fig. B.37 of Appx. B.5.5.

the already described possibility to compare data sets with and without MESA beam, conclusions
shall also be made by a comparison of the waveforms. Therefore, a complete acquisition of
the non-vetoed signals with waveform digitizers is planned. Since the rates are very low, only
moderate amounts of data are expected and it is still practicable in an experiment like Dark MESA.
In case one particle type turns out to be particularly critical during the first experimental studies
of the prototype, an additional and specialized veto can be considered, e.g. a gamma or neutron

veto might be necessary.

These results are mainly based on simulations. Only a complete experimental study of the
prototype will allow a more accurate estimate of the expected background. A further reduction
by two orders of magnitude using the methods mentioned above is desirable. It may also become
apparent that excessive background noise must be countered with a double-sided PMT readout
of the calorimeter crystals, making a redesign of the setup necessary. So the design of Phase B
should not be assumed to be final. The lower the background, the larger the parameter range
that can be covered by the DarkMESA experiment. This expected reach is discussed in the
following Chap. 8.
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8. Expected reach

This chapter quantifies the contribution of DarkMESA to the search for DM more precisely. In
Sec. 8.1, the theoretical aspects of the production of the DM particles in the P2 beam-dump and
their detection in the DarkMESA calorimeter are discussed. From the results obtained in the
Geant4 study of the P2 beam-dump (Sec.8.2) and the necessary assumptions for DarkMESA
(Sec. 8.3), the first exclusion limits of DarkMESA Phase A and Phase B are obtained in Sec. 8.4.
The Secs. 8.5 to 8.7 present additional concepts that can extend the covered parameter range.
Included are the concept for DarkMESA-DRIFT, which can extend the parameter range with its
low nuclear recoil threshold, a radiation shielding glass concept for the 13200 h of DarkMESA
Phase C, and an off-axis option for DarkMESA.

8.1. Relevant aspects of DM theory at DarkMESA

Already in Sec.2.2.3 the theory of the DarkMESA experiment was shortly discussed. The P2
beam-dump serves as a DM source. In the simplest model a dark photon arises in a dark
Bremsstrahlung process and decays into a pair of DM particles XX. The DM particles can then
reach the DarkMESA detector and scatter off electrons, which are then detected. In the following

it is shown how the number of produced and detected DM particles can be calculated.

8.1.1. DM production

As mentioned before, the routines used in the MadGraph simulation are from Natalia Toro, Philipp
Schuster, et al. In order to explain the processes of production and detection, a few aspects of the
publication “New electron beam-dump experiments to search for MeV to few-GeV dark matter”
from E. Izaguirre, G. Krnjaic, P. Schuster, and N. Toro [118] and “New fixed-target experiments
to search for dark gauge forces” from J. D. Bjorken, R. Essig, P. Schuster, and N. Toro [166] are

considered.

In the beam-dump, a dark photon 4" could be produced in a process analog to electromagnetic
Bremsstrahlung. This dark photon couples with strength & to the SM and can decay invisibly
into a pair of DM particles XX. The dark Bremsstrahlung can be calculated with the improved
Weizsécker-Williams approximation [167-169] and is described in the Appx. A of [166]. The

cross-section of the 7/ production is

(8.1)

do 82204382ng x? z(1—x) mi, (E&TH%/)
~ Log X 5 |~

~ 1— L
dxdcos 6. U? T U? ’

where Ejy is the energy of the beam electron, E,, = xEy and 0./ is the angle between the incoming
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e~ and 7/ in the lab frame. Z is the nuclear charge of the beam-dump and a = 1/137 the
fine-structure constant. Log depends on the kinematics and various nuclear effects and lies
between 5-10 for m.s being below 500 MeV. U(x, 0) is the virtuality of an average electron in

this dark Bremsstrahlung process:

— X

1
U(x,0y) = ngei, + mix +mix . (8.2)

X

These equations are valid for m, < m., < Eg and x@i, < 1. Due to this, one can neglect the

electron mass and integrate over the angle:

do  8Z2%a3z%x x2
—_ |14+ — | L . 8.3
dx mi, + 3(1—x) o9 (8:3)

The advantage of a beam-dump made of a material with high atomic number Z becomes evident
here, since this value enters quadratically in the cross-section of the +' production. From Eq. 8.3
it can be also seen that for most x the rate of 4/ is proportional to a3¢2/ m,2y,. When producing a
DM particle, due to the peak at x =~ 1, almost the entire electron beam energy is converted into

dark photon energy. The 7 maximum emission angle is

3/2
9 A e mv{
’Y’u max ™ max E I 3/2
0 E,

(8.4)

This angle is smaller than the one between the two DM particles from the decay of the dark

photon:
m,Y/

Ey

For a beam-dump with a total radiation length of 7" and N, primary beam electrons with Ejy,

Oy ~ (8.5)

this dark Bremsstrahlung process leads to the production of N DM particles:

T d
/ AT (Ey; Eo, t) Eodi, . (8.6)
0 Clo=6,/8

dN NaXo Eo dEq
— =N, X
d.’E A E’Y, E1

N4 = 6.022 x 1023 mol~! is the Avogadro number, A is the atomic mass of the beam-dump in
gmol ™!, and Z is the energy distribution of the electrons after ¢ radiation lengths. For T' > 1,
which is the case for the P2 beam-dump, most " are produced near the beam-dump’s front and

the approximation

£2m?

Ny ~ EOT x C x —= (8.7)
,y/

is valid, where C = 10 and depends on the target material.

The number of produced DM particles as well as their four-vectors are obtained from the
simulation and this information can be used to calculate the number of detected DM particles

from any detector concept.
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8.1.2. DM detection

In the detector, a DM particle can scatter off an electron:
X+e — X' +e’ . (8.8)

The corresponding cross-section has to be calculated. With p; 2 being the initial state four-vectors

and k12 the final state four-vectors, the energy and momentum conservation is

pr+p2=ki+ka , (8.9)
and the four-vectors are
7 0 % 7
p1= ; P2 = ; ki1 = ; ko =
Ey Me E| E,
(8.10)

=32
The energies are Ey = /m2 +p? and Ej = y/m2 +p' and E, is the electron recoil energy.

Since this is an elastic scattering in the lab frame, the electron e~ can be considered at rest and
P can be set to (0,0, P). The direction of the recoil electron is given by & = (1, x2, x3). For the
calculation of the Mandelstam variables s and t, the Lorentz-invariant products are computed.

Since they are commutative, only the following scalar products have to be calculated:

pLopL=m ki-ky=m}
p1-p2 = Eome ki - ke = Egme
1
prokr=—5 (2m? — 2m? — 2B,m,) p2-ki=me(Eg+me—E,) , (811
pl'kQZme(E0+me_Er) s pZ‘kQZErme 5

2
P2 P2 = Mg

s=(p1+p)°=p1-p1+2 p1p +p2-p2 =m’ + 2Egme +m? (8.12)
tz(Pl*k1)2=p1'p1*2-p1'k1+k:1-k:1:2mz—2E,,me

This results in the squared scattering amplitude

ki-k . -k kq - — 2 ko) — 2 iy 2 2.2
]M!2:(1 2) (p1 - p2) + (p1 - k2) (k1 - p2) —m3 (p2 - k2) — mZ (p1 - k1) + 2mim:  (8.13)

(t — mi,)2

In the center of mass (CM) frame of this elastic scattering process the momenta before and after

the scattering are the same:

2

s—m2 —m?2) —4m2m?

p:k:J< X 4€> xc (8.14)
s
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The transformation into the lab frame is done with the Jacobian dcos(f) and this results in the

phase space factor S.

dcos(f) = p”?; , (8.15)
S=-" . dcos(o) (8.16)
= s p COS . .

Putting everything together, with the units converted correctly and for the electron recoil case

the cross-section result is

2
do, ) 4memiE,~ + [mi + me (Eo — E,,)}
1B = 4dmwe”aapme ; ) 5
T (mw, + 2meEr) (m?< + QmeE())

(8.17)

For the proton recoil an additional form factor using the dipole approximation is needed. For

the scattering on a nucleus the cross-section results in

2
do el 9 Z°M
= 8me“aap

dE, (m2 + 2ME0)2 ’

(8.18)

where Z is the charge and M the mass of the nucleus. The cross-section for a single X particle is

calculated with
— /x2 dE do (8.19)
o= . T .

where 1 and xo are the cut values of the recoil energy. The permitted ranges can be found in
Tab. A.2 of Appx. A.3.3. In Fig.2.13 it became clear that the electron recoil from Eq.8.17 is
of higher relevance for DarkMESA and is followed up for now. The formula is valid only if the

energy of the incident DM particle is significantly larger than the masses of e~ and X particles.

In order to determine the number of detected DM particles X, the following variables are

introduced to allow a simplified representation:

e The number of electrons on target is

It
EOT = — ™% (8.20)
(&

where I is the MESA beam current of 150 pA in the extracted beam, tye.s the total

measuring time, and e the elementary charge of 1.602 x 10~ C.

e Total number of scattering centers in the detector is

Zaetpaet N
Nget = 7@2‘“ 4, (8.21)
et

where Zget is the atomic number, Aget the mass number, and pge; the density of the detector.
N4 = 6.022 x 10?3 is the Avogadro number. An averaged value is used if more than two

detector materials are involved.
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e The variable
7::]\/evt

Ofinal =— Neyt - Z L;o; s (822)
=0

where Ngyt is the number of events within the detector acceptance, L; the detector

interaction length, and o; the cross-section of the DM particle X;.

The number of X particles detected in total is

N, = EOT x Nget X 0final X NDump X X0,Dump X W | (8.23)

where Npymp is the number of nuclei in the beam-dump, Xo pump the radiation length of the

beam-dump material in cm, and W the event weight from the MadGraph cross-section calculation.

The value NN, is the key simulation result. For a better interpretation, this value should now be
related to the kinematics used in the respective case.
8.1.3. Common standard for comparing limits

The implementation of this standard in the simulation was already presented in Sec. 3.5, but is
explicitly discussed again here. The number N, was determined with a fixed value ¢, therefore
the coupling constant € has to be scaled to a value €1, where the number of detected DM particles

X corresponds to a fixed number of particles Ngcaled:

€L, 4
Nscaled = NX : ? . (8.24)

With this new &1, value the variable y can be computed:

4
y = etlap (mx ) . (8.25)

T~

Y

Here ¢r, is the only variable resulting from the simulation. All other variables were input

parameters of the considered kinematic in the simulation.

The y—m, parameter space is especially suited for comparing experimentally achievable exclusion
limits in a common standard. The ap value, the mass ratio m.//m,, and the confidence level
(CL) must be chosen consistently for all exclusion limits to be compared. Standard values here
are ap = 0.5, my = 3m,, and 90 % CL. Experiments in which not all values are uniform can
also be compared with each other in parts using other types of representation. Another type of
representation is the € — m., parameter range, which is independent of the DM mass.

All limits discussed in this chapter were calculated with the assumption ap = 0.5. Of course,
the thermal relic targets would be reached faster if ap were actually lower. At the same time,
reaching the thermal targets in the y-limit does not mean that the corresponding particle type is
completely excluded in this mass range for DM — the assumption for ap may have been chosen
too low. Therefore, another type of representation is used, the ap-limits for the three thermal
targets — pseudo-Dirac, Majorana, and Scalar. If no evidence for DM particles was found in an

experiment, these limits indicate which part of the parameter range ap — m, can be excluded.
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These additional representations are used in the progress of this chapter. At this point, only the

existing boundaries in a y-limit representation are shown in Fig. 8.1.
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Figure 8.1.: Parameter space for dark photons decaying invisibly to XX with the DM mass m, on the
horizontal axis and variable y, proportional to the kinetic mixing €2, the coupling of 7/ to X particles
(ap), and the mass ratio (m../m,)?*, on the vertical axis. The thermal relic targets and the existing
exclusion limits from various other experiments [120,170-174] with a 90 % CL are shown.

From the existing experimental limits a selection, using similar approaches as DarkMESA, is

used for the comparison with the simulation results within this thesis:

E137. Results from the electron beam-dump experiment E137 at Stanford Linear Acceler-

ator Center (SLAC) which uses an electromagnetic shower calorimeter as detector. [120]

NA64 (2019). The experiment NA64 at CERN SPS uses electron or muon beams to

search for dark sector particles produced by collisions with a fixed target. [170]

MiniBooNE. This experiment at Fermilab, in addition to observe neutrino oscillations,
searched for the DM production with an 8 GeV proton beam stopped in a steel beam-dump.

The detector is made of mineral oil. [171]

BABAR. It searched for events consistent with the production of spin-1 particles A’ through
the ete™ —+ ~ A’ process. The BABAR detector was operated at the B-factory PEP-II.

BABAR covers almost 47 rad and consisted of multiple detectors in a shell design. [172]

COHERENT Csl. At Spallation Neutron Source (SNS) for the first time DM beyond
the cosmological expectation was probed with a CsI[Na] scintillation detector and a nuclear
recoil threshold of 9keV. [173]
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8.2. Simulation of the P2 beam-dump as DM source

e Direct Detection. With XENON10 the proof of principle that direct detection experi-
ments can be sensitive to DM candidates with masses in the MeV to GeV mass range was
provided. [174]

In order to generate such limits for DarkMESA, some preliminary work is required.

8.2. Simulation of the P2 beam-dump as DM source

The beam electrons arriving at the beam-dump are already reduced in energy due to interactions
with the P2 target and some losses in the beam pipe between the P2 experiment and the
beam-dump. In a simulation study for 500000 primary 155 MeV beam electrons, the primary
and secondary electrons lose on average 17.22 MeV in the P2 target and another 2.56 MeV in
the beam pipe (Figs.B.3 to B.6 of Appx.B.1). If one looks at the energy depositions in the
beam-dump sorted by the particle types v, e”, and e™ in Figs.8.2 and 8.3, one sees that an
average beam electron deposits 114.2 MeV through electrons in the beam-dump. 14.37 MeV are
from e and the contribution of v to the energy deposition is negligible. By far the largest part of
the energy is deposited immediately at the beginning of the aluminum pellets of the beam-dump,
for which reason the approximation from Eq. 8.7 is valid. This point, one radiation length within

the aluminum part, can be used as the origin for all DM particles with good approximation.
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Figure 8.2.: Deposited energy of v (left), e~ (middle), and et (right) in the P2 beam-dump. The values
are shown for the x and y dimension and a normalization with the total number of primary beam
electrons was made.

To calculate the number of generated DM particles in the simulation, according to Eq. 8.6 one
needs the energy distribution of electrons and positrons in the beam-dump as a function of the
radiation length depth in the dump (dN/dE(t)), as well as their angular distribution. These
distributions have already been discussed in Sec. 3.5.2 and the result which is further used in the
MadGraph simulation can be found in Fig. 3.8.

As described in Sec. 3.5.3, the dark Bremsstrahlung process is now simulated in MadGraph and
one obtains for each set of kinematics (m./, m,, €, ap) a list of four-vectors.

In Fig. 8.4 parts of these lists are shown graphically, whereby the distance from the DM origin to
the DarkMESA detector (Lqump = 25m) is also included.

Shown are the results for different particle masses, but always m., = 3m,, ap = 0.5, and

€ = 0.001 as input. For light particles the time of flight to reach a DarkMESA calorimeter crystal
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Figure 8.3.: Deposited energy of v (top), e~ (middle), and e™ (bottom) in the P2 beam-dump. The
values are shown for the x and z dimension and a normalization with the total number of primary beam
electrons was made.

is about 84ns.! For higher masses, the distribution becomes broader and longer flight times
are seen much more frequently. When looking at the angular distribution, one sees a plateau
forming for low masses, which disappears for higher masses. To achieve a high DM flux even
at high masses, the detector should be positioned ideally on (or close) to the beam-axis. The
energy distributions show that the low DM energies dominate. However, a broadening of the

distribution for larger masses can be observed.

The content of each four-vector list can be used to calculate one point of the DarkMESA exclusion
limits. For this purpose, the detector to be investigated has to be defined and some DarkMESA

specific assumptions have to be made to make the results as realistic and comparable as possible.

8.3. Assumptions for the DarkMESA exclusion limits

A brief summary of the assumptions for DarkMESA, which have been partially mentioned earlier,

is now given. First, there are the kinematic assumptions. In the simplest dark sector model

! The sharp TOF spectrum for low DM masses may allow to further reduce the beam-unrelated background by
using the time information of the beam electrons and the DarkMESA detector signals. For the MESA frequency
of 1.3 GHz, the RF coincidence is only possible with a sub-ns time resolution of the DarkMESA detector system.
Technically, MESA has the possibility to fill only every second bunch with electrons. Thus, a resolution of about
1.5ns would be sufficient. This seems feasible, but needs further investigation.
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Figure 8.4.: For three different kinematics, the TOF spectra of the DM particle (top), the cos(6)
distributions (middle), and the dark photon and DM energies (bottom) are shown.?

only dark Bremsstrahlung is assumed. Since the dark photon mass must be at least twice as
large as the DM mass, m., = 3m, is chosen and the dark coupling is fixed to ap = 0.5. For
comparability with other experiments, a CL of 90 % is always assumed here. This corresponds to
the detection of at least Nz =3 DM events.?

The electron recoil threshold is set to E.— {es = 10 MeV according to the results in Chap. 5. In
a simulation study (Fig. B.42 of Appx. B.7), the detector efficiency (eget) for a PbF9 (7) crystal
was investigated . A detection efficiency of ~ 95% was obtained for the detection of at least
two photoelectrons at the detection threshold of 10 MeV. An SF5 detector was studied in a

smaller version only, like the one used for the beam-tests at MAMI. This achieved an efficiency

2 For m., = 6 MeV peaks occur in the 7' energy spectrum. They are artifacts caused by the binning in MadGraph.
3 More precisely: Nscaled = Nsig + Nbg and with Npg = 0 and CL = 0.9 — Ngjg = —In(1 — CL) = 2.3
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8. Expected reach

of almost 98 %. However, since the SF5 crystals used in Phase B are larger and are read out
with a different PMT, this value may not be achieved. Therefore, the lower value of 95 % was
estimated for all detectors.

Since the exact number of background events can only be approximated with the results in
Chap. 7 so far and is not validated with experimental data, the number of background events is
set to Npg = 0 during the studies in this chapter. This value will probably not be achievable,
but via the CL parameterization study in Appx. B.6, non zero background can be added and the

limits can be simply rescaled.* All necessary assumptions are summarized here:

o My = 3my o Ee thres = 10 MeV
e ap=0.5 o cdet = 95 %
o CL of 90 % (Nsig = 3) e Npg =0

In the following sections, a few assumptions may be changed to show their impact or to test new

concepts. When changes are made, this is explicitly pointed out.

8.4. Exclusion limits for DarkMESA Phase A and B

The ideas of the previous sections are realized and the limits of the DarkMESA Phase A and
Phase B are discussed. First in the already known simple model of the dark Bremsstrahlung,

then an additional process, the annihilation of positrons at beam-dump electrons is added.

8.4.1. Dark Bremsstrahlung

For calculation of the limits, the scheduled times and EOT according to Tab. 6.2 are used. For
Phase A this are 2200 h and for Phase B 6 600h of MESA electron beam. The detectors are
centered on the beam-axis in the DarkMESA room and all assumptions from Sec. 8.3 apply. This
results in the limits shown in Fig. 8.5 (top). Phase A is completely within the existing limits of
the other experiments. Phase B can extend the parameter range to higher DM masses as well as
to higher y values and exceeds the existing limits in the low DM mass range up to m, = 4 MeV.
The thermal relic targets are not reached with these experimental setups and runtimes yet.

For Phase B, the effect of a variable threshold E,- i}, Was investigated in Fig.8.5 (bottom).
The bold red line corresponds to the expected threshold of 10 MeV. Even with a threshold
of 20 MeV, the existing limits can still be exceeded slightly. For a lower threshold of 5 MeV a
close reach of the Scalar thermal targets may also be possible.® The expected reach using the
beam-dump with an additional 2.5 mm thick tungsten target (Sec.6.1.1) was also studied and
showed slight improvements in the low mass region (see Fig. B.43 of Appx.B.8.1). As it does not
fully convince, the tungsten target is not used in the following simulations anymore. This target
increases the total number of photons and it should be considered again in the context of ALPs

searches, which are discussed in the outlook in Chap. 9.

4 This parameterization study can also be used to change other parameters and thus estimate new limits without
having to perform extensive re-simulations.

® According to the results of the beam-time this seems to be realistic for PbF2 (Sec.5.5.8). For the (not perfectly
polished) Schott SF5 crystal used there, this is not the case. With appropriate preparation and optimized
readout, a lower threshold could be achieved for the PbGl calorimeter as well.
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Figure 8.5.: Parameter space for dark photons decaying invisibly to XX with the DM mass m, on the
horizontal axis and variable y on the vertical axis. The predictions for the DarkMESA Phase A and B
exclusion limit with the conservatively estimated electron recoil energy threshold of 10 MeV are shown
(top). The predictions for the DarkMESA Phase B exclusion limit for the indicated detection thresholds
are shown (bottom). The detection efficiency is 95% and a CL of 90 % is assumed. The EOT were
set according to the time schedule in Tab.6.2. The existing exclusion limits from various other
experiments [120,170-174] are shown.
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8.4.2. Positron annihilation

The positrons produced by the electromagnetic shower in the beam-dump have been considered
only for the dark Bremsstrahlung process so far. However, the positron can also produce dark

photons through resonant or non-resonant annihilation of the beam-dump’s atomic electrons:

Resonant: et +e” — ~

(8.26)
non-resonant: e +e — v+

The implementation in MadGraph is based on the theory in “Dark photon production through
positron annihilation in beam-dump experiments” from L. Marsicano et al. [175] and is already
included in the event generator provided by the BDX Collaboration. Only a few theoretical steps
shall be given here. The total number of dark photons per EOT is

Ny Eo
Ny =22p /E BT, (E)o () (8.27)
where N4 is the Avogadro number, A, Z, and p beam-dump properties, Fg the beam energy, and

o(E,) the o/ production cross-section. The cross-sections scale with e?agy in the resonant and

with SQQ%M in the non-resonant process. Additionally

2
mZ2,

Bty = 5 (8.28)
e

is the minimum positron energy necessary to produce a dark photon through positron annihilation,

and for a beam-dump with a total radiation length of T',
T
Ty (E) = [T} (B Eot) (8.29)
0

is the positron differential track length distribution, which requires the energy distribution of the
positrons after ¢ radiation lengths (Z.1).

This is a similar procedure as for the dark Bremsstrahlung. Now it is necessary to divide
the simulated energy and angular distribution in the beam-dump explicitly for electrons and
positrons (Fig.8.6). The positron distribution in the beam-dump is used for the additional
positron annihilation process. For the dark Bremsstrahlung process, the joint e*e™ distribution
remains. With the additional process in MadGraph, additional DM events could be added to
the list of four-vectors. These new four-vector lists are generated for the same kinematics as in
the dark Bremsstrahlung only case. Additional data points are simulated in the mass range of

interest up to m, = 10 MeV.

The newly obtained exclusion limits can be found in Fig. 8.7. Compared to the limits without
positron annihilation (dotted red), a pronounced structure appears in the region up to about
m, = 5MeV. The remaining curve is dominated by dark Bremsstrahlung and does not differ
from the previous results. With the addition of this process, DarkMESA Phase B already reaches

the Scalar and Majorana thermal relic targets.
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Figure 8.6.: Simulated energy distributions in the P2 beam-dump separated for e™ and e~ (black),
e~ only (red), and e only (blue). 500000 primary electrons with an energy of 155 MeV were simulated.
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Figure 8.7.: Parameter space for dark photons decaying invisibly to XX with the DM mass m, on the
horizontal axis and variable y on the vertical axis. The predictions for the DarkMESA Phase A and B
exclusion limit with 90 % CL and positron annihilation included are shown with the red lines. Dark
Bremsstrahlung only is indicated with the dotted red lines. The detection efficiency is 95 %, the
conservatively estimated electron recoil energy threshold for DarkMESA is 10 MeV. The EOT were
set according to the time schedule in Tab.6.2. The existing exclusion limits from various other
experiments [120,170-174] are shown.
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The limits are now discussed in other parameter spaces as well. These include the € —m,, range,
which is independent of the DM mass, and various representations in the ap — m, parameter
space (Fig.8.8). In the ap-limits one can easily see which region is covered for any chosen ap.
Even in the pseudo-Dirac case the range for a value ap = agy is almost completely covered.
This form of representation allows a quick comparison with exclusion limits which are based on a
different ap value. The limits for values of ap = 0.1 are also often found in literature. These
would be completely covered in the scalar case and in the other cases the exclusion limits would
be closer to the thermal relic targets. However, if ap is greater than 0.5, the targets would move

further down and a longer experimental search would be needed.

The expansion of the simulation to include the positron annihilation process was able to improve

the limits even further. From now on, this process is always applied.

0p=0.5;m =3m Pseudo-Dirac ; m =3 m,
Dtiret(i:t 10 ? 4T[
¥
107
[a]
w (o]
107 Poorcecis o3 @
&2, /., BABAR O
10_3 46& Direct
MiniBooNE | [eeeten
Ll R | Ll . —4
10
2 10" 1, 107 107 10" 1
dark photon mass m  (GeV/c?) dark matter mass m, (GeV/c?)
Majorana ; mv,: 3m, Scalar ; m = 3m,
10F 41 41t
-1 ( -1 -
5 10 ! 5 10 E75) ,’% BABAR'O
o] o] A
: MiniBooNE
1072 MiniBooNE 1072
107 107
107" 107"
10° 1072 0™ 1 10° 1072 0™ 1
dark matter mass m, (GeV/c") dark matter mass m, (GeV/c")

Figure 8.8.: Alternative parameter spaces for dark photons decaying invisibly to XX. The ¢ exclusion
limit (top left) and the three ap exclusion limits — pseudo-Dirac (top right), Majorana (bottom left), and
Scalar (bottom right) — are shown. The predictions for the DarkMESA Phase A and B exclusion limit
with 90 % CL and positron annihilation included are shown with the red lines. The detection efficiency
is 95 %, the conservatively estimated electron recoil energy threshold for DarkMESA is 10 MeV. The
EOT were set according to the time schedule in Tab. 6.2. The existing exclusion limits from various
other experiments [120,170-174] are shown.
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8.5. A supplementary detection method — DarkMESA-DRIFT

Already since 2014, BDX-DRIFT is considered as a complementary detector for BDX at JLab.
This detector is intended to run in parallel to BDX and can extend its expected reach [176].
Through the cooperation with members of the BDX Collaboration, the idea arose to possibly use
the Directional Recoil Identification From Tracks (DRIFT) detector at MESA.

A negative-ion TPC filled with CSy at a low pressure of 40 Torr ~ 53 mbar and 1 Torr of Og
will serve as DM detector (Figs.8.9a—b). With the nuclear recoil threshold being in the keV
range the accessible parameter space can be extended. With a particularly high resolution in the
drift direction z, the detector allows to distinguish between signal and background events by

measuring the root mean square (RMS) in z direction (Figs.8.9c-d).
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Figure 8.9.: The concept of DarkMESA-DRIFT: (a) Picture of the DRIFT detector, (b) schematic
drawin