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Swan song, a declaration of endlessness
I swear I will not look back as I return into the black
When the veil lifts, how will I know, how will I know?

Will I see God?

- Architects, Memento Mori
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Abstract

One of the biggest unknowns of our Universe is the nature of dark matter. The existence
of dark matter was proven by many astrophysical and cosmological observations and it is
known that it constitutes 27 % of the energy budget of our Universe. Many theories were
proposed to explain the nature of the dark matter which may be a particle. In order to
detect dark matter particles, there are three different mechanisms: production, indirect
searches and direct searches.

Direct searches look for recoils in a detector induced by the scatter off of a dark matter
particle. There are different types of direct search experiments focusing on different mass
ranges.

In the past years, the attention was extended towards possible low mass dark matter
particles. In this mass range, the leading experiment is CRESST. The CRESST exper-
iment uses scintillating CaWO4 crystals as target while simultaneously measuring the
scintillation light with a light detector and the phonon excitation of the crystal lattice
with a thermometer. It is able to differentiate between different types of particle interac-
tions. CRESST focuses its search efforts for dark matter in the ∼ O(100 MeV/c2) mass
region. In order to be able to detect possible dark matter particles in this mass region,
CRESST can measure recoil energies down to O(100 eV).

However, in this energy region, beta and gamma particles are hardly distinguishable
from nuclear recoils which makes the search for a possible dark matter signal very difficult.
These beta and gamma particles originate from radioactive backgrounds inside and outside
the target crystal. Since it is not possible to remove all of this background physically, it
is vital to have a background model predicting the contributions of these backgrounds to
the region of interest. In order to do this, simulations based on the Geant4 framework are
used.

In this thesis, the electromagnetic background of CRESST is studied and simulated.
Based on this model, the overall background is decomposed into contributions from in-
dividual sources, their isotopic compositions and locations. The validity of the model
is assessed in comparison with the experimental data recorded in-situ with the detector
module TUM40 of CRESST-II Phase 2. In this first full Monte Carlo study of electro-
magnetic backgrounds in CRESST, we were able to successfully reproduce (75 ± 19) %
of the observed backgrounds in this detector module. Furthermore, we decomposed the
background into three basic components: internal contamination of CaWO4, both radio-
genic and cosmogenic, and contamination of external copper parts. Finally, we discussed
the implication of these findings on the CRESST experiment and outline possible future
improvements.
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1. Introduction

As confirmed by many astrophysical and cosmological observations, such as galactic ro-
tation curves and temperature fluctuations of the cosmic microwave background (CMB),
there exists a deviation between astronomical observation and predictions based on our
well established theories about gravitation and matter. Since the first observations, there
have been many different hypotheses trying to explain what these effects could be caused
by. There have been attempts at explaining this phenomenon using modifications of the
dynamical laws derived by Newton. However, these attempts failed to explain all observa-
tions. Other hypotheses assume that the effect can be explained by a new type of matter,
called dark matter (DM), because it is not directly visible in astronomical observations. In
this interpretation, the total mass of dark matter would constitutes 26.6 % of the matter-
energy budget of the Universe [6]. The things we know about dark matter are limited as it
does not emit light which means it does not interact electromagnetically. In addition, we
know that it does not interact strongly [71]. The only interaction dark matter is known
to have is gravity because we see its effects. To be able to detect dark matter, it needs to
interact with baryonic matter via a weak interaction, i.e. dark matter would consist out
of WIMPs, which stands for Weakly Interacting Massive Particles. A classic possibility
would be that dark matter is made up of the superposition of the supersymmetric twins of
some elementary Standard Model (SM) particles. This interaction can occur in three dif-
ferent mechanisms: production, annihilation and scattering. The production search looks
for Standard Model particles creating dark matter particles by collisions with each other
whereas the indirect detection search looks for two dark matter particles annihilating into
Standard Model particles. The direct detection search is in pursuit of the dark matter
particle through its interaction with a target detector.

The direct search explores a broad range of possible dark matter masses mχ which
range from a few MeV/c2 to hundreds of GeV/c2. Different mass ranges require different
detection techniques. For masses ranging from a few GeV/c2 and on, a high amount of
exposure is significant whereas for masses below a few GeV/c2, the detection threshold is
critical. The multistage Cryogenic Rare Event Search with Superconducting Thermometers
(CRESST) experiment is currently the most sensitive experiment for mχ ≤ 1.7 GeV/c2

and set leading limits on the DM-SM cross-section [95]. As it will be explained later
in detail, CRESST is able to identify nuclear recoils in its targets as predicted for most
types of DM. In addition, it can also distinguish electron recoils induced by background
reaction from natural radioactivity. However, for low mass DM search, where one needs
to consider recoil energies below 40 keV, the discrimination power between electron recoils
and nuclear recoils decline dramatically. In order to be able to discriminate between
nuclear and electron recoils and, accordingly, make a discovery, one needs to understand
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the backgrounds in the experimental data. In the past, CRESST was searching for WIMPs
at the GeV/c2 mass scale, which means recoil energies in the regime of O(10 keV). Hence,
the backgrounds could be discriminated and this lead to an easier dark matter analysis.
However, in the last few years, CRESST started to look for the low-mass dark matter
particles. This endeavour started in 2014 with a CRESST detector module called TUM40
[89]. Since one has to look at low energies, where the region of interest lies, there is
background leaking from the electron recoils into the nuclear recoils. If one can quantify
the background, only then a possible observation of a dark matter signal will be possible.
This can be done via creating a background model based on simulations. An effort was put
into determining the type and the amount of backgrounds in the past [105]. Even though
it created a basis for the background research at CRESST, it used a simplistic design of
the TUM40 detector module. Hence, an extended analysis of the backgrounds with the
full detector geometry is needed. In order to be able to create this background model,
simulations produced using the Geant4 framework with all necessary physics interactions
considered are used.

This thesis describes a background model based on the Geant4 framework [12, 17, 18],
aiming to quantify the radioactive backgrounds of the CRESST experiment. We are
focusing on one of the detector modules in CRESST-II Phase 2 named TUM40. Based on
this model, the overall electromagnetic background is decomposed into contributions from
individual sources, their isotopic compositions and locations. The validity of the model
is assessed in comparison with the experimental data recorded in-situ with the detector
module under investigation.

The observational evidence for the existence of dark matter with possible particle expla-
nations, different mechanisms to detect it and a detailed explanation on direct detection
technique will be given in Chapter 2. A concise description of the experimental setup,
working principle and the technical properties of the CRESST Experiment will be given
in Chapter 3. In Chapter 4, the methodology of the simulations and assessment of the
radioactive background activities will be explained. A summary of how the simulations
are scaled and combined will be presented in Chapter 5. In Chapter 6, the results of the
background analysis and the comparison with reference data will be given. The results
and the future implications will be discussed in Chapter 7. Finally, a brief conclusion will
be given in Chapter 8.
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2. Dark Matter

In this chapter, first, a selection of observational evidence for the existence of dark matter
at different length scales will be discussed in section 2.1. Alternatives and candidates for
dark matter will be summarised in section 2.2 and in section 2.3, respectively. Different
detection approaches, i.e. direct searches, indirect searches and searches at particle col-
liders will be presented in section 2.4. The topic of this work is related to the CRESST
experiment, a direct search for dark matter, and will be explained in detail in section 2.5.

2.1. Observational Evidence for the Existence of Dark Matter

The Swiss astrophysicist Fritz Zwicky was one of the first who used the modern concept
of dark matter. In 1933, he investigated the velocity distribution of a group of galaxies
in the Coma Cluster. His objective was to calculate the total mass of the cluster via the
virial theorem [115, 116]:

M ∼ 5R < v2 >

3G
(2.1)

which connects the squared velocity averaged over all cluster members < v2 > with cluster
mass M ; R is the cluster radius and G is Newton’s gravitational constant. However, he
detected a discrepancy between the dynamical mass determined above and the luminous
mass, i.e. the mass interfered from the luminous content of the cluster: if both would be
equal, the obtained < v2 > would be lower than the observed one [116]. Zwicky concluded
that additional mass was needed to explain the observation and since this extra mass
cannot be luminous, he attributed it to dark matter.

Further evidence following Zwicky’s findings came from Vera Rubin and W. Kent Ford
in 1970. They measured the velocity curve of spiral galaxies using a high precision spec-
trograph [100]. The expectation for stars in galaxies was to have a Keplerian velocity
decrease as their radii go higher which can be calculated from

m · a =
GmM

r2
, where a =

v2

r
. (2.2)

Here, v stands for the velocity of the star in question, r for the distance from the center of
the galaxy to the star, m for the mass of the star, M for the mass of the galaxy within the
star’s orbit and G for the gravitational constant. When the equation for the acceleration
is inserted into the Newton’s second law, the equation

v =

√
GM

r
(2.3)
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Figure 2.1.: Rotation curve of the galaxy NGC 6503: orbital velocity as a function of the
orbit’s radius. Figure taken from [57].

predicts a decrease in velocity as 1/
√
r. However, they found that the rotational curves

of the galaxies stay flat well beyond their visible boundaries [99]. With this in mind, they
concluded the existence of non-luminous matter in addition to the visible galaxy. To obtain
the flat rotation curve that was observed, it was necessary to add a halo of dark matter
to the galaxies. The contribution of a halo in addition to the galactic disk and gas clouds
can be seen in fig. 2.1 on the example of the galaxy NGC 6503. This research was one
major step towards the extablishment of dark matter halos around galaxies. Observation
imply also a dark halo around our galaxy [102, 103].

Another indication for dark matter can be deduced from the cosmic microwave back-
ground (CMB). In 1965, Amo Penzias and Woodrow Wilson discovered a thermal radiation
filling the Universe [93]. Roughly 30 years later, John C. Mather and George F. Smoot
showed with data obtained by NASA’s Cosmic Background Explorer (COBE) that the
radiation features a blackbody spectrum with anisotropies at the µK-scale. For these dis-
coveries, both were awarded with the Nobel Prize in physics in 2006 [44]. Over the years,
more accurate measurements of the CMB were performed using the Wilkinson Microwave
Anisotropy Probe (WMAP) [39] and most recently with ESA’s Planck Space Telescope
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[6]. The power spectrum of the temperature anisotropy of the CMB, as observed by the
Planck Space Telescope in fig. 2.2, was created in the early times of the Universe via bary-
onic acoustic oscillations. In this figure, baryonic matter participated in this oscillation
via electromagnetic coupling, whereas dark matter doesn’t take any part in it. Different
cosmological parameters can be determined from the power spectrum [6]. The curvature
of the Universe can be deduced from the angular scale of the first acoustic peak (the high-
est peak on the left). The reduced baryon density can be deduced from the amplitudes
of even vs odd numbered peaks. The total mass density, i.e. baryonic matter plus dark
matter, affects the amplitude of all peaks. Finally, the dark matter density can be calcu-
lated as the difference between total mass density and baryonic mass density. Up to now,
Planck provides the most precise measurements of the mass-energy budget of the Universe:
Ωb = (4.91± 0.05) % baryons, ΩCDM = (26.6± 1.3) % dark matter and ΩΛ = (68.5± 1.3)
% dark energy [6].

Figure 2.2.: Upper panel: CMB power as function of the multipole moment l (blue data
points) obtained by the Planck Space Telescope shown in angular scale and
compared with a fit based on the standard cosmological model (red line).
Lower panel: the residuals between data and fit. Figure taken from [6].
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2.2. Alternatives to Dark Matter

The observation discussed in the previous section points to the existence of dark matter,
an additional type of matter that interacts gravitationally but not via electromagnetism.
Alternatively, one can doubt the validity of Newton’s second law of mechanics (eq. (2.2)).
Either, there is something which is not known regarding the mass M , e.g. dark matter,
or regarding the acceleration a.

A theory to modify the acceleration was suggested by Mordehai Milgrom in 1983 as
Modified Newtonian Dynamics (MOND) [87]. Milgrom advocated that modifying New-
ton’s second law can make up for the unexpectedly high orbital velocities of stars in
galaxies. Whereas Newton’s laws have been tested for high acceleration cases such as the
Earth and the Solar System, they were not tested for objects with low acceleration such
as stars in outer parts of galaxies. With this idea in mind, Milgrom proposed that if the
gravitational force a star in the outer part of a galaxy experiences is proportional to the
square of its centripetal acceleration, whereas it should be proportional to its centripetal
acceleration, this could explain why the speeds of stars are much higher than calculated.
The modification he made had the form

~F = ~a · µ
(
a

a0

)
·m (2.4)

where m is the gravitational mass of a moving body under the influence of an arbitrary
static force field ~F with an acceleration ~a. In this equation, µ is a function which is defined
via its limits [87]:

µ(x) ≈

{
1, for x� 1.

x, for x� 1.
(2.5)

This theory claims to explain most galactic rotation curves with a0 ≈ 2 ·10−8cm · s−2 [87].

Another astronomical indication for dark matter is the Bullet Cluster, 1E 0657-558,
which consists of two clusters of galaxies colliding with each other [50]. An X-ray image of
the Bullet Cluster is shown in fig. 2.3 together with the green contours of the mass density
obtained via weak lensing study. These contours correspond to the gravitational centers
of the galaxy clusters. However, these regions do not coincide with the majority of the
baryonic matter content, i.e. the hot intergalactic medium, of the clusters visible via their
X-ray emissions. During the collision of these two clusters, the baryonic content slows
down and emits X-rays because of friction. On the other hand, dark matter, which has no
friction, continues to move on its path with nearly constant velocity. The spatial difference
between the centers of the baryonic components and the centers of the total masses cannot
be expressed with theories like MOND: also in these theories, like in Newtonian gravity, the
place of the source of gravitation and the place of the caused action coincide. Hence, if in a
MOND scenario, the baryonic mass would cause all the observed gravitational interaction
and, then, the centers of the X-ray images and the contours of the weak graviational
lensing should coincide. Therefore, it indicates that most of the matter in the system has
to be non-baryonic dark matter [50].
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Figure 2.3.: The X-ray image of the Bullet Cluster was taken by Chandra X-ray Observa-
tory and shows the distribution of the hot intergalactic medium. The green
contours show the total mass density deduced from the gravitational lensing.
Figure taken from [50].

Another attempt to find a solution to observed discrepancies in galactic dynamics with-
out relying on dark matter was made by adding more baryonic mass to M in eq. (2.2). A
possibility for additional, non-luminous baryonic matter are Massive Compact Halo Ob-
jects (MACHOs). A MACHO is an object made of baryonic matter which emits little
to no light, e.g. black holes, brown dwarfs and neutron stars [64]. This theory also fails
as proven by observations with the NICMOS instrument of the Hubble Space Telescope
because the amount of red dwarfs [63] and brown dwarfs [49] only stood for a negligible
percentage of the mass of the dark matter halo.

As MOND and MACHOs failed, the most favored theory so far that can explain all
the effects mentioned in the last section is that dark matter exists and consists of a non-
baryonic particle, possible properties of which will be discussed in the next section.

2.3. Dark Matter Particle Candidates

Over the years, many different theories proposed particle candidates to explain dark mat-
ter. The current consensus is that dark matter should be non-baryonic and cold which
means non-relativistic during the early Universe. Some dark matter particle candidates
are shown in fig. 2.4 together with their expected interaction strength with nucleons, their
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mass and their temperature at production in the early Universe.

Figure 2.4.: Dark matter-nucleon cross-sections σint vs dark matter particle mass mDM.
The colour indicates the temperature of the candidates at production in the
early Universe: red, pink and blue represent hot, warm and cold dark matter,
respectively. Neutralinos are highlighted in green. Figure taken from [36].

So far, the most well-studied theories of dark matter involves Weakly Interacting Mas-
sive Particles (WIMPs). The main reason why WIMPs are one of the most favored dark
matter candidates is that WIMPs which are thermally produced in the early Universe
results in the correct dark matter density observed today, i.e. 26.6 % (see section 2.1).
When the temperature was high enough in the early Universe, the dark matter particles
could have been formed from and annihilated into particles of the Standard Model (SM)
of particle physics. During the expansion of the Universe, the creation of dark matter
particles becomes Boltzman suppressed because the temperature of the Universe drops
below the mass of the dark matter particles. On the contrary, the annihilation of the dark
matter and anti-dark matter particles continued and the amount of dark matter particles
decreased exponentially [74]. However, when the expansion of the Universe accelerate
beyond the annihilation rate of the dark matter particles, the annihilation becomes sup-
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pressed and the number density of dark matter particles would remain nearly constant as
the Universe continued with its expansion; the dark matter freeze-out occurs [65]. Dark
matter candidates with higher annihilation cross-sections would continue to annihilate for
a longer time than those with a smaller cross-section. Consequently, their number density
would be even lower when the interaction stops [74].

Based on the observations by the Planck Space Telescope, the relic dark matter den-
sity is ΩCDM = 0.266 [6]. Calculations showed that the relic abundance is related to
the annihilation cross-section of dark matter particles 〈σAv〉 averaged over their velocity
distribution by [43]

ΩCDMh
2 ' 3 · 10−27cm3s−1

〈σAv〉
(2.6)

where h is Hubble constant in units of 100 kms−1Mpc−1. When this equation is solved for
the annihilation cross-section, the result is 〈σAv〉 ≈ 3 ·10−26 cm3s−1. A weakly interacting
particle within the mass range of ∼ 100 GeV/c2 fits this model [72]. This is the so-called
WIMP Miracle.

One of the most favored WIMP candidates are supersymmetric neutralinos [54]. Su-
persymmetry (SUSY) is a beyond SM theory that relates fermions and bosons. SUSY
suggests that every fermion in the SM has a yet-undiscovered bosonic super partner and
vice versa. Often, the neutralino [54] is the lightest supersymmetric particle which is
stable, making it a prime candidate for dark matter.

In the past years, light dark matter particles which are below the WIMP scale gained
more attraction. One model in this mass scale is Asymmetric Dark Matter (ADM). ADM
[45, 94, 114] is based on a possible asymmetry between dark matter and anti-dark matter
particles, similar to the asymmetry in baryonic matter. In this model, the relic density of
dark matter is calculated through the asymmetry in the initial dark matter populations
instead of a thermal freeze-out. For ADM, the asymmetry between dark matter and their
anti-particle is related to the baryon asymmetry [75]. The particle mass for ADM mADM

can be estimated using this simple relation [36]:

mADM =
ηB

ηADM

ΩADM

ΩB
mB = O(1− 10mp), (2.7)

where mB stands for the mass of baryonic particles, which in this calculation is taken as
the mass of the proton, ηADM and ηB are the asymmetries in the number densities of ADM
and baryons, respectively. If all dark matter consists of ADM, then the relation between
the energy density of baryons and ADM is nearly ΩADM

ΩB
≈ 5 [4] (see section 2.1). The

ADM and baryon asymmetries are parametrized by [36]

ηi ≡
ni − nī
s

for i = B or ADM (2.8)

where s stands for entropy density, and ni and nī are the number densities of the particles
and antiparticles of type i, respectively. Should the asymmetry of baryons and ADM be
roughly the same, ηADM ≈ ηB, this would suggest a light dark matter particle with a mass
of nearly 5 GeV/c2 [36].
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2.4. Search Strategies for Dark Matter

There are three different experimental strategies to search for dark matter if it has a parti-
cle nature and if it interacts with baryonic matter also non-gravitationally: production of
dark matter (section 2.4.1), indirect search for dark matter via its annihilation products
(section 2.4.2) and direct search of dark matter interacting with baryonic matter (sec-
tion 2.4.3). A simplified Feynman diagram illustrating these approaches can be seen in
fig. 2.5. Only when there is a consensus of results from all of these three strategies, then
one can claim to have discovered dark matter particle undoubtedly. In this section, these
three strategies will be explained.

Figure 2.5.: A simplified Feynman diagram illustrating different approaches to detect dark
matter χ. If the time flows to the right side (blue), two dark matter particles
annihilate into SM particles. If the time flows to the left (green), a pair of
dark matter is produced from the annihilation of SM particles. If the time
flows up (purple), dark matter particle scatters off a nucleus. Figure adapted
from [108].

2.4.1. Dark Matter Production

Dark matter particles can be potentially produced in accelerators, like LHC [73, 88] and
Belle [70], using the collision and annihilation of Standard Model particles, such as pro-
tons. Since the dark matter particles produced in the collision have by definition a tiny
interaction cross-section with baryonic matter, they will leave the detector without giving
a signal. One can only determine their existence through the Missing Transverse En-
ergy [61]. However, to trigger and measure dark matter at all, an additional SM particle
must be produced. Different dark matter models can be tested experimentally with this
approach.
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2.4.2. Indirect Search

Indirect searches look for the cosmic rays originating from the annihilation of dark matter
particles. Potential dark matter annihilations can produce various particle-anti particle
pairs such as qq̄, µ−µ+, ZZ, W−W+ or HH [43]. These particles go through different
processes after their production, such as hadronization, and create a flux of cosmic rays
including p̄, e−, e+, ν and γ.

An excess of anti-particles in the cosmic rays can be caused by dark matter annihilation.
The actual energy spectrum of the anti-particles depends strongly on the initially-created
SM particles after the dark matter annihilation. However, a common signature for a
possible dark matter signal would be a bump in the energy spectrum followed by a hard
cut-off at the mass of the dark matter particle.

Another type of particles important for the indirect search are γ rays. Gamma rays can
be produced in annihilation either through virtual internal Bremsstrahlung [46], initial
state radiation or hadronisation followed by decay into γ rays. All of these processes
result in characteristic γ-ray spectra. The annihilation, in particular, leads to a line signal
at the mass of the dark matter particle. The highest gamma-ray flux would be expected
from the Galactic Center (GC) (which coincide with the center of the dark halo) due to
the high dark matter density. However, also several “normal” astrophysical processes in
the GC can mimic such a signal. Currently, FermiLAT is looking for such a signal [3].

The last type of particle being searched for are neutrinos. Just like with γ rays, neutrinos
produced in the dark matter annihilation leads to a line signal at the mass of the dark
matter particle. However, the location of a potential neutrino signal is different from the
location of a potential γ ray signal. A particular interest is given to the neutrinos coming
from the center of the Sun because the neutrino flux may not be related to the dark matter
annihilation cross-section but to the dark matter-nucleon scattering cross-section. As we
mentioned in the beginning, dark matter-nucleon scattering is also searched for by direct
detection experiments. The reason for this is that dark matter particles might scatter on
protons in the Sun, thereby losing kinetic energy. Depending on the energy loss, they
might be captured by the gravitational field of the Sun. Then, they are accumulated in
the center of the Sun which leads to a locally magnified rate of annihilations. In the case of
an equilibrium between the annihilation and the capture of the dark matter particles, the
emitted neutrino flux is independent of the annihilation cross-section. The neutrinos which
originate from these annihilations then reach detectors on Earth and could be measured.
One experiment searching for these neutrinos is IceCube [2].

2.4.3. Direct Search

Direct searches for dark matter particle are performed with Earth-bound experiments.
These experiments aim to measure the scattering of the dark matter particles off nuclei
of the target material of the detector. In a simplified approach, most of the experiments
assume that dark matter particles scatter coherently and elastically. Another feature
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shared by most experiments is their location at underground sites in order to protect
them from cosmic rays as background source.

Since this thesis will deal specifically with a direct detection experiment, namely CRESST,
direct detection will be explained thoroughly in the next section.

2.5. Details on Direct Searches for Dark Matter

As we pointed out in Section section 2.1, there is also a dark matter halo surrounding
our galaxy. Therefore, Earth-based experiments can search for dark matter-induced in-
teractions in their detectors. In this work, we are focusing on the direct search for dark
matter via nuclear recoils (section 2.5.1). Afterwards, different detection techniques will
be explained (section 2.5.2) and, finally, the current status of the direct searches will be
discussed (section 2.5.3).

2.5.1. Nuclear Recoils

The rate R of expected recoiling nuclei per target mass m is given by

R = Φχ · σχN ·
NT

m
(2.9)

where σχN stands for the dark matter-nucleon cross-section1, Φχ stands for the incident
flux of dark matter particles and NT for the number of nuclei in the target. The incident
flux is equal to nχ · vχN with the velocity vχN of dark matter particles relative to the
target nucleus and the particle density nχ = ρ0

mχ
where ρ0 is the local density of the dark

matter halo and mχ is the mass of the dark matter particle. The number of nuclei in
the target, NT = m·NA

A , can be expressed with Avogadro’s constant NA and the atomic
weight A. Since dark matter particles are considered to be non-relativistic today with a
speed relative to the Earth’s movement in the order of vχ ≈ 10−3 c, the recoil energy can
be given as [43]

ER =
µ2v2

χN

mN
· (1− cos θ), µ =

mχmN

mχ +mN
(2.10)

where θ is the scattering angle and mN is the mass of the nucleus. This leads to a
transferred momentum of q2 = 2mχER [82]. In fig. 2.6, the relation between the dark
matter rate with respect to the recoil energy is shown. Blue lines stand for Ge target
nuclei whereas the orange ones stand for Xe target. Same coloured lines show the change
of the relation between the event rate and the recoil energy for possible dark matter
particles with different masses [43].

Generally, the cross-section depends on the recoil energy ER. In addition, vχN is not
constant but it is weighted by a distribution f(~vχN). Therefore, the event rate per unit

1Usually given in units of barn (1 barn = 10−28 m2).
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target mass has to be modified [43]:

R =

∫ ∞
ET

dER ·
ρ0

mNmχ

∫ vesc

vmin

vχN · f(~vχN)
dσχN

dER
(ER, vχN) · d3~vχN (2.11)

where vmin = vmin(ER) is the minimum velocity required to produce a recoiling nucleus
with energy ER, ET is the energy threshold which corresponds to the minimum measurable
energy and vesc is the minimum velocity required for a dark matter particle to escape the
gravitation well of the galaxy.

Figure 2.6.: Event rate R drawn with respect to the recoil energy ER for various WIMP
masses mχ for targets Ge and Xe. A nucleon-WIMP cross-section of σχn =
10−8 pb is assumed. Figure adapted from [43].

All of these parameters depend either on different theoretical models, astronomical
observations, or parameters of experimental setups.

Astrophysical parameters, such as ρ0, vχN and vesc, depend on the applied halo model
and are calculated according to the astrophsyical observations. In order to simplify com-
parisons between different experiments, common values for ρ0, vesc and vχ are used [43]:

ρχ = 0.3 GeV/cm3, vesc = 544 km s−1, vχ = 220 km s−1 (2.12)

In addition, usually for the distribution function f(~vχN), a Maxwell-Boltzman distribution
is used.
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If one assumes that the Milky Way has a dark matter halo, a WIMP flux of the order
of 105(100 GeV/mχ) cm−2s−1 is expected on Earth due to its motion through the galaxy
[43].

Particle parameters, such as mχ and σχN, depend on the dark matter particle model.
The cross-section, σχN can be separated into spin-independent (SI) and spin-dependent
(SD) contributions [43]:

dσχN

dER
=

(
dσχN

dER

)
SI

+

(
dσχN

dER

)
SD

(2.13)

The spin-dependent cross-section is given by [43](
dσWN

dER

)
SD

=
16mN

πv2
Λ2G2

F J(J + 1)
S(ER)

S0
(2.14)

where J is the total angular momentum, S is the spin form factor and Λ is defined as [43]

Λ =
1

J
[ap〈Sp〉+ an〈Sn〉] (2.15)

Here, Sp and Sn stand for the expectation values of the spin content of the proton and
the neutron groups in the nucleus, respectively and ap and an are the coupling constants
to the proton and neutron spin, respectively. Should the target nuclei have little or no net
spin, as for the case of CRESST which uses CaWO4 as the target, then the spin-dependent
part can be neglected.

The spin-independent cross-section, on the other hand, follows(
dσWN

dER

)
SI

=
mNσ0F

2(ER)

2µ2
Nv

2
(2.16)

where F is the nuclear form factor for coherent interactions.

If one considers the contribution from the scalar coupling, then the WIMP-nucleon
cross-section at zero-momentum transfer becomes [43]

σ0 =
4µ2

N

π
[Z fp + (A− Z)fn] (2.17)

where Z is the atomic number, A is the atomic mass number, and fp and fn are the
coupling constants to proton and neutron mass, respectively.

The last type of parameters are the detector parameters, such as A, m and ET, and
these depend on the selected target material and the experimental setup. The detection
threshold ET becomes significant; especially if the search is focused on low-mass dark
matter particles. As ET goes down, the capability of detecting low-energy nuclear recoils
improves (see also fig. 2.6). The parameters A and m of the target material are also
important as they have a direct effect on the interaction of the particles with the target.
According to different mass ranges, various types of detectors have been built over the
years which will be the topic of next section.
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The parameters σχN and mχ are free parameters, i.e. they should be determined by
the outcome of the experiment. In case of no observation, direct detection experiments
set limits on σχN with respect to mχ. To provide a comparability between experiments
using different target materials, one has to scale σχN to the dark matter particle-nucleon
cross-section σχn.

2.5.2. Detection Techniques

The energy transfer which occurs through a dark matter scattering off of a nuclei can be
usually observed via three different signal channels: heat (phonons) production, emission of
scintillation photons after the target atom is excited and direct ionization of target atoms.
Either one channel or a combination of two channels are used in the direct detection
experiments. Figure 2.7, gives and overview of different channels and their combinations
in several direct detection experiments. Although all three signals can be used together,
there is no experiment currently making use of three of them at the same time.

Figure 2.7.: Different dark matter direct detection mechanisms: while some experiments
use only one signal channel, others use a combination of two different signal
channels to reject backgrounds. Figure taken from [84].

There are many experiments which use only one channel to search for a dark matter
particle signal. DAMA/LIBRA [41, 42], XMASS [110] and DEAP-3600 [19] use only the
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light channel whereas CoGeNT [1], DAMIC [13] and CDEX [111] use only the ionization
channel.

However, using two signal channels at the same time can be a powerful tool to reject
background, i.e. SM processes which mimic the searched-for dark matter induced signal.
The partition of the total deposited energy on the different signal channels depend on the
type of interacting particles [84]. This makes it possible to discriminate between electronic
recoils, e.g. caused by Compton scattering or beta-decays, and nuclear recoils, e.g. caused
by a potential dark matter scattering. However, it is not possible to distinguish a potential
dark matter induced nuclear recoil from a neutron induced nuclear recoil on an event-by-
event basis. Hence, neutrons are usually a very dangerous background. SuperCDMS
[11] and EDELWEISS [32] are using the combination of heat (phonons) and ionization.
XENON1T [28, 29], LUX [14] and DarkSide-50 [7] are using a combination of light and
ionization signals. Finally, the CRESST [95] experiment is the only experiment so far to
put a combination of heat and light signals into use in the search for dark matter.

2.5.3. Current Status

Over the years, several direct detection experiments were operated in different labs using
different detector technologies. With the data they gathered, these experiments set upper
limits on the cross-sections between dark matter particles and nucleons. Such an exclusion
plot showing the latest results from different direct detection experiments searching for
spin-independent elastic dark matter-nucleon scattering can be seen in fig. 2.8. Currently,
the lowest cross-section with σχN ≤ 7.7 · 10−47 cm2 at mχ = 35 GeV/c2 is obtained by
XENON1T [29]. So far, no dark matter signal has been unambigously observed. The DM
interpretations of the signals observed with CoGeNT [1], CDMS-Si [10] and most famously
DAMA/LIBRA [41, 42]2 are not unanimously accepted by the community.

As mentioned earlier section 2.3, different models have been developed to provide a
particle explanation of dark matter. Consequently, the mass of the predicted dark matter
particle is model dependent, e.g. O(100 GeV/c2) for the WIMP or ∼ 5GeV/c2 for ADM
(see section 2.3). Masses above roughly 5 GeV are mostly considered belonging to a high
mass range whereas below this energy, the possible dark matter particle is considered as
low mass.

On the one hand, for high-mass dark matter particles, the most important parameter
is a high exposure because the incident dark matter flux decrease with increasing particle
mass if the dark matter density is fixed (see section 2.5.1). This leads to liquid noble gas
detectors (e.g. XENON1T [28], DarkSide-50 [7], PandaX-II [107]) taking the lead in the
search as the amount of liquids which are used as target in these experiments can be at
the level of tons. The multistage XENON experiment is one of the lead experiments in
the search for high-mass dark matter, its latest results from its XENON1T is shown in
fig. 2.8 as blue dashed line.

2DAMA/LIBRA does not provide an official analysis of their observation in the σχN vs mχ plane. There-
fore, it is not shown in fig. 2.8.
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Figure 2.8.: Current upper limits on dark matter particle-nucleon cross-sections with re-
spect to the dark matter particle mass for spin-independent elastic scattering.
Results from different stages of various experiments are shown: CRESST-
III 2017 (prelim) [95], CRESST-II 2016 [25], CRESST-II 2014 [26], CDEX
2014 [111], CDMSlite 2015 [9], SuperCDMS 2014 [11], DAMIC 2016 [13],
EDELWEISS-III 2016 [32], DarkSide-50 2015 [7], DarkSide 2018 - binom.
(tbp) [8], LUX 2016 combined [14], NEWS-G 2018 [33], PandaX-II 2016 [107],
XENON1T 2018 (tbp) [28], XENON100 Low-Mass 2016 [30], PICO-60 C3F8

2016 [21]. Also shown are the DM interpretations of the signal excess observed
with CDMS-Si 2013 [10], and CoGeNT 2013 [1]. The bottom left shows the
region for coherent neutrino scattering on CaWO4 [67].

On the other hand, for low-mass dark matter searches, the most important parameter is
the energy threshold of the detector which has to be lower than the deposited recoil energy
which scales with the dark matter particle mass (see eq. (2.10)). Cryogenic detectors
(e.g. SuperCDMS [11], EDELWEISS-III [32], CRESST-III Phase 1 [95]) achieve very low
detection thresholds Eth . 1 keV and take the lead in this mass range. The CRESST
experiment is the current lead in the low-mass direct dark matter search and is sensitive
down to 350 MeV/c2 [95], its latest result can be seen in fig. 2.8 as solid red curve. In the
next chapter, information regarding the experimental setup, the search for dark matter
and the backgrounds of the CRESST experiment will be given.
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3. The CRESST Experiment

In this chapter, an overview of the experimental setup of the CRESST experiment (sec-
tion 3.1) and of the used detector modules will be given (section 3.2). Afterwards, we
outline the working principle of low-threshold cryogenic detectors (section 3.3) and the
definitions of event categories (section 3.4). Finally, we discuss the background manage-
ment in the CRESST experiment (section 3.5), and introduce the data sets (section 3.7)
we will use as reference for background simulation (chapter 4).

3.1. The Experimental Setup of CRESST

The construction of the CRESST Experiment dates back to 1995. The first stage of the
experiment, namely CRESST-I, was significantly different from the current setup, using
sapphire (Al2O3) crystals as target material. Since sapphire does not scintillate, only
phonon signals were recorded [23]. With CRESST-II, the target material was changed
to scintillating CaWO4 crystals and the simulatenous readout of phonon and scintillation
signals (see section 2.5.2) was established. Since then, the detector modules are equipped
also with a dedicated light detector [25, 26, 27]. The Phase 2 of CRESST-II introduced new
detector designs [104] and some of the crystals were produced at Technische Universität
München with reduced background [89]. Based on the experience in CRESST-II Phase
2, the design of the CRESST-III detector modules was adapted and, most importantly,
the mass of the CaWO4 crystal was reduced in order to be able to explore the low dark
matter mass regime [98]. The relation between detection threshold and target mass will
be discussed in section 3.3. An overview of different phases of the CRESST experiment is
given in table 3.1.

CRESST stands for Cryogenic Rare Event Search with Superconducting Termometers.
For low-background rare event search experiments, protection from cosmic rays is a must.
Hence, CRESST is operated at Hall A of the Laboratori Natizonali del Gran Sasso (LNGS)
in the Apennine Mountains in central Italy.

To achieve a low detection threshold, the detectors are operated at O(10 mK). There-
fore, an important part of the CRESST experiment is placed inside a cryostat. A com-
mercial dilution refrigerator provides the required temperature by circulating a mixture
of He3/He4. A detailed description of this type of cryostat can be found in [53, 96].

A rare event search requires a low-background setup aiming to reduce dead time and
improve signal-to-noise ratio. Even though most of the materials close to the detectors
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3. The CRESST Experiment

Table 3.1.: An overview of different stages of the CRESST experiment in terms of data
taking period, target material and references for details [98].

Stage Phase Data Taking Material Comments

CRESST-I - 2000 Al2O3
only phonon detector
[23]

CRESST-II

Commissioning 2007 CaWO4

from now on with
phonon and light
detectors [22, 47]

Phase 1 2009-2011 CaWO4
first extensive science
run [27]

Phase 2 2013-2015 CaWO4

upgraded detector
modules with improved
radiopurity [89] and
background rejection
capability [104] (see for
dark matter analysis
results [25, 26])

CRESST-III
Phase 1 2016-2018 CaWO4

new detector modules
optimized for low
detection threshold [95]

Phase 2 ∼ 2020 CaWO4

planned future stage,
aiming for a further
improvement of the
radiopurity of the
crystals and an increase
in exposure [24]
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3.2. Detector Design

are selected for radiopurity, i.e. low contamination with radioactive nuclides, some not-
so-radiopure materials, such as stainless steel, are unavoidable because of the cryogenic
requirement [23]. Therefore, the design used for the CRESST setup (see fig. 3.1) features
radiation shields against the dirtier parts of the cryostat, as well as a shielding against
ambient backgrounds from natural radioactivity.

In this design, the outermost part of the setup is a polyethylene shield against neutrons.
Inside the upper part of the polyethylene (PE) shield hangs the dilution refrigerator, which
is partially filled with liquid nitrogen and liquid helium. The lower part of the cryostat
extends to the cold box, which is made out of low-background copper. In addition, high-
purity lead is used for vacuum seals [23]. As we will describe later, the cold box contains
the detectors. Therefore, it is surrounded by additional shields inside the PE. The first
layer inside the PE is the active muon veto which tags when a charged particle penetrates
through it. The next layer is a gas-tight container, the so-called radon box, which insulates
its interior from ambient radon gas by being constantly flushed by N2 gas. The radon
box contains a lead shield for protection from gamma rays. Since radiopure lead is not
available, a copper shielding is placed inside the lead shielding. As copper is relatively
easy to purify, it is used to protect the detectors from the beta, gamma and alpha decays
occuring inside the lead shield without producing a similar amount of background. The
copper shielding is the direct enclosing of the cold box which includes layers of internal
copper and internal polyethylene shields. The detector modules are placed in the core of
the setup, the so-called carousel. The carousel is held by the cold finger which provides the
coupling between the carousel and the actual cryostat [98]. The effect of the shieldings on
the backgrounds will be discussed in the section 3.5 in more detail, as it is directly related
to this thesis.

3.2. Detector Design

As already mentioned, CRESST-II and CRESST-III utilize scintillating CaWO4 crystals
as targets. They are operated as cryogenic detectors at a temperature of O(10 mK).
Each interaction in the target crystal produces a phonon signal as well as a light signal
which is measured by a nearby Silicon-on-Sapphire (SOS) disk. Signals from both the
CaWO4 crystal and the SOS disk are read-out by two separated Transition Edge Sensors
(TES). A TES is a thin tungsten film operated in the steep transition region between
normal conduction and superconduction. A small increase in the temperature results in
measurably large increase of resistivity. This signal is read-out by SQUID sensors [22].
By using TES, a CaWO4 crystal is turned into a phonon detector and the SOS disk into
a light detector. Both detectors are surrounded by a reflective and scintillating plastic foil
to increase the light collection efficiency. All these components form a detector module.
Phonon and light detectors are equipped with a heater which stabilizes the temperature at
the desired point between normal and super-conducting state and injects electrical pulses
needed for energy calibration.

In its different phases, CRESST has used various detector designs. Designs of recent
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liquid nitrogen

liquid helium

SQUIDs

cryostat

water

internal lead

cold finger

radon box

internal polyethylene

detector modules

external lead

external copper

muon veto

external polyethylene1

Figure 3.1.: Technical drawing of the CRESST experimental setup [76]. The cryostat
holding the liquid helium and liquid nitrogen can bee seen at the top. Below
the cryostat, the carousel holds the detector modules. The shielding consists
of polyethylene, lead, an active muon veto and the air-tight radon box used
against radon contamination from air.
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reflective and 
scintillating housing

light detector (with TES)

target  crystal

TES

holding clamps

(a)

(b)

(c)

Figure 3.2.: Schematics of some detector modules operated in the CRESST experiment:
The Lise (a) and TUM40 (b) modules were operated in CRESST-II Phase
2, whereas Detector A (c) was operated in CRESST-III Phase 1. Figures
provided by CRESST.
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Table 3.2.: Properties of different detector modules used in the CRESST experiment: crys-
tal massM , detection threshold Eth, exposure T ·M and background B between
1 keV and 40 keV.

Detector M Eth B Comments

Module (g) (eV) (kg−1 · keV−1 · day−1)

Lise 300 307.3 8.5 a
crystal held by bronze
clamps [25] (see also
fig. 3.2a)

TUM40 249 603 3.51
crystal held by CaWO4

sticks [26, 105] (see also
fig. 3.2b)

Detector A 24 100 c 3.85 b

both crystal and light
detector held by
CaWO4 sticks, which
are instrumented [91,
95] (see also fig. 3.2c)

a Without background from an accidental irradiation with a 55Fe source.
b Measured between 10-40 keV.
c The analysis threshold for Detector A of CRESST-III Phase 1 is 100 eV but

the optimal detection threshold for this detector can go down to ∼ 26 eV [83,
95]. An analysis using the optimal threshold is currently under preparation.

48



3.3. Low-Threshold Cryogenic Detectors

detector modules used for dark matter searches can be seen in fig. 3.6: the design mostly
used in the current CRESST-III Phase 1 is shown in fig. 3.2c and the designs shown in
fig. 3.2a and fig. 3.2b were used in the previous CRESST-II. To illustrate the difference
between these designs, table 3.2 gives the properties of one exemplary detector module
(Lise, TUM40, Detector A) per design. For reasons which will be explained in the next
chapter, the focus of this thesis will be on the TUM40 detector module. A detailed
description of its geometry will be given in section 4.2, when we will be discussing its
implementation into the simulation code.

As pointed out in the previous chapter, the CRESST experiment focuses on the low-mass
regime in the search for dark matter particles. In order to be able to detect a low-mass
signal, the detector in question should be able to detect very low recoil energies. The
two main factors affecting the analysis of very low energies will be explained in the next
section.

3.3. Low-Threshold Cryogenic Detectors

The rise of the temperature ∆T of a target material after an energy deposition of ∆E is
given in a simplified model by

∆T =
∆E

C
, C = c ·m (3.1)

and this constitutes the basis of cryogenic calorimetry. Here, C stands for the heat capacity
and c for the specific heat of the target material. Since the heat capacity is approximately
proportional to T 3, because it follows the Debye law1, calorimetric measurements of very
small energy depositions are possible if used with a low-heat-capacity absorber at low-
enough temperatures [43]. With crystalline materials working at mK-temperatures, a
small heat capacity can be achieved. A decrease in heat capacity leads to a temperature
increase for a given energy deposit, which results in high sensitivity to small energy changes
[106].

Another factor affecting the detection threshold is the mass of the target detector. A
study of cuboid target crystals [106] found that the energy threshold Eth for phonon
detection and the detector mass M is related as follows:

Eth = const. × M
2
3 (3.2)

The constant in this equation depends on the material and the geometry of the crystal,
but not on the size. The results of the study for Al2O3 and CaWO4 calorimeters, with
respect to the target mass, can be seen in fig. 3.3. By decreasing their mass down to
O(10 g), cryogenic detectors can achieve energy thresholds as low as O(100 eV) [95].

1According to the Debye model, at low temperatures, the heat capacity takes the form CV (T ) = 12
5
π4 ·

N · kB
T3

T3
D

where N is the number of unit cells of the crystal, kB is Boltzmann’s constant and TD is the

Debye temperature. This model is valid for T � TD [66].
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Figure 3.3.: The scaling law (eq. (3.2)) of the theoretical achievable energy threshold as
function of the target mass for Al2O3 (blue dashed line) and CaWO4 (green
dashed line) targets fitted to data obtained with cryogenic Al2O3 (triangles)

and CaWO4 (cross) detectors [25, 26, 86]. M
2
3 behaviour can be observed

for most data points, except “this work” [106], which was obtained in a non-
optimized environment. Red stars show the expected values for the prototype
described in [106] under low-background conditions. Figure taken from [106].

How a decreased detection threshold affects the dark matter analysis can be seen by
looking at the latest results from the CRESST Experiment in fig. 3.4: the red dashed
line is the upper limit on dark matter-nucleon cross-section resulted from the analysis of
the detector Lise which is the detector with the lowest detection threshold operated in
CRESST-II Phase 2 [25]. The Lise detector module had ∼ 300 g of CaWO4 crystal as the
target and featured a detection threshold of Eth = (307.3± 3.6) eV [25]. In CRESST-III
Phase 1, the CRESST experiment uses new detector modules with CaWO4 crystals of 24
g each as targets, aiming for a detection threshold of 100 eV. The first results from one of
the new detector modules can be seen on fig. 3.4 as solid red line [95]. As can be seen here,
decreasing the detection threshold improves the sensitivity for low-mass dark matter. Lise
can detect dark matter particle masses down to 500 MeV/c2 with its detection threshold
of Eth = (307.3± 3.6) eV [25]; using an analysis threshold2 of 100 eV the CRESST-III
detector module Detector A used in [95] could improve its sensitivity for dark matter
particles with masses down to 350 MeV/c2.

The significance of reaching a lower energy threshold comes from the fact that the count
rate of possible low-mass dark matter particles increases strongly as the energy threshold
of the detector decreases as discussed in section 2.5.

2The analysis threshold for Detector A of CRESST3 Phase 1 is 100 eV but the optimal detection threshold
for this detector can go down to ∼ 26 eV [83, 95]. An analysis using the optimal threshold is currently
under preparation.
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Figure 3.4.: The plane of dark matter particle-nucleon cross-section as a function of the
dark matter particle mass for spin-independent scattering with focus on the
low-mass range below 20 GeV/c2. CRESST-III 2017 (prelim) [95], CRESST-II
2016 [25], CRESST-II 2014 [26], CDEX 2014 [111], CDMSlite 2015 [9], Super-
CDMS 2014 [11], DAMIC 2016 [13], EDELWEISS-III 2016 [32], DarkSide-50
2015 [7], DarkSide 2018 - binom. (tbp) [8], LUX 2016 combined [14], NEWS-
G 2018 [33], PandaX-II 2016 [107], XENON100 Low-Mass 2016 [30], PICO-60
C3F8 2016 [21]. Also shown are the DM interpretations of the signal excess
observed with CDMS-Si 2013 [10], and CoGeNT 2013 [1].
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Figure 3.5.: An example light yield plot with different bands showing different event types:
electromagnetic interactions (grey) alpha interactions (red), oxygen (green)
and tungsten (blue) recoils. The calcium recoil band between these two is not
shown for the purposes of clarity. Also shown is the region of interest (ROI,
cyan) for a possible signal of dark matter particle.

3.4. Event Categories

As briefly discussed in section 2.5.2, the combination of the two signal channels allows a
particle identification in cryogenic detectors. In case of CRESST-II and CRESST-III, the
two signal channels are the phonon and light channels. Using the combination of these
two signals, one can identify the type of recoil via the Light Yield (LY), defined by the
following equation:

LY =
Light Energy

Phonon Energy
. (3.3)

Figure 3.5 shows Figure 3.5 shows the expected light yield with respect to the deposited
energy. As can be seen, a number of bands emerge, separated by their respective light
yields. For calibrating the light yield, a 57Co source is used. The light yield caused by the
122-keV gamma-line is normalised to LY = 1. Then, electronic test pulses with different
equivalent energies are used to linearise the detector response. Test pulses are periodically
injected throughout the whole data taking period to account for the potential time varia-
tions of the detector response. Different bands indicate the interaction of incident particles
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with the different target particles in the detector: starting from high light yield values to
lower ones, these are e−/γ scattering off electrons, interaction of alphas and finally dark
matter particles or neutrons recoiling from O-, Ca- and W-nuclei. The latter three are
collectively called nuclear recoil bands. A signal from a potentially dark matter scattering
is expected in the nuclear recoil bands. The exact area for this region of interest (ROI)3,
depends on the actual analysis. The ROI in fig. 3.5 is only for illustration. The e−/γ band
includes most of the radioactive background, well-separated from nuclear recoil bands at
high energies. However, the purity of the ROI suffers from a leakage of events from the
electron/gamma band at lower energies. This complicates the dark matter analysis per-
formed in this region since the expected rate of dark matter particle is low, a signal may
not be seen because of the leakage, or an unknown background can be mistaken for a
signal event.

3.5. Background Sources and Their Management

As discussed in section 3.4, CRESST can distinguish the nuclear recoils, which may be a
signal for dark matter, from the electromagnetic interaction due to radioactive background
via the light yield. However, the expected rate of dark matter events is low compared to the
usual rate of radioactive decays in the environment and other sources producing nuclear
recoils, as well. The detectors have to be shielded against these background sources and the
remaining backgrounds have to be carefully studied. In this section, the main background
sources and the applied methods to reduce and analyse them will be discussed in detail.

3.5.1. Muons

One important source of background for rare event search experiments above ground are
cosmic rays. Specifically, high energetic atmospheric muons can easily penetrate through
meters-thick layers of shielding. For this reason, the CRESST experiment is located in
the LNGS in Italy, which is covered approximately by minimum 1400 meters of rock. This
provides (3.1±0.2) kilometers of water equivalent shielding [85]. The remaining muon rate
is approximately O(1 h−1m−2) [20], i.e. it is reduced by about six orders of magnitude
compared to the surface of the Earth.

Even though the amount of muons which can penetrate through the rock and reach the
detectors is very low, they can still induce background events in detectors. One way this
could happen is by producing secondary particles in their interactions with rock or the
material of the experimental setup. Furthermore, they can directly deposit energy in the
detectors. To be able to reject such events, CRESST is equipped with a muon veto which
can be seen in fig. 3.1. The veto consists of 20 plastic scintillator panels, read out by
photomultipliers and covering 98.7 % of the solid angle around the detectors. The reason

3For the dark matter analysis with the TUM40 detector, a ROI between 0.6 keV and 40 keV is used
[26]. However, in order to make a one-to-one comparison with the previous background analysis [105]
possible, the ROI for this work is chosen between 1 keV and 40 keV.
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3. The CRESST Experiment

why the coverage is not 100 % is that an opening is needed on the top to leave space for
the cryostat [27]. If an event is detected by this system, all events within a certain time
window are rejected.

3.5.2. Ambient Gamma Radiation

Another type of backgrounds are gamma rays, originating from the rock and concrete
of the site where CRESST is located. The sources of this radiation are gamma-decays
along the natural radioactive decay chains of 238U, 235U and 232Th, but also individual
radioactive nuclides like 40K. The integrated gamma ray flux in Hall A of LNGS for
energies below 3000 keV was measured to be (0.28± 0.02) cm−2s−1 [68].

To shield the experiment against this radiation in Hall A of LNGS, CRESST detectors
are surrounded by lead shield of 24 tons and 20cm-thickness. In addition, 98 kg of lead
is placed directly below the mixing chamber of the cryostat followed by an additional 232
kg below this. Most of this 330 kg of lead is produced by the company Boliden in Sweden.
However, the lowest layers of lead bricks are produced by the company Plombum in Poland
[81]. With its high density and atomic number, it is ideally suited to absorb gamma rays.
However, lead is not a very radio-clean material and its naturally occuring radioactive
nuclides like 210Pb can create backgrounds of its own, contributing to the background
observed in the experiment.

In order to prevent this, a copper shield of 10 tons and 14 cm thickness is placed between
the cold box which contains the detectors and the lead shield (see fig. 3.1). In contrast
to lead, copper can be produced with a very low level of internal radioactivity as it has
no naturally occuring radiactive isotopes. This makes copper not only a more expensive
but also a more favorable shielding material which can be used closer to the detectors.
In addition, it is also used for the structures inside the cold box, such as holders for the
detectors of the CRESST experiment (see section 4.2). However, even if copper can be
produced with low contamination levels, it stays a non-negligible background source due
to its closeness to the detectors [105].

3.5.3. Cosmogenic Activation

As explained before, rare event search experiments operate underground to protect them
from cosmic rays. However, there is a chance that some long-lived radioactive impurities
in the experimental material might be activated due to exposure to cosmic rays [48]. This
phenomenon is called cosmogenic activation.

One of the processes causing cosmogenic activation is spallation of nucleons in parts of
the experimental setup by highly energetic nucleons from the cosmic rays. In addition,
reactions such as induced fusion, capture and fragmentation can also be significant for the
occurances of cosmogenic activation [48].

For CaWO4, two X-ray lines below 80 keV are reported [80, 105] caused by the decays
of cosmogenic nuclides.
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One line occurs due to cosmogenic activation of 182W. The process, proton capture
followed by EC, leads to the occurance of the line as follows [80]:

182W + p+ −→ 179Ta + α (3.4a)
179Ta + e− −→ 179Hf∗ + υe (3.4b)
179Hf∗ −→ 179Hf + X− ray (3.4c)

The electron capture (EC) signatures in TUM40 is equal to the binding energy of the
shell electrons of 179Hf. Peaks originated from this decay can be seen clearly in fig. 3.7 at
energies 2.60 keV (M1-shell), 10.74 keV (L2-shell), 11.27 keV (L1-shell) and 65.35 keV (K
shell).
Another cosmogenically activated nuclide is 183W. The activation occurs as follows [80]:

183W + p+ −→ 181W + 3H (3.5a)
181W + e− −→ 181Ta∗ + υe (3.5b)

181Ta∗ −→ 181Ta + γ + X− ray (3.5c)

Activation through 183W(p, t) results in the nuclide 181W. This then decays into an
excited state of 181Ta through EC and it de-excites with a 6.2 keV gamma emission.
Thus, the most prominent energy signature for this decay is the binding energy of the
K-shell electron of Tantalum with energy 67.4 keV and 6.2 keV coming from the energy
of the gamma. They add up to give 73.7 keV [80].

An already mentioned (see eq. (3.5a)) common nuclide which can be cosmogenically
produced in a wide range of target materials is 3H [112]. Albeit, it is not yet experimentally
observed for CaWO4, eq. (3.5a) indicates that the observed 181W should be accompanied
by a 3H component. Other reaction paths to create 3H in CaWO4 may also be possible. A
study [48] based on the TALYS simulation code [78] predicts a total 3H production rate of
45.5 kg−1day−1 for CaWO4. Given the low end point of the 3H decay spectrum of 18.592
keV [69], we note that any significant 3H contribution to the CRESST background would
be of great interest for the search of low-mass dark matter.

3.5.4. Ambient Neutrons

Neutrons constitute a significant background source, as neutron induced nuclear recoils
can mimic a possible signal, i.e. dark matter induced nuclear recoils. One way neutrons
can be produced is through muons (see section 3.5.1), interacting in the rock or with the
material of the experiment. As the production yield for muon-induced neutrons increases
with the atomic number, lead is an ideal neutron source. The other neutron production
mechanisms include fission of heavy nuclei or (α,n)-reactions on light elements. The total
neutron flux measurements in LNGS shows a value of nearly 19− 30 m−2h−1 [38].

The muon veto described in section 3.1 enables CRESST to reject events potentially
caused by neutrons which are produced by muons inside the experimental setup. To
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protect the detectors from neutrons produced outside the experimental setup, a PE shield
of 50 cm thickness is installed (see fig. 3.1). Elastic scatterings of the incoming neutron
on the hydrogen in the PE can help to decrease the kinetic energy of neutrons. These
slowed-down neutrons can be captured by the hydrogen, with a subsequent release of a 2.2
MeV-gamma, or if they reach the detector, their reduced kinetic energy is ideally below the
detection threshold [101]. Since CRESST-II Phase 2 also internal PE shields are installed
inside the cold box. They attenuate neutrons originating in the Pb and Cu shields. Since
their installation, no distinct neutron signal, i.e. multiple nuclear recoils, were observed
anymore.

3.5.5. Radon Gas

An additional background source is 222Rn, created via the 238U natural decay chain. It
diffuses out of rocks and the radon activity in LNGS was measured to be ∼ 50 Bq · cm−3

[34]. Even though the origin of radon is similar to the origin of the ambient gamma rays,
the effect is different: It can get attached to surfaces close to the detector and, therefore,
expose the detector to relatively short range alpha and beta radioactivity caused by its
decay products, e.g. alpha-decay from 210Po and beta-decay from 210Pb.

To stop radon from penetrating through the shielding and reaching the detectors, copper
and lead shieldings are placed inside a gas-tight container the so-called radon box (see
fig. 3.1). This container is flushed constantly with clean nitrogen gas and the pressure of
the gas is kept slightly at overpressure [101].

However, radon gas in the air can pose problems during the production and installation
of the detectors. Therefore, measures have been taken to minimize the exposure of the de-
tectors to air. With additional efforts, such as electro-polishing, the surface contamination
of copper can be reduced [101].

3.5.6. Near-Surface Alpha-Decays

Most detector modules in CRESST-II had a background coming from surface contamina-
tions, mostly caused by 210Po alpha-decays. A possible source for 210Po is the contamina-
tion of the surface with radon (see section 3.5.5). If a 210Po nucleus decays on the surface
of the target crystal or on the surface of the crystal holder, the daughter nucleus 206Pb
can enter the crystal and deposit up to 103 keV. Since the light emission from these types
of events is very low, they turn out to be similar to W-recoils. Hence, this would look like
a possible dark matter signal. These 206Pb events are only distinguishable if the emitted
alpha generates light in a scintillating material around the target crystal (see section 4.2).
This additional scintillation light would increase the light yield of the event and move it
above the W-recoil band. However, most of the detector modules previous to CRESST-II
Phase 2 hold the crystal with bronze clamps (see fig. 3.2a), which do not scintillate. Hence,
if the alpha hits by chance the bronze clamp and not the scintillating foil around the tar-
get, the 206Pb event is indistinguishable from W-recoils. In order to remove this type of
background, scintillating CaWO4 sticks were introduced as crystal holders with TUM40
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(see fig. 3.2b). When a 206Pb surface event happens in TUM40, additional scintillation
light is produced, even if the produced alpha hits the crystal holder, and increases the
light yield. This helps to differentiate the surface events from W recoils. That was the
main advantage of the TUM40 detector module being based on this new stick design [104].

3.5.7. Internal Contamination of CaWO4

As discussed earlier, all CaWO4 crystals in CRESST-II Phase 1 and some in Phase 2 were
commercial crystals produced by the Scientific Research Company “Carat” (SRC “Carat”)
in Ukraine and the General Physics Institute of the Russian Academy of Sciences (GPI
RAS) in Russia. A series of measurements found the contamination of these crystals by
alpha-emitters from the natural decay chains in the energy range between 1.5 MeV and
∼7 MeV to be between (3.05± 0.02) mBq kg−1 and (107.13± 0.14) mBq kg−1, depending
on the actual crystal [89]. Even though the energy of alpha decays are outside the ROI for
the dark matter searches, i.e. <40 keV, the subsequent decay chains contain also beta- and
gamma-decays that deposit energy in the ROI. With the aim to improve the radiopurity
and scintillation properties (e.g. light output of the crystals) by screening and purifying
the raw materials, as well as to prevent contaminations during the crystal growth and after-
growth treatment, it was decided to produce the CaWO4 crystals within the collaborationt
[89]. A Czochralski furnace at the crystal laboratory of Technische Universität München
was used [55]. After a series of growth processes, the TUM40 crystal was produced and
installed in a detector module of the same designation (see fig. 3.2b). A measurement of
the alpha-activities showed an activity as low as (1.23± 0.06) mBq kg−1, with the TUM40
crystal having an activity of (3.07± 0.11) mBq kg−1 [89]. The effect of the reduced alpha-
activity on the energy region below 80 keV can be seen in fig. 3.7. The beta and gamma
emissions, e.g. caused by the decay of 210Pb, are also reduced since they originate from the
same natural decay chains as the measured alpha decays. Depending on which commercial
crystal TUM40 is compared to, a factor of 2 to 10 decrease in the beta/gamma background
in the region of interest was obtained. After all the cleaning efforts and production steps,
the average rate of background events in the energy range between 1 and 40 keV amounts
to 3.51 kg−1 keV−1 day−1 [105].

Even though the amount of background reduction at TUM40 is significant, there still
remains an irreducible amount of beta/gamma background at low energies, with the po-
tential to leak into the ROI for dark matter searches. Therefore, a further background
reduction is planned for the future CRESST-III phase, via improved radiopurity and im-
proved detector designs [24]. However, these efforts are time consuming and complicated.
Hence, it is of great importance to understand the contribution of each background source
using the experimental data in hand. For this, the construction of a background model is
crucial. The next chapter will focus on the construction of a background model using the
Monte Carlo framework Geant4. The topic of the next section will be the already existing
semi-empirical background study for CRESST [105].
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(a)

(b)

Figure 3.6.: An illustration of a 210Po −→ 206Pb+α decay taking place close to the surface
of the target crystal or in the surrounding material (a) and the change in the
resulting light yield value when a scintillating housing is used (b). Figures
taken from [104].
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Figure 3.7.: Count rate spectra for detector modules with commercial CaWO4 crystals
and those grown at Technische Universität München: VK31 is a typical
commercial crystal with an average rate of 30 counts/(kg · keV · day) (dashed
black line). With an average 6 counts/(kg · keV · day) Daisy is the commer-
ical crystal with the lowest background rate (dashed red line). The black
histogram shows the events recorded with TUM40 with an average rate of
3.51 counts/(kg · keV · day) [105]. Most prominent peaks are labelled. Figure
taken from [105].
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Figure 3.8.: Comparison of the semi-empirical background analysis [105] with data (black)
recorded with TUM40: internal beta/gamma radiation from natural radioac-
tive decay chains (blue) the contributions from the external gamma rays
(green), both based on a Geant4 simulation. The grey band shows an em-
pirical fit which stands for external betas. Finally, the red line shows the sum
of these individual contributions as well as fits to the observed peaks caused
by cosmogenic activation (2.6009 keV, 10.74 keV and 11.271 keV) and the
copper fluorescence line (8.04 keV). Figure taken from [105].

3.6. Previous Work on Background Sources in CRESST

So far, there have been two different background analyses performed for CRESST: one
for CRESST-II Phase 1 [80] and one for CRESST-II Phase 2 [105]. The latter work holds
great importance, as this work is a continuation of it and the analysis performed for [105]
is specific to the TUM40 detector module. In [105], a simple geometry implementing only
the CaWO4 crystal of TUM40 was used for a Geant4 (see section 4.1.1) based study of
backgrounds. Identified alpha lines in the high energy region (4-7 MeV), belonging to
the natural decay chains, were used as a starting point to get the activities of internal
beta/gamma-decays assuming a secular equilibrium between them (see section 5.1). After
simulating fourteen most-prominent beta-/gamma-decays from the natural decay chains,
they were scaled according to the activities calculated from the sideband measurements
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of their alpha-decaying parents.

In the previous work, only a bare CaWO4 crystal is used, but no other detector parts
around the crystal. In order to simulate these eight identified external contaminants, the
following approach is used: Since the external contaminants are identified by their char-
acteristic gamma emissions, these gamma rays are simulated to approximate the external
contaminants instead of using the nuclides they originate from. An imaginary spherical
shell around the CaWO4 crystal is created. From the inner surface of this spherical shell,
gamma rays are shot to the crystal with the energies of the identified lines. Once a gamma
ray hits the crystal, the deposited energy is collected. An image of the visualisation of
this simulation is shown in fig. 4.14a.

However, there are events in the experimental data with light yields higher than ex-
pected. These events are called excess light events and they are thought to come from
external betas, hitting the scintillating foil and creating additional light. Based on dedi-
cated measurements, it was understood that beta particles produce nearly a fixed amount
of scintillation light with an energy of O(1keV), and considering the deposited light energy
from these events is fixed, the excess in light yield increases as the energy goes down [105].
Since the geometry used in [105] only includes the crystal but not the foil, these events
could not be seen as a direct result of the simulation. In order to include the contribution
of these events, an empirical fit was used.

The result of this earlier work is shown in fig. 3.8. Here, the colours blue, green and grey
stand for individual contributions from internal radiogenic backgrounds, external gammas
and excess light events, respectively. The red shows the sum of all these contributions as
well as fits to the observed cosmogenic lines and the copper fluorescence line at 8.04 keV.

It is clear that, even though the semi-empirical background model in [105] explains a lot,
the result presented there is not sufficient. The main task of this work is to improve the
background model of [105] by developing a full Monte Carlo based model, with the details
of the differences will be explained in section 4.2 and section 4.4. For the normalisation
of the model developed for this work, experimental reference data are necessary and this
will be the topic of the next section.

3.7. Reference Data

For different ranges of deposited energy, different analyses are performed for each detector
module. This is mainly caused by the fact that the pulse shapes of particle event change
with energy due to the non-linear detector response. In addition, the resolution of the
detectors varies with energy. In this work, we are using the complete data recorded with the
TUM40 module with a gross exposure of 129.912 kg · days45. Three analyses are performed
in [37, 90, 97, 98], each optimised for a different energy range: energies between 0.6 keV
and 495 keV (i.e. low energy reference data set, see section 3.7.1), energies between 500
keV and 4000 keV (i.e. medium energy reference data set, see section 3.7.2) and energies

4We note that for the dark matter analysis in [26], only a part, 29.35 kg · days, of this data was used.
5The uncertainty of this value is at negligible levels.
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between 4 MeV and 7 MeV (i.e. high energy reference data set, see section 3.7.3). The
specifics of the analyses performed in [37, 90, 97, 98] will be summarised below.

3.7.1. Low Energy Reference Data

The first data set, the low energy reference data set, covers the energy range between
0.6 keV and 495 keV, discussed in [97, 98]. The lower limit of this spectrum is equal to
the detection threshold of the TUM40 detector module whereas the upper limit of the
spectrum comes from the fact that energy reconstruction works differently for this energy
range and the one higher. This spectrum is very important since it contains the ROI for
dark matter search with TUM40 in CRESST-II Phase 2. In this work, we will identify
each background contribution and simulate the corresponding decay. In Chapter 5, the
obtained decay spectra will be compared to this data set and the contribution to the
background in the ROI will be quantified in Chapter 6.

In order to get the spectrum, four categories of cuts are applied, which are described
in detail in [97, 98]6: a rate and stability cut, a coincidence cut, a carrier cut, quality cuts
and an RMS cut.

The first one, the rate and stability cut, is energy independent and removes periods of
abnormal high rate as well as periods of unstable detector operation.

The next cut is the so-called anti-coincidence cut. Events coincident with muon veto
events and events from other detector modules are removed, and this cut is also energy
independent.

The next cut is the carrier cut. TUM40 features a glued TES carrier and events in
this carrier show faster rise and decay times compared to the events in the target. The
resulting different pulse shapes are used to differentitate between carrier and target events.

The first group of cuts to introduce energy-dependence are quality cuts. Quality cuts
remove events which are affected by well-known artifacts, like delta voltage-RMS cut and
right-left baseline cut. Delta voltage-RMS cut removes delta-spikes that might be caused
by an electrical origin. Right-left baseline cut removes events with pulses rising too fast
for the SQUID to be able to detect as well as decaying baselines. In addition, this cut also
removes the so-called stick events caused by the energy depositions in the CaWO4 sticks
holding the CaWO4 target crystal. Stick events take longer time than other events since
phonons have to propagate from the stick to the target crystal, and then to the TES.

The last cut is the so-called RMS cut. RMS quantifies the deviation between an actual
event pulse and a standardised template fitted to this pulse. It is similar to the quality
cuts but as a more general cut it removes all events which deviate from the nominal pulse
shape whereas the quality cuts require knowledge of a certain type of artifact [98].

Combining all these cuts together gives the energy dependent signal survival probability
εl that is shown in fig. 3.10a. The resulting recoil energy spectrum can be seen in fig. 3.10b.

6We note that in [98], the analysis is applied to a data set with an exposure of 97.989 kg · days before cuts
whereas the data set used in this work was obtained in [97] by applying the same analysis to 129.912
kg · days, i.e. the full exposure recorded with TUM40.
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Figure 3.9.: Top panel: the rescaling function obtained from the fitted values of the peaks
of the low energy reference data set. Bottom panel: relative residual between
fit values and literature.

When we fit some of the known peaks, the mean values turned out to be shifted with
respect to the literature values of these peaks. In order to correct this shift, a rescaling is
performed:

E′ = E − (0.106± 0.005) keV + (6.2± 0.4) · 10−3 · E
+(2.7± 0.5) · 10−5 keV−1 · E2 − (2.7± 0.1) · 10−7 keV−2 · E3

(3.6)

where E′ stands for the rescaled energy and E stands for the measured energy of the
original data set [97]. The rescaling function eq. (3.6) (see also fig. 3.9) is obtained from
the fitting of the energy shift in the low energy reference data with respect to the literature
values of the peaks in question. This can be seen in fig. 3.9. After this rescaling, the means
of the fit results turned out to be in close proximity to the literature values.

3.7.2. Medium Energy Reference Data

The second data set, the medium energy reference data set, used in this work covers the
energies between 511 keV to 4000 keV and is provided by [90]. This spectrum will be used
in section 5.4 to normalise the simulation of gamma decays originated from 208Tl, 40K,
228Ac and 214Bi.

In order to get this spectrum, only the stability cut and some quality cuts are applied.
The resulting spectrum has an exposure of 129.912 kg · days before the cuts. The signal
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Figure 3.10.: The signal survival probability (a) related to the low energy reference data
set: below an energy of 92.36 keV, a varying signal survival probability is
used whereas above this energy, the signal survival probability is set to the
constant value of 85.0 %. The corresponding energy spectrum (b) between
0.6 keV and 495 keV, after the rescaling in section 3.7.1 was applied. Data
provided by [97, 98].
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Figure 3.11.: Top panel: the rescaling function obtained from the fitted values of the peaks
of the medium energy reference data set. Bottom panel: relative residual
between fit values and literature.

survival probability is estimated by the ratio of events surviving the cuts to the total
number of candidate events, resulting in a signal survival probability of εm = 98.1 % [90].

Here, just as with the low energy reference data set, we identified a shift between the
mean energies of the known peaks and their literature values. In order to correct this
shift, we performed a rescaling:

E′ = E − (8.1± 0.9) keV + (0.042± 0.001) · E − (9.6± 0.4) · 10−6 keV−1 · E2 (3.7)

where E′ stands for the rescaled energy and E stands for the measured energy. The
function eq. (3.7) (see also fig. 3.11) is obtained from the fitting of the energy shift in
medium energy reference data with respect to the literature values of the peaks in question.
After this calibration, the means of the fit results turned out to be in close proximity to
the literature values.

3.7.3. High Energy Reference Data

The last data set, the high energy reference data set, contains events with energies between
4 MeV and 7 MeV and is provided by [37]. This range includes sharp peaks which belong
to alpha decays within the 238U, 235U and 232Th decay chains. Except for a few events
in this energy range, there is no continuous spectrum accompanying the alpha lines. At
these energies, the TES is nonlinear, the recorded pulses saturate. Since the saturation of
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Figure 3.12.: Energy spectrum of the medium energy reference data set between 510 keV
and 4000 keV, after the rescaling in section 3.7.2 was applied. Data provided
by [90].

the pulses makes the energy calibration more difficult, and potentially a little less precise,
the standard energy calibration is not working properly and the calibration was corrected
[37] by assigning Q values from literature [69] to well identified peaks. The result of the
high energy analysis is shown in fig. 3.13. The spike at the middle of the highest energetic
peak, which belongs to 211Bi, is an artifact of the energy calibration of the data [37]. The
analysis has an energy-independent signal survival probability of εh = 86.5 % calculated
the same way as for the medium energy reference data set: estimating the fraction of
events surviving the cuts to the total number of candidate alpha events [37].
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Figure 3.13.: Energy spectrum of the high energy reference data set between 4000 keV and
7000 keV, without any rescaling applied. Data provided by [37].
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As pointed out in the previous chapter, experimental data retrieved with the TUM40
detector module still shows contamination by background sources even after improved
purification of the crystal. Background coming from the electron recoil band1 is at a
constant level of 3.51 counts/(kg · keV · day) between recoil energies of 1-40 keV [105]. The
dark matter recoils are expected in the nuclear recoil bands of the light yield-recoil energy
plane. However, the electron recoil band leaks into the nuclear recoil bands at low energies.
This makes the discovery of a possible low-mass dark matter particle impossible as an
unknown background can mimic or conceal a dark matter signal. In order to understand
the backgrounds, the construction of a Monte Carlo based background model is of great
importance, which will be the topic of this chapter.

In this chapter, a detailed description of the applied physics (section 4.1), the imple-
mented geometry (section 4.2), the applied detector response model (section 4.3) and
finally how the simulations are performed (section 4.4) will be given.

4.1. Simulation of Electromagnetic Interactions in CaWO4

In this work, we are using the Monte Carlo framework Geant4 [12, 17, 18] in version 10.2
patch 1 to simulate the radioactive decay of contaminants inside the CaWO4 crystal of
TUM40 and the Cu parts close to it. The simulation code propagates the produced decay
products through a detailed geometry of the TUM40 detector module. Finally, the energy
deposits in the CaWO4 crystal are recorded.

4.1.1. Geant4 Framework

Geant4 is a Monte Carlo toolkit that is used to simulate the production of particles, their
passage through matter and their final decay or capture. Geant4 can be used for ap-
plications in particle and nuclear physics, medical physics, accelerator design and space
engineering. It is implemented in C++. For this work, we used and extended the simula-
tion code ImpCRESST 2 that is based on Geant4 (version 10.2 patch 1) and the analysis
package ROOT (version 6.04.00).

Geant4 is based on four basic concepts:

1The total background is assumed to be coming from the electron recoil band [105].
2Internally developed and used by the CRESST collaboration.
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• Geometry Models: In order to simulate detectors, a detailed geometry should be imple-
mented. A particular geometry results in specific results. There are various features
one has to consider while implementing a detector, such as geometry or material. In
order to implement variations of these for a particular simulation, one may use the
so-called macro files. Macro files can include information as to which geometry with
its specific materials will be simulated as well as the starting values of the particles
to be simulated.

• Primary Particle Generation: At the beginning of the simulation, the particles have to
be created at their designated places. In the context of this work, the radioactive
nuclides are placed inside CaWO4 and Cu with zero kinetic energy. This is called
primary particle generation. The next step after the generation is the interaction of
particles.

• Physics Lists: There are various interactions a particle can go through. However, in
the simulations, one can select which ones to include depending on the study. These
interactions are included in Geant4 via the so-called physics lists. These lists include
interaction types of many particles and the corresponding interaction cross-sections.
In this work, we will use a physics lists which follows mainly the Shielding physics list
of Geant4 version 10.2 patch 1 with two physics modifications: G4RadioactiveDecay
and G4EmStandardPhysics option4. ImpCRESST treats also 3H as unstable [59]
which is not the case if only the standard G4RadioactiveDecay is used. In ad-
dition, the more accurate [60] G4EmStandardPhysics option4 is used instead of
G4EmStandardPhysics.

• Particle Tracking: When the simulation generates the particles, particle tracking starts.
Geant4 tracks the particles according to a step length it calculates. This calculation
is based on the interactions allowed through the physics lists. For example, if a
particle can go through electromagnetic interactions such as photoelectric effect,
Compton scattering and pair production, Geant4 calculates the free path length of
this particle for all of these interactions. The shortest free path length calculated out
of these interactions is used as the effective free path length, which means that this
particle travels this much distance in the medium until the next step is calculated.
Its energy loss inside the medium is calculated according to the physical process
associated with the effective free path. For the particular Geant4 code used for
this work, the tracking works for particles with kinetic energies as low as 250 eV
inside all the materials used to construct the geometry of TUM40 detector module
(see table 4.1). Below this energy, particles are not propagated and they instantly
deposit their energies at the position they are at. The only exceptions are the
products of nuclear and atomic de-excitation, e.g. gammas, fluorescence X-rays or
Auger electrons, which will be tracked regardless of their energies.

• Hit Generation: After the primary particle generation, when a particle goes through
interactions allowed in the physics lists, it loses energy. However, this energy loss or
the related energy deposition in the surrounding material is not always recorded; the
energy deposition is only recorded as a so-called hit in parts of the medium which are
designated as sensitive volumes by the user. In the context of this work, sensitive
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Figure 4.1.: Nuclear, electronic and total stopping power of CaWO4 with respect to the
energy of a 4

2He nucleus. Figure provided by [77] based on [113]

volumes are the following parts of the geometry model which will be introduced
in section 4.2: CaWO4 crystal, light detector, scintillating foil and CaWO4 holder
sticks.

Since we are interested in radioactive decays and the resulting interactions in this work,
physics processes including radioactive decays and electromagnetic interactions are used
[58] and they will be explained in the next two sections.

4.1.2. Particle Interactions by Nuclear Reactions

The radioactive decays can be simulated either at rest or in flight. The radioactive decay
in Geant4 includes processes of α, β, γ emissions and EC [58]. For the simulation model,
the data from the Evaluated Nuclear Structure Data File (ENSDF) [109] are used. The
data retrieved from this database includes nuclear half-lives, nuclear level structure of the
parent and the daughter nuclide, branching ratios of decays and the energy of the decay
processes [58].

In the simulation, the nuclide is placed inside a volume (CaWO4 crystal of TUM40 or
the Cu parts around the crystal) with zero kinetic energy. There are three primary decays
simulated in this work:

• Alpha Decay: Here, a nuclide A
Z X decays into a 4

2He nucleus along with another nu-
clide A−4

Z−2 Y, where X and Y are called parent and daughter nuclides, respectively.
The internal bulk alpha decays are mostly contained inside their respective mother
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Figure 4.2.: Total stopping power of CaWO4 with respect to the energy of beta particles.
Figure taken from [40, 92].

volumes. If one wants to calculate how far an alpha particle can travel in CaWO4

before being absorbed, the nuclear stopping power dE/dX values shown in fig. 4.1
should be used in conjunction with the following equation:

d(Eα) =

∫ Eα

0

1
dE
dX (E′) · ρCaWO4

· dE′ (4.1)

Using this equation and the values from fig. 4.1, the amount of distance a 7 MeV3

alpha-particle can travel inside the CaWO4 crystal is d = 23.74 µm. Since the
CaWO4 crystal of TUM40 detector module has the dimensions of 40× 40× 32 mm3,
the alphas will be contained inside the crystal unless they are closer to the surface
of the crystal than the aforementioned distance.

• Beta Decay: Here, a nuclide A
Z X emits a β− particle as well as a ν̄e, and turn into

another nuclide A
Z+1Y. Similar to the alpha decays, internal beta decays are also

contained inside the crystal. The same equation eq. (4.1) can be used to obtain the
free path length d(Eβ) of beta particles in different materials.

For betas, we choose, as an example, the highest energy beta particles expected
in the experimental reference data of TUM40 with energies around 5 MeV4. At
this energy, based on fig. 4.2, stopping power is 1.692 MeV cm2 g−1. Hence, the
maximum amount of distance betas can travel inside a CaWO4 crystal before they

3The highest energy alpha decay seen in the experimental data of TUM40 crystal belongs to 211Bi, with
an energy of (6750.4 ± 0.5) keV [69].

4The highest energy beta decay seen in the experimental data of TUM40 crystal belongs to 208Tl, with
an energy of (4998.5 ± 1.7) keV [69].
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4.1. Simulation of Electromagnetic Interactions in CaWO4

are absorbed is d = 5.6 mm. Again, just as with alpha-particles, beta-particles are
contained inside the crystal as long as the decay does not occur close the crystal less
than the distance given above.

• Electron Capture (EC) Here, an orbital electron is captured by the nucleus of A
Z X and

then, it changes into A
Z−1X and a ν.

After the decay begins, the secondaries are emitted and the tracks of these particles
are propagated. Then, the nucleus may de-excite, e.g. via gamma emission, which may
be followed by the de-excitation of its atomic shells. The atomic de-excitations give out
Auger electrons or X-rays. These gammas or X-rays might result in the so-called escape
peaks if these emissions leave the CaWO4 crystal without being fully absorbed. After these
processes occur, electromagnetic interactions of the produced secondaries start, which will
be the topic of next part.

4.1.3. Energy Deposition via Electromagnetic Interactions

Figure 4.3.: Total attenuation of gamma rays
inside the CaWO4 with respect
to the energy of gammas. Figure
taken from [92].

After the atomic and nuclear de-excitation
occurs, electromagnetic interactions of
the secondaries start in the simulation.
For this work, we used the electromag-
netic physics as defined by Geant4 in
the class G4EmStandardPhysics option4,
which is claimed by Geant4 [60] to be
the most accurate one at low energies.
The interactions and their outcomes in
the simulation depend on the particle
type:

• Gamma: This particle can interact via
the photoelectric effect, Compton
scattering, gamma conversion and
Rayleigh scattering as well as pair
production. The photopeaks of
gamma emission being fully absorbed
inside the crystal result from the pho-
toelectric effect. At lower energies,
the Compton continuum of partially
absorbed gammas follows. Gamma
rays are highly penetrative and they
may not be contained inside the crys-
tal. Gamma attenuation in CaWO4

crystal with respect to the gamma en-
ergy is shown in fig. 4.3. Different
from the stopping powers calculated for alpha- and beta-particles, how much of the
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gamma rays entering a medium are absorbed inside can be calculated using [79]:

I = I0 e
−µmρx (4.2)

where I0 and I stand for initial and transmitted intensities, respectively, µm is the
attenuation coefficient and ρ is the density of the absorber material. The distance
to be traveled throughthe absorber material is x. For our case, we choose x = 4 cm5

and ρ = 6.01 g/cm3. From the fig. 4.3, we take µm ≈ 0.1 cm2/g for gammas with
energies around 2.6 MeV 6. Inserting these into eq. (4.2), one finds:

I

I0
= e−(0.1 cm2/g) · (6.01 g/cm3) · (4 cm) = 9 % (4.3)

The result shows that only 9 % of the gamma rays can go through the CaWO4 crystal
without being absorbed. However, these are for external gamma rays entering the
crystal. For gamma rays produced due to beta-/gamma-decays inside the crystal,
this percentage can be higher as the length of the gamma trajectory inside the
medium may be smaller than the value we used in eq. (4.3).

• Electron/Positron: For electrons, we have interactions such as multiple scattering, ioni-
sation and bremsstrahlung with an additional process of pair-annihilation for positrons.

Also, we see may delta rays in the energy spectrum as a small bump-like feature
below ∼ 500 keV. Delta rays are caused by primary ionizing particle colliding head-
on with an electron, and transferring a large amount of energy to the electron, which
then produces secondary ionization while traveling through the medium [79].

In addition, single and double electron escape peaks are direct results of pair pro-
duction and pair annihilation. In these cases, a gamma ray with an energy higher
than 1022 keV enters the crystal and produces an electron-positron pair. When the
positron annihilates with another electron, two gamma rays are produced each with
the energy of the rest mass of an electron, namely 511 keV. If one of these gamma
rays escape from the crystal, the remaining deposited energy results in the so-called
single electron escape peak; if both of them escape, it results in the so-called double
electron escape peak. These peaks show themselves in the energy spectrum in the
form of peaks at 511 keV and 1022 keV below energy of the photopeak.

These interactions will be shown in detail through examples of simulation results in sec-
tion 4.4 and fig. 4.15.

5The dimensions of the CaWO4 crystal is 40 × 40 × 32 mm3 and here we chose one of the edges as the
length.

6The highest energy gamma rays observed in the experimental data of TUM40 belongs to 208Tl with an
energy of (2614.511 ± 0.010) keV [69].
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4.2. Geometry Model

Figure 4.4.: Photo of TUM40 detector mod-
ule. Figure provided by the
CRESST collaboration [52].

The design of the TUM40 detector mod-
ule, as discussed earlier, is called the
stick design and it can be seen in fig. 3.2b.
A photo of the detector module are shown
in fig. 4.4. As described in section 3.2, the
main components of the TUM40 detector
module are the CaWO4 target crystal, the
light detector, the scintillating foil and the
copper parts. There are also minor com-
ponents such as the CaWO4 sticks, plas-
tic scintillator and bronze clamps. The
Geant4 simulation implements these six
parts as following (see also table 4.1 and
fig. 4.5):

The target is modeled as a cubic CaWO4

crystal with a size of 40× 40× 32 mm3.
The sticks holding the CaWO4 crystal are
also made out of the same material. They
are constucted both in real life and in sim-
ulation in the shape of a hemisphere at-
tached to one endcap of a cylinder.

The light detector has the shape of a disc with a radius of 20 mm and a height of 0.5 mm.
The light detector is constructed in simulation from sapphire (i.e. Al2O3) even though in
reality, it is made up from silicon-on-sapphire because since the silicon layer is too thin,
we neglected it in a first approximation.

Scintillating foils7 cover the crystal and the light detector with the exception of the
holes cut for the CaWO4 sticks to be able to penetrate. As we do not know the exact
composition of the scintillating foil used in CRESST, our literature search showed that we
could approximate the foil used in reality as Mylar, with a chemical composition C10H8O4.

There is a plastic ring which holds the scintillating foil around the light detector imple-
mented as an empty cylinder with open endcaps. It is made out of the plastic scintillator
BC408 and it has a chemical composition of C10H11. The reason why this material was
used is to have a fully scintillating surface around the crystal.

In addition, three bronze clamps are used to hold the light detector. Bronze has a
material composition of 6 % Sn and 94 % Cu.

Finally, the holders keeping all these aforementioned parts in place and make it into a
detector module are made out of Cu. The dominating mass of the detector module comes

7Due to geometrical restrictions, the implemented scintillating foil is made up of four different parts in
the simulation, whereas in reality, a foil with a complicated shape is used.
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from these Cu holders (see table 4.1). The copper holder part ”Stäbchenring”, which can
be seen in fig. 4.5, will have a specific importance in section 4.4.3.

We simplify the implemented geometry in three instances with respect to the real de-
tector:

• One of them is that the screws used in connecting the copper parts with each other
are not implemented as these screws fit the holes drilled for them perfectly. Hence,
the copper holders are implemented without any holes for screws.

• Another exception is that TESs made out of tungsten are not implemented in the
simulations as these pieces would not affect the results since they are pretty small
(O(10 mm3)).

The implemented volumes and the corresponding materials used for the simulation are
listed in table 4.1. For the isotope composition of the materials, we assume a natural
abundance as implemented in Geant4.

4.3. Detector Response Model

After the Geant4 simulations are finished, one obtains data which includes the energy, po-
sition and time information for each hit in one of the sensitive volumes of the implemented
TUM40 model. However, these results are missing two important factors that should be
included: the detector’s energy and time responses. Only by applying these, a comparabil-
ity between the simulation and the experimental reference data can be obtained. In order
to do this, we post-process the simulated data sets and apply the energy resolution of the
TUM40 target crystal and the time response of the detector. Once the detector response
model is applied to a simulated background spectrum and the spectrum is normalised to
the total number of simulated decays8, we will refer to this as a template for a given decay
spectrum.

4.3.1. Energy Resolution

In order to find a suitable energy resolution at energies9, we re-analysed the reference data
in a four-step process:

1. First, we identify peaks in the energy region of interest.

2. After the peaks are selected, a Gaussian function (eq. (5.8)) or a Gaussian function
with a polynomial (eq. (5.13)) to adapt to a linear background is fitted to each of
these peaks.

3. The variance σ of each analysed peak is plotted with respect to its mean energy E.

4. Finally, a polynomial function is fitted to this plot.

8Therefore, it is the probability density function (PDF) for observing a detector event at a given energy
which originate from the background source under investigation.

9That is the sum of phonon and light energies as described in section 3.4.
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(a)

(b)

Figure 4.5.: Visualisation of the TUM40 detector module as implemented in Geant4: cut-
away views parallel to the X-Z plane fig. 4.5a and parallel to the X-Y plane
fig. 4.5b. Main components are the CaWO4 target crystal (purple box), Cu
holders (brown/orange) and the BC408 plastic ring (red). For the sake of
visibility, the implemented scintillating foil is not visualised.
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Figure 4.6.: Energy resolution function (red) for the low energy reference data used in
the detector response model. The function is retrieved by parametrizing the
variance values of Gaussian fits to known peaks.

For the low energy range E < 495 keV (see section 3.7.1), the obtained σl(E) correlation
is shown in fig. 4.6 and we find:

σl = (0.0741± 0.0002) keV + (2.7± 0.1) · 10−3 · E + (2.2± 0.8) · 10−6 keV−1 · E2 (4.4)

For the medium energy range 511 keV < E ≤ 4000 keV (section 3.7.2), the obtained
σm(E) correlation is shown in fig. 4.7 and we find:

σm = −(1.6± 1.3) keV + (7.5± 3.8) · 10−3 · E
−(4.0± 3.3) · 10−6 keV−1 · E2 + (8.5± 7.6) · 10−10 keV−2 · E3

(4.5)

For the high energy range 4 MeV < E ≤ 7 MeV (section 3.7.3), the obtained σh(E)
correlation is shown in fig. 4.8 and we find:

σh = (0.10± 0.01) keV + (0.0057± 0.0004) · E
−(1.7± 0.2) · 10−6 keV−1 · E2 + (2.3± 0.2) · 10−10 keV−2 · E3

(4.6)

Uncertainties of the energy resolutions are only shown here for illustration; they are not
taken into account when we apply these resolutions in the simulations.

Given the experimentally determined energy resolutions σl, σm and σh, we applied them
to the simulated energy depositions, i.e. hits in Geant4 as follows:

1. The observable energy Eobs of a hit is randomly chosen from a Gaussian distribution
with width σ, which is centered around the deposited energy Edeposited as simulated
by Geant4.
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Figure 4.7.: Energy resolution function (red) for the medium energy reference data used
in the detector response model. The function is retrieved by parametrizing
the variance values of Gaussian fits to known peaks.
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the detector response model. The function is retrieved by parametrizing the
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Figure 4.9.: Simulated energy depositions of 223Ra bulk contamination inside the CaWO4

crystal with (purple, left scale) and without (red, right scale) applied detector
response model.

2. Depending on which energy range we want to compare the simulation with, we
choose the σ accordingly.

An example of the effect of the energy response is shown in fig. 4.9 through the alpha-
decay of 223Ra: with (purple) and without (red) detector response applied. The case of no
detector response model (red) is equivalent to an infinite energy resolution which shows the
alpha-line at its literature value [69]. On the other hand, with the finite energy resolution
of the detector response model (purple), the energy deposition of each alpha-decay is
distributed according to eq. (4.6).

4.3.2. Time Resolution

The other important aspect of the detector response which is needed to be considered is
the time resolution. For the time resolution, a constant value of 2 ms is used for most
of the nuclides. This value corresponds to the minimum time difference for two different
particle pulses to be distinguished from each other. Hence, in the post-processing we sum-
up all Geant4 hits which happen within 2ms with respect to the first hit of a simulated
decay to create one ”experimental event”. If hits happen after 2 ms, e.g. via a delayed
isomeric decay, it will create the next experimental event of 2 ms length and so on.

There are two exceptions for this:

1. For some of the nuclides, an infinite time resolution should be used, i.e. the pre-
viously mentioned time window is of infinite length. Therefore, all Geant4 hits are
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Table 4.1.: Parts of the TUM40 detector module as as implemented in the Geant4 simu-
lation.

Detector Part Material Mass (g) Density (g/cm3)

Phonon Detector CaWO4 246.2 6.01

Sapphire Light Detector Al2O3 2.5 3.99

Copper Parts (20 pieces) Cu 469.2 8.92

Mylar Scintillating Foil (4 pieces) C10H8O4 1.3 1.37

BC408 Plastic Ring C10H11 1.3 1.032

Holder Sticks (9 sticks) CaWO4 2.5 6.01

Bronze Clamps (3 clamps) Sn (6 %), Cu (94 %) 0.4 8.82

summed up to one ”experimental” event. This is a work-around for a technical
problem: to manage short-lived isotopes, the simulation stores the absolute time
stamps of the Geant4 hits as nanoseconds with double precision. If now a decay has
a half-life of more than a couple of thousand years, already the offset of the first
time stamps in nanoseconds exceeds the double precision and comparison operation
produces meaningless results. This is the case for the following nuclides: 238U, 235U,
234U, 232Th, 231Pa, 230Th, 226Ra and 40K. However, this work-around does not affect
the physical results because any of these decays is a prompt one, i.e. all hits happen
on time scale below 1µs. Therefore, the same result is obtained either if the hits are
summed up over a time window of 2 ms or infinite time.

2. The second exception are fast subsequent nuclear decays. Beta-decays of 214Bi and
212Bi along with alpha-decays of 219Rn have a high probability that also their daugh-
ter nuclides decay within the 2 ms started by the decay of its respective parent. How-
ever, in reality this will result in pile-up events observed in [105]. Due to the cuts
described in section 3.7, those events are not included in the experimental reference
data used in this work. Hence, these nuclides are not simulated.

4.4. Simulation of Spectral Templates

The experimental data show that the contaminants differ by where they originate from or
the type of processes they go through (see section 3.6). Hence, we will divide this section
into four parts with respect to the aforementioned differences. First, we will talk about the
internal radiogenic backgrounds (section 4.4.1). Then, we will talk about the processes that
lead to the cosmogenic activation of nuclei inside the CaWO4 crystal (section 4.4.2). Next,
we will talk about the different ways taken in order to simulate external near radiogenic
backgrounds (section 4.4.3). Finally, we will discuss what way is used to simulate external
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distant radiogenic backgrounds (section 4.4.4).

We used a Geant4 code with the implemented geometry and physics list as described
in the previous sections. In macro files, we specified physical features such as atomic and
mass numbers of the decaying nuclide, and where the decaying nuclide should be placed.
Then, we set its initial kinetic energy to zero.

In this work, the surface contaminations are not taken into account, only bulk contam-
inations are considered. This means, the decaying nuclides are placed inside the volume
under investigation. The parts of the TUM40 detector module which were investigated
in this work are the CaWO4 crystal, the crystal holders made of copper and a spherical
copper shell around the detector module which approximate the copper of the cryostat
(see section 4.4.4 for details). Within each of these parts, the placement of nuclides is
done homogeneously throughout the volume.

In addition, the beginning and the end of a decay chain can be arranged using the
macro file. In this case, after the parent decayed to its daughter(s), the decay ends. In
the post-processing, we weigh the template of each decay with its activity and sum them
up to the final background spectrum. This way, one can easily adapt the contamination
levels by changing the activities of individual nuclides. The templates of each simulated
nuclide can be found in appendices A.2 to A.5.

4.4.1. Internal Radiogenic Backgrounds

As it was discussed earlier in section 3.5.7, the main source of contamination comes from
the natural raidoactivity associated with the 238U, 235U and 232Th decay chains. How-
ever, it is important to understand where these contaminants originate from. In order to
understand the source of these backgrounds, the recoil energies of the alpha peaks in the
MeV region, i.e. the high energy reference data set (section 3.7.3), should be compared to
the Q-values of these lines in literature as we will do it in section 5.1. After a one-to-one
check of experimental and literature values, it was understood that all of the lines in this
region deposit nearly the full energy created in the alpha decay. Therefore, the energy
depositions of each decay are contained inside the crystal and the contaminating nuclide
causing these decay should originate from inside the CaWO4 crystal. This is expected
based on the stopping power of alphas as discussed in section 4.1.2.

After the initial alpha decay at the top of the decay chain emits the daughter along
with a 4He nuclide, the daughter decays either through an alpha or a beta decay, and this
process is repeated until the stable nuclide at the end of the decay chain is reached. Hence,
the beta decays originating from the daughter nuclides in these decay chains also deposit
approximately all their energy inside the crystal, making them internal contaminants.
The characteristic difference in the decay spectrum between an internal and an external
beta-decay will be discussed in section 4.4.3 and section 4.4.4.

The alpha-decaying nuclides considered in this work are the same as identified in the
previous work [105]. However, the difference between [105] and this work is that all of
the internal beta-decaying nuclides are included in this work whereas only fourteen of
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Figure 4.10.: Simulated template of 234Th decaying inside the CaWO4 crystal without
applied detector response model. It shows several spectral features such as
beta-spectra, gamma-lines and a pile-up of both. For a detailed description,
see section 4.4.1.

these nuclides are used in [105] as discussed in section 3.6. This way, a wider range of
decays are included to construct the background model. Detailed information regarding
the simulated nuclides and their activities are given in tables 5.1 to 5.3.

In order to implement the internal radiogenic decays in the Geant4 simulation code, the
placement of the nuclides is constrained to the CaWO4 crystal, since these are internal
contaminants. No particular part of the crystal is favoured so the placement of nuclides
is homogeneous throughout the crystal. We simulate each step (X→ Y) in the decay
chain individually, i.e. we place nuclide X in the crystal and stop the simulation after
the decay to nuclide Y. Then, we place nuclide Y in the crystal, let it decay and so on.
The advantage of this approach compared to the simulation of the complete decay chain
is that we can easily change the activity of a specific nuclide by rescaling just one decay
spectrum. A potential disadvantage, the difficulties to simulate pile-up of fast subsequent
decays, is of no concern because such events are excluded from the experimental reference
data (section 4.3.2).

As an example of an internal beta-decay, the simulated template of 234Th can be seen
in fig. 4.10. This nuclide (Q-value of (274± 3) keV [69]), decays in ∼ 14 % of the cases to
the 166.30 keV-level of 234Pa and in ∼ 6.4 % of the cases to the nearby 166.72 keV-level
[69]. Both of these energy levels decay via gamma-emission to the isomeric 73.92 keV-state
234mPa with a half-life of 1.159 minutes [69]. In ∼ 78 % of the cases 234Th makes a direct
beta-decay to 234mPa. The latter case is seen as a beta-spectrum between 0 and 200.08
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Figure 4.11.: Simulated distribution of N=5 · 105 EC decays of 179Ta in the Ekin vs Edep
plane, where Ekin is the kinetic energy of the recoiling daughter nucleus
179Hf and Edep is the deposited energy. Clearly visible are distinct band
corresponding to EC from the K-, L- and M- shells.

keV (= 274 keV - 73.92 keV) in fig. 4.10. The former case, which is the beta-decay with
subsequent gamma-emission, results in a pile-up due to the slow response of the cryogenic
detector: this results in an “edge-like” feature starting at the energy of the gamma-lines
(166.72 keV - 73.92 keV = 92.8 keV, 166.30 keV - 73.92 keV = 92.38 keV) going up
until 200.08 keV. The isomeric state decays in 0.16 % of the cases to the ground state of
234Pa, resulting in a gamma-line at 73.92 keV. In the remaining 99.84 % of the cases, the
isomeric state undergoes a beta-decay to the ground state of 234U (2194 keV10 + 73.92
keV = 2267.92 keV). Again, due to the slow detector response, both decay channels of
234mPa gives rise to another event in the detector. Both of them are seen in fig. 4.10 either
as a sharp line at 73.92 keV or as a continuous beta-spectrum up to 2267.92 keV. A more
detailed discussion of the difference between internal and external contaminations is given
in section 4.4.3.

Spectra of internal radiogenic decays simulated for all the nuclides used in this work
can be found in appendix A.2. How the results of these individual decays are combined is
explained in the next chapter (section 5.1).

4.4.2. Internal Cosmogenic Backgrounds

As discussed in section 3.5.3, we expect 3H, 179Ta and 181W as cosmogenically activated
radionuclides in CaWO4. In order to add this component to the background model,
these nuclides are placed homogeneously inside the CaWO4 crystal, similar to the internal

10The Q-value of the beta-decay of 234Pa to 234U is (2194 ± 4) keV [69].
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Figure 4.12.: Simulated energy deposition in CaWO4 caused by EC of 179Ta separated
according to the involved atomic shells. The inset shows a zoom to the
EC-peaks for the M- and L-shells.

radiogenic backgrounds of the previous section. The resulting spectra can be seen in
appendix A.3.

When a comparison was made between the experimental reference data and the simu-
lated template, it was found that the branching ratio for EC from the different shells of
179Ta, e.g. K-, L1-, L2-, M2-shell, does not obviously correspond to the amplitude ratio
of the K-, L1-, L2-, M2- peaks in the experimental reference data. This problem was also
encountered in [105]. At this stage, we can only speculate about the reasons: it may be an
experimental issue, e.g. an overlap of the 179Ta peaks with other background components,
or it may point to an uncertainty in the branching ratios used by Geant4. Regardless of
the reason, the practical problem is that we cannot fit the simulated spectrum with fixed
branching ratios to the experimental data: if we would match the peak corresponding to
one shell, the height of the other peaks from the simulation will not fit to the ones from
experimental data. To solve this problem, we have to find a way to decompose the simu-
lated spectrum into individual spectra, one for each decay branch, e.g. EC from K-shell,
L1-shell, etc. Unfortunately, Geant4 does not provide the information to the user from
which shell an EC has occured. To reconstruct the involved shell for each EC, the kinetic
energy of the daughter nuclide 179Hf is plotted with respect to the total energy deposited
by this decay, see fig. 4.11. Based on this, we were able to decompose the simulated spec-
trum of the total EC decay of 179Ta into the individual shells that make it up as can be
seen in fig. 4.12. Each colour correspond to a decay of this nuclide through a different
shell. With templates for each involved shell, it is now possible to fit each corresponding
peak independently.
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Figure 4.13.: Simulated energy deposition in CaWO4 for an internal decay of 234Th (red),
i.e. placed inside the CaWO4 crystal, and an external decay of 234Th (pur-
ple), i.e. placed inside a spherical Cu shell around the crystal. In the external
case, betas emitted via 234Th → 234mPa, 234mPa → 234U (BR = 99.84 %),
and 234Pa→ 234U are strongly attenuated. On the contrary, a gamma emis-
sion from 234Th is visible in both cases.

We note that the full absorption peaks for the EC from the L1-, L2- shells are overlapping
with X-ray escape peaks of the EC from K-shell. This may contribute to the above
mentioned apparent deviation of the branching ratios from literature.

Spectra of internal cosmogenic decays simulated for all the nuclides used in this work
can be found in appendix A.3. How the results of these individual decays are combined is
explained in the next chapter (section 5.2).

4.4.3. External Near Radiogenic Backgrounds

In addition to the internal contamination of the CaWO4 crystal in TUM40, there are
additional contributions coming from external sources. The distinction between an internal
and an external source in case of a combined beta-/gamma-decay comes from the fact that
betas mostly are not energetic enough to pass through the scintillating foils and copper
holders around the CaWO4 crystal to be able to deposit energy inside the crystal. On the
other hand, gamma rays can penetrate through these parts of the detector module and
can be seen in the experimental data.

Therefore, the way the gamma lines are observed in the data from internal and external
contaminants is different from each other: considering the poor time resolution of the
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detector (see section 4.3.2), an internal beta-/gamma-decay is the pile-up of a gamma-peak
and a beta spectrum, whereas from an external beta-/gamma-decay only the gamma-peak
is visible. An example of this can be seen in fig. 4.13. Here, the energy deposited in the
CaWO4 crystal as a result of beta-/gamma-decay of an internal (red, cf. also fig. 4.10)
and an external (purple) 234Th nucleus is shown. In both cases, the features at 92.38 keV
belong to the same gamma emissions.

In the internal case, since some percentage of the beta decays occur with the emission
of a gamma ray, an edge occurs at the energy of the gamma ray, on top of the continuous
beta spectrum. Figure 4.13 contains two different decay modes of this nuclide: a pure
beta decay with a Q-value of (274± 3) keV and a beta decay associated with the emission
of a gamma ray, also with the same Q-value.

For the external case, since most of the beta particles cannot penetrate through the cop-
per holders and the scintillating foil, their energy deposition inside the crystal is relatively
low. This leads to a sharp, prominent gamma peak.

Based on this reasoning, the previous study [105] identified ten gamma lines belonging
to a total of eight radionuclides (see table 5.6), which had to be originating from outside
the CaWO4 crystal. Even though it is known that there are radioactive contaminants
outside the crystal, it is not known exactly where they originate from. Considering the
experimental setup including the mass of each part, the most likely candidates of contam-
inated parts include the copper holders of the TUM40 module and copper parts of the
cryostat. The holders are the Cu parts which are closest to the crystal, only separated by
the scintillating foil. Betas originating in these parts may have the highest probability of
all external betas to be seen by the crystal. Therefore, we study this external near radio-
genic backgrounds separately in this section. The external distant radiogenic backgrounds
originating from the more distant Cu parts of the cryostat, which are shielded by the parts
of the copper holders, are the topic of the next section.

We investigate the external near radiogenic backgrounds under two approaches: as
secondaries produced in the near Cu parts which acts as targets and as primaries from
contaminants in the near Cu parts.

Approach 1: Secondaries produced in near Cu

Similar to the work in [105] (see the description in section 3.6), gamma rays with energies
identified in the experimental data (see table 5.6) are shot towards the detector module
and the energy depositions are collected. However, here the full TUM40 geometry (see
fig. 4.5) built for this work is used, i.e. the inpinging gamma rays are attenuated by the
different parts of the detector module before they hit the CaWO4 crystal.

As an example, a gamma ray with 2614.0 keV, e.g. originating from an external 208Tl
decay, is chosen for comparing this work with [105]. In both works, gamma rays with
initial energies of 2614.0 keV are shot from the inner surface of an imaginary spherical
shell around the CaWO4 crystal to its center. We chose the 2614.0 keV line as an example
because it is the most prominent part of the experimental spectrum that can be clearly
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identified. We will only analyse the energy deposition in the CaWO4 crystal but we note
that external background can deposit energy also in other active parts of the detector
module such as the light detector, the scintillating CaWO4 sticks or scintillating foils.
In order to compare our work with the findings of [105], we rerun the above described
simulation also with the geometry used in [105], i.e. a bare CaWO4 crystal. Figure 4.15
shows the energy deposition in the CaWO4 crystal for both geometries after the events
under the photopeak at 2614.0 keV are normalised to 1 in both cases.

Photopeaks indicate that the gamma rays entering the CaWO4 crystal deposit all of
their energies, which means they are completely absorbed. The smaller peaks on the left
of the photopeaks show the X-ray escape lines, i.e. partial energy depositions caused by
X-ray fluorescence originating from the W nucleus which escaped the CaWO4 crystal.

Also in both geometries, we see clearly peaks at 2103 keV and 1592 keV, i.e. the single
and double electron escape peaks, respectively (see section 4.1.3).

Three different phenomena occur only in the geometry including the detector holders
(black in fig. 4.15). The first one is the 511 keV peak from electron/positron annihilations
in the copper. When an incoming gamma ray hits a copper holder, it can produce an
electron/positron pair. When the positron from this pair annihilates with an electron, it
emits two gamma rays, energies of each that is equal to the rest mass of the electron. This
phenomenon gives a peak at 511 keV if one these gamma rays enters the crystal and is
completely absorbed. There is no peak at 1022 keV since in order to preserve momentum,
the gamma rays should travel in exactly opposite directions.

The second phenomena occur when a gamma ray hits a copper holder, X-rays are
emitted and then they enter the crystal, depositing all of their energy. This is called
copper fluorescence and the peak related to it can be seen at 8.04 keV. Especially, the 8.04
keV fluorescence line of Cu is well within the ROI of CRESST and, therefore, highlight
the importance of a detailed geometry for the simulation of external backgrounds.

The third phenomena involves knock-off electrons (e.g. delta rays, see section 4.1.3).
This phenomena can be probably seen in fig. 4.15 at energies of around O(100 keV) for the
simulation which includes the full detector geometry whereas the same feature is absent
for the simulation which includes only the CaWO4 crystal.

Approach 2: Primary background radiation from the near Cu

The previous approach only considers the influence of the module parts as attenuators and
targets for more distant gamma rays. Here, we study also the Cu of the detector holders
as source for beta-/gamma-background. To do so, we place all the beta emitters, as well
as some alpha emitters with associated beta-decays, from the three natural decay chains
inside the copper holders.

Since there are various copper parts making up TUM40, as a first trial, one of the
nuclides, 234Th, is simulated in sufficient amounts in each copper part to see if there is
a position dependency. We chose 234Th as an example because it is one of the most
prominent contaminants according to [105]. As can be seen in fig. 4.16, there is nearly
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(a) (b)

Figure 4.14.: Visualisation of gamma rays (green) are started on a sphere around (a) the
bare, cuboid CaWO4 crystal and (b) TUM40 detector module, and sent
inwards. The red points show the energy depositions caused by hits of the
gamma rays.

Figure 4.15.: Simulated energy deposition in CaWO4 caused by 2614.0 keV gamma rays
from 208Tl for a bare CaWO4 crystal (red) and a CaWO4 crystal inside the
TUM40 detector module (black). Both data sets were normalized to the
integrals of the photopeaks. The inset shows a zoom to the Cu fluorescence
line at 8.04 keV.
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Figure 4.16.: Simulated energy depositions in the CaWO4 crystal caused by 234Th decays
in different parts of the crystal holder made out of Cu. Each individual
histogram is normalised to the number of decays.

no spectral difference between different copper parts but only a difference in the absolute
rate. This occurs due to how far the different parts are to the crystal and how much
copper is between them and the crystal. The holder part which contributes most to the
background budget is “Stäbchenring” (cf. fig. 4.5a), probably because it is close to the
crystal and it surrounds it. Hence, the statistics of the amount of hits coming from this
part is expected to be higher than the other parts. Because simulating each nuclide for
each of the copper parts is too time consuming given the limited amount of time for
this work, we make the following approximation: we simulated all three decay chains but
only for Stäbchenring. However, as it will be explained in section 5.3.1, we scaled the
obtained background spectra to the mass of all holder parts. As Stäbchenring has the
highest background contribution, this approximation may overestimate the contribution
of the external near radiogenic background. However, as it will be shown in section 6.2,
this background is only a minor component to the overall background budget.

Spectra of near external radiogenic decays simulated for all the nuclides used in this work
can be found in appendix A.4. How the results of these individual decays are combined is
explained in the next chapter (section 5.3).

4.4.4. External Distant Radiogenic Backgrounds

In addition to the copper holder of TUM40, it is known that also the copper structure
of the cryostat has radioactive contamination. However, the implementation of the full
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Figure 4.17.: A visualisation of the spherical shell made out of copper around the TUM40
detector module.

91



4. Radioactive Background Simulations

Figure 4.18.: Energy deposition inside the CaWO4 crystal caused by 234Th inside one of
the copper holder parts (black) and in the copper spherical shell around the
TUM40 detector module (red).

experimental setup is not included in the scope of this work. In order to approximate the
copper structure, a simple model is developed: A copper spherical shell with a thickness
of 1 mm is created around the TUM40 detector module as shown in fig. 4.17. The nuclides
emitting the gamma lines identified in [105] (see also table 5.6) are placed inside this
spherical shell and the energy depositions of the decay products of these nuclides in the
CaWO4 crystal are collected.

Figure 4.19.: Attenuation of gamma rays in
Cu.

An important consistency check is
whether the simulations of the (near) cop-
per holders and the (distant, i.e. outside
the copper holders) copper shell give the
same result or not. In order to test this,
a comparison of templates of the same nu-
clide simulated in the holders and the cop-
per shell are drawn with respect to each
other in fig. 4.18. The energy spectra be-
long to the beta-/gamma-decay of 234Th.
In this comparison, we find two slight dif-
ferences between the relative heights of
some of the peaks in the energies below 100
keV.

The height ratio of ∼ 33.1 keV peak to
the peak at 92.38 keV is ∼ 0.15 in the cop-
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Figure 4.20.: Simulated decay of 234Th inside the copper sphere without applied detector
response model.

per holder (black in fig. 4.18), whereas for the same peaks in the copper shell template (red
in fig. 4.18) it is ∼ 0.08. This can be explained by the attenuation of the decay products
from the Cu shell by the full Cu holders, whereas decay products originating inside the Cu
holder do not see the full Cu holder as attenuator. As expected, the free path length in Cu
decreases with falling gamma energy (see fig. 4.19). Hence, the effect is more pronounced
at lower energies.

On the contrary, the ratio of the copper fluorescence line at 8.04 keV to the 92.38
keV peak is higher in the copper shell (red in fig. 4.18) compared to the copper holder
(black in fig. 4.18), with ratios ∼ 0.18 and ∼ 0.07, respectively. The reason for this is
similar: as more particles have to go through more copper material, the amount of copper
fluorescence emissions increase. For energies higher than 70 keV, the templates match
except for the scale because of the amount of particles that can deposit energy inside the
crystal is dramatically lower for the copper shell relative to the copper holder.

An example of a template for a distant external beta-decay of 234Th can be seen in
fig. 4.20. In this figure, the peaks showing up at various energies along the spectrum
correspond to gamma emissions. The continuous part of the spectrum corresponds to
a Compton continuum. Spectra of distant external radiogenic decays simulated for all
the nuclides used in this work can be found in appendix A.5. How the results of these
individual decays are combined is explained in the next chapter (section 5.4).
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In this chapter, detailed information about how the templates are scaled to the activities
calculated from the experimental reference data will be given. Finally, the complete scaled
templates will be combined to the total background spectra for internal radiogenic, internal
cosmogenic and external radiogenic backgrounds.

5.1. Internal Radiogenic Backgrounds

As outlined earlier, internal radiogenic contamination contributes to the background in
the ROI mainly via beta-/ gamma-decays. To stay uncorrelated, we will normalize these
background to sideband-measurements, i.e. measurements at energies outside the ROI.
This will be done in three steps: First, we show how we can use alpha-decays at the MeV-
range as sidebands under the assumption of secular equilibrium (section 5.1.1). Second,
we will determine the alpha-activities from the experimental reference data (section 5.1.2).
Finally, we will calculate the corresponding beta-/gamma-activities and scale the simulated
background templates accordingly (section 5.1.3).

5.1.1. Normalisation via Sideband Measurements

For its dark matter analysis, CRESST focuses on the energy regime below 40 keV. At
these energies, a great fraction of the observed background is part of continuous beta
spectra or Compton continua caused by discrete gamma lines. Because the identification
and disentanglement of contamination via their continuous and partial overlapping beta
or Compton spectra is hard, these spetra will be connected to clear peaks at higher en-
ergies. With this in mind, an analysis is performed in the MeV energy range of 4-7 MeV
[105]. Peaks corresponding to contamination by background sources are clearly visible
in this energy range. A comparison of the mean energies of these peaks with Q-values
of radioactive decays [69] shows that these peaks are caused by alpha decays related to
the natural decay chains of 238U, 235U and 232Th. Therefore, it is important to identify
these alpha peaks for understanding the background in the low energies. The connection
between the MeV-range alpha peaks and keV-range beta and gamma radiation is made
via the phenomenon known as secular equilibrium [79].

Secular equilibrium is a state of equilibrium between parent and daughter nuclides.
There are two criteria that secular equilibrium depends on: the parent nuclide should be
long-lived and the daughter nuclide should have a relatively short half-life. In order to
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decide if two nuclides are in equilibrium, the first step is to solve the radioactive decay
equation [79]:

−dNA

NA
= λA dt (5.1)

where NA is the number of atoms of species A present, dt is the small time interval where
−dNA number of decays are expected to occur. The decay constant λ of the nuclide in
question is defined as

λ =
ln2

t1/2
(5.2)

where t1/2 is the half-life of the nuclide.

The solution to eq. (5.1) goes as follows:

N(t) = N0 e−λ t (5.3)

Here, N0 shows the number of atoms before the decay started and N(t) shows the number
of atoms left after time t.

Equation (5.1) deals with the decay of a parent nuclide A which ends at its daughter
B. However, if one wants to calculate the consecutive decay of the daughter nuclide, then
the following equation should be used [79]:

dNb

dt
= −λB NB + λA NA0 e−λA t (5.4)

and the solution of this equation is

NB =
NA0 λA

λA − λB
· (e−λA t − e−λB t) +NB0 ee−λB t

(5.5)

where NB is the number of atoms of species B.

In this work, we assume that parent and daughter are in equilibrium, if their activities
are closer to each other than 1 % after the 460 days [90] between the crystal growth and
the arrival at LNGS passed:

NA −NB

NA
< 1 % (5.6)

We add a second requirement for the secular equilibrium: the initial amount of the daugh-
ter, the second summand in eq. (5.5) NB0 ee−λB t

, should be negligible. We assume that
this is the case if the initial amount declined to 10 % during the above mentioned 460
days. Using eq. (5.3), this results in

N(460 days) ≤ 0.1N0 (5.7a)

λB ≤
ln(10)

460 days
(5.7b)

Using eq. (5.6) and eq. (5.7), we have established a definition for secular equilibrium in
our work. If it is fulfilled, after certain time has passed, the activities of the daughter
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Figure 5.1.: Alpha lines in the energy range between 4 and 7 MeV from the TUM40 train-
ing data-set. Figure taken from [105].

nuclide will be equal to that of its parent nuclide. In the event that these conditions are
not fulfilled, the result is a broken equilibrium. This means that, a connection between
the activities of the parent and the daughter cannot be established. The activities of both
should be independently determined.

With this method, one can break down the decay chains into pieces which are in equi-
librium. These partitions for each decay chain in question can be found in tables 5.1
to 5.3. The methodology of how the activities of the alpha peaks are determined and how
the activities of the subsequent beta and gamma emitters, which are in equilibrium, are
calculated will be the subject of the next sections.

5.1.2. Determination of Alpha Activities

For determining the activity AX of a given alpha-decaying nuclide X, the high energy
reference data set (see section 3.7.3) is used as reference data. After identifying the
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Table 5.1.: An overview of the nuclides of the 238U decay chain. Decay modes, branching
ratios, half-lives and activities are included. Nuclides presented in the same
colour are in secular equilibrium. Activities of each nuclide are given with
systematical errors as deduced in this work.

Parent Mode B.R. (%) Half-Life Activity (µBq/kg)

238U α 100 (4.468± 0.006) · 109 y 1073.2± 15.4

234Th β− 100 (24.10± 0.03) d 1073.2± 15.4

234Pa β− 100 (6.70± 0.05) h 1073.2± 15.4

234U α 100 (2.455± 0.006) · 105 y 1085.5± 16.5

230Th α 100 (7.54± 0.03) · 104 y 51.2± 4.4

226Ra α 100 (1600± 7) y 66.1± 5.0

222Rn α 100 (3.8235± 0.0003) d 66.1± 5.0

218Po α 99.98 (3.098± 0.012) m 66.1± 5.0

214Pb β− 100 (27.06± 0.07) m 66.1± 5.0

218At α 35.94 (1.5± 0.3) s 0.013± 0.001

214Bi α/β− 99.98 (19.9± 0.4) m 66.1± 5.0

210Tl β− 0.021 (1.30± 0.03) m 0.014± 0.001

214Po α 99.979 (164.3± 2.0) µs 66.1± 5.0

210Pb α/β− 100 (22.20± 0.22) y 33.1± 2.8

206Hg β− 1.9× 10−8 (8.32± 0.07) m (62.8± 5.3)× 10−6

210Bi α/β− 100 (5.012± 0.005) d 33.1± 2.8

206Tl β− 1.339× 10−6 (4.202± 0.011) m 0.0044± 0.0003

210Po α 100 (138.376± 0.002) d 33.1± 2.8
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Table 5.2.: An overview of the nuclides of the 235U decay chain. Decay modes, branching
ratios, half-lives and activities are included. Nuclides presented in the same
colour are in secular equilibrium. Activities of each nuclide are given with
systematical errors as deduced in this work.

Parent Mode B.R. (%) Half-Life Activity (µBq/kg)

235U α 100 (7.04± 0.01) · 108 y 45.5± 3.2

231Th β− 100 (25.52± 0.01) h 45.5± 3.2

231Pa α 100 (3.276± 0.011) · 104 y 45.0± 3.1

227Ac α/β− 100 (21.772± 0.003) y 143.7± 8.6

223Fr α/β− 1.38 (22.00± 0.07) m 2.0± 0.1

227Th α 98.62 (18.697± 0.007) d 141.7± 8.5

223Ra α 99.9999 (11.43± 0.05) d 134.8± 5.6

219At α/β− 8.28× 10−7 (56± 3) s (11.9± 0.7)× 10−5

215Bi β− 7.75× 10−7 (7.6± 0.2) m (11.1± 0.7)× 10−5

219Rn α 99.9999 (3.96± 0.01) s 134.8± 5.6

215Po α/β− 100 (1.781± 0.005) ms 134.8± 5.6

211Pb β− 99.9998 (36.1± 0.2) m 134.8± 5.6

215At α 2.3× 10−6 (0.10± 0.02) ms 0.031± 0.001

211Bi α/β− 100 (2.14± 0.02) m 147.1± 5.5

207Tl β− 99.724 (4.77± 0.03) m 146.7± 5.5

211Po α 0.276 (0.516± 0.003) s 0.41± 0.02
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Table 5.3.: An overview of the nuclides of the 232Th decay chain. Decay modes, branching
ratios, half-lives and activities are included. Nuclides presented in the same
colour are in secular equilibrium. Activities of each nuclide are given with
systematical errors as deduced in this work.

Parent Mode B.R. (%) Half-Life Activity (µBq/kg)

232Th α 100 (1.40± 0.01) · 1010 y 10.9± 1.5

228Ra β− 100 (5.75± 0.03) y 10.9± 1.5

228Ac β− 100 (6.15± 0.02) h 10.9± 1.5

228Th α 100 (1.9116± 0.0016) y 25.4± 3.4

224Ra α 100 (3.6319± 0.0023) d 31.1± 2.8

220Rn α 100 (55.6± 0.1) s 13.2± 1.8

216Po α 100 (0.145± 0.002) s 13.2± 1.8

212Pb β− 100 (10.64± 0.01) h 13.2± 1.8

212Bi α/β− 100 (60.55± 0.06) m 13.2± 1.8

208Tl β− 35.94 (3.053± 0.004) m 4.7± 0.7

212Po α 64.06 (0.299± 0.002) µs 8.4± 1.2
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characteristic alpha lines (the same as in [105], fig. 5.1), the corresponding event number
is determined via a Gaussian fit. A Gaussian function is defined as:

g(x) = A · e−
1
2

(x−E
σ

)2 (5.8)

g(x) represents a bell shaped curve where A is the amplitude of the curve, E stands for
the mean energy and σ is the variance of the curve. The latter corresponds to the energy
resolution of the measurement at the given energy E. In this fit, E, A and σ are free
parameters. The mean value of the peak E is initialised with the literature value [69] of
the alpha decay in question. The total amount of observed counts NX, obs associated to
the alpha line X is obtained by integrating the fitted Gaussian:

NX, obs =

∫ ∞
−∞

g(x) · dx =
√

2π Aσ (5.9a)

δNX, obs =
√

(2π(δ2
A · σ2 +A2 · δ2

σ) (5.9b)

We calculated the absolute systematical errors (δNX, obs) by using error propagation of the
errors δA and δσ obtained from the fit. We assume that the data are not affected by system-
atic uncertainties.

Figure 5.2.: Experimental data (black) and
scaled simulated template (red)
for the alpha peak corresponding
to 238U.

However, there are two instances in
which a simple Gaussian fit cannot be re-
solved: Two alpha peaks overlap with each
other due to the limited detector resolution
and give a relatively wider sum-peak. The
nuclides in question are 234U/226Ra and
218Po/227Th. Attempts to fit them with
the sum of two Gaussians do not converge.
However, 226Ra and 218Po are in secular
equilibrium with 230Th and 222Rn, respec-
tively. Hence, we perform Gaussian fits
to the 234U/226Ra and 218Po/227Th sum-
peaks in the experimental data. When the
number of events established from the sec-
ular equilibrium is subtracted from the in-
tegrated sum of the fit to the experimental
sum-peak, the number of events for 234U
and 227Th nuclides are found. To cross-
check the obtained values for NX, obs, simu-
lated templates for the alpha decaying nu-
clide X (see appendix A.2) are scaled ac-
cordingly, and after applying the detector response model (section 4.3), compared to the
experimental data.

Figure 5.2 shows the comparison between the scaled template and the experimental
data for 238U. In this comparison, it is clear that the developed detector response model

101



5. Electromagnetic Background Spectra

overestimate the peak width at these high energies. Because NX, obs is by construction the
same between the simulation and the reference data, an overestimation of the simulated
peak-width results is an underestimation of the amplitude. However, as fig. 5.3 serves
only as a qualitative cross-check, these shortcoming of the detector response model at this
energy range is not critial and does not affect the obtained alpha activities. Keeping this
in mind, fig. 5.3 shows that the selected alpha-decaying nuclides describe the observed
peak structure well.

Finally, the corresponding alpha activity AX is calculated from the observed number of
events NX, obs as:

AX =
NX, obs

εh · (T ·M)h
(5.10a)

δAX =
δNX, obs

εh · (T ·M)h
(5.10b)

where (T ·M)h stands for the exposure of 129.912 kg · days and εh = 86.5 % is the signal
survival probability associated with the high energy reference data; see section 3.7.3. The
resulting values are listed in Table table 5.4.

When the combination of templates is compared with the high energy experimental
data as shown in fig. 5.3, the result shows that (96.7 ± 2.7) % of the data in this range
(4-7 MeV) is identified. The errors of this percentage includes both statistical (

√
N of

simulated events N) and systematical (calculated using eq. (5.9b)) contributions.

5.1.3. Scaling of β/γ Templates

After calculating the alpha activities from the reference data, the next step is to obtain
the activities of beta-decaying nuclides that are in secular equilibrium with their alpha-
decaying parents as discussed in section 5.1.1. The partitioning of the decay chains in
elements of piece-wise secular equilibrium and, hence, which daughters (Y) are in equilib-
rium with their parents (X) can be seen in tables 5.1 to 5.3.

The predicted number of observable events NY, pred (β) of the beta-decaying nuclides Y
is calculated as follows:

NY, pred (β) = AX, obs · (ε · (T ·M))l ·B.R.X→Y (5.11a)

δNY, pred (β)
= δAX, obs · (ε · (T ·M))l ·B.R.X→Y (5.11b)

where B.R.X→Y stand for the cumulative branching ratio between the parent X and the
daughter Y .

In this work, the beta-/gamma-background within the ROI is the main focus and it
lies within the same energy range which is covered by the low energy reference data.
To correctly calculate the number of predicted background events NY, pred (β) within this
energy range, one has to account for the exposure of the low energy spectrum (T ·M)l =

102



5.1. Internal Radiogenic Backgrounds

Table 5.4.: Gaussian fit values (mean E, amplitude A and variance σ) of the alpha lines
observed in the high energy reference data of TUM40. The number of observed
events (Nα,obs) and the corresponding activities (Aα) are calculated from the
integral of the fit. The statistical uncertainties for Nα,obs and Aα are calculated
using the fit values as described in the text.

Nuclide E (keV) A (#) σ (keV) Nα,obs (#) Aα (µBq/kg)

232Th 4081.6± 0.9 4.9± 0.6 8.7± 0.6 106.1± 14.7 10.9± 1.5

238U 4270.42± 0.09 426.7± 5.2 9.74± 0.07 10417.4± 149.2 1073.2± 15.4

235U 4670.3± 0.7 12.8± 0.8 13.8± 0.5 441.5± 30.6 45.5± 3.2

230Th 4767.1± 1.0 11.3± 0.7 17.55± 1.03 496.8± 42.5 51.2± 4.4

234U − − − − 1085.5± 16.5a

226Ra − − − − 66.1± 5.0a

231Pa 5141.6± 0.7 11.7± 0.7 14.8± 0.5 436.1± 30.3 45.0± 3.1

210Po 5402.7± 1.1 6.7± 0.5 19.0± 0.9 321.4± 26.8 33.1± 2.8

228Th 5520.6± 1.9 5.1± 0.5 19.3± 2.0 246.6± 33.3 25.4± 3.4

222Rn 5590.5± 0.9 14.2± 0.8 18.0± 1.0 642.0± 48.5 66.1± 5.0

224Ra 5789.9± 1.8 4.2± 0.3 29.0± 1.5 301.8± 27.3 31.1± 2.8

223Ra 5970.1± 0.6 24.6± 0.9 21.2± 0.5 1308.5± 54.7 134.8± 5.6

218Po − − − − 66.1± 5.0a

227Th − − − − 141.7± 8.5a

220Rn 6407.7± 2.4 2.02± 0.23 25.3± 2.0 127.9± 17.6 13.2± 1.8

211Bi 6751.1± 0.5 30.05± 0.97 19.0± 0.4 1428.1± 53.5 147.1± 5.5

a The peaks 234U/226Ra and 218Po/227Th coincide with each other and form sum peaks.
Activity of one of the two alpha-lines per peak is obtained via secular equilibrium. The
activity of the other alpha-line is calculated by subtracting the activity of the line deduced
via secular equilibrium from the activity of the whole peak.
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129.912 kg · days (see section 3.7.1) and the bin-wise-calculated signal survival probability
εl shown in fig. 3.10a.

After scaling the simulated templates to the obtained NY, pred (β), fig. 5.4 shows the
final sum of all beta-decaying nuclides. The associated error bars follow from Equation
eq. (5.11b).

To calculate the activities corresponding to NY, pred (β) and the associated systematical
errors, the following equations should be used:

AY, pred (β) =
NY, pred (β)

εl · (T ·M)l
(5.12a)

δAY, pred (β)
=

δNY, pred (β)

εl · (T ·M)l
(5.12b)

Comparing with NY, pred (β) from eq. (5.11a), one sees that the activity AY, pred (β) is inde-
pendent from the exposure and the signal survival probability of the low energy reference
data. Via section 5.1.2 and eq. (5.11), it only depends on the exposure and the signal
survival probability of the high energy reference data. The obtained values are listed in
tables 5.1 to 5.3.

5.2. Internal Cosmogenic Backgrounds

Internal cosmogenic contaminants contribute to the background in the ROI via X-ray
emissions resulting from EC in the case of 179Ta or via beta-decay in the case of 3H. The
latter is produced from cosmogenic activation of 183W, together with 181W, which we will
use as a proxy for the 3H contamination. Obtaining the contamination quantitatively
and scaling for each nuclide needs to be performed in three steps. First, we will fit the
peak corresponding to 181W and scale the resulting activity (section 5.2.1). Since the
production of 3H occurs in connection with 181W, the resulting activity of the latter will
be used to scale the former (section 5.2.2). Finally, the activity of 179Ta will be calculated
through fitting the associated X-ray lines in the experimental data (section 5.2.3). After
scaling the simulated templates, fig. 5.5 shows the final sum of all cosmogenically activated
nuclides. The agreement between the data and the total simulation will be discussed in
section 6.1.

5.2.1. Determination of 181W Activity

A similar approach as used for determining the alpha activities (section 5.1.2) will be
performed to obtain the numbers for 181W decays. To avoid an overlap of the charateristic
peak under investigation by peaks of similar energy from other nuclides, we subtract all
the background templates described in section 5.1.3, section 5.3.2 and section 5.4.2 from
the reference data before we perform the fit.

However, different from the alpha lines, the fit function will have an additional term.
The reason for this is that, unlike the clear alpha lines in the high energy reference data, a
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Compton continuum constitutes a linear background in the low energy reference data. In
order to account for the linear background, a Gaussian function and a linear background
is used:

h(x) = (a+ b · x) +A · e−
1
2

(x−E
σ

)2 (5.13)

where a and b are the amplitude and the slope of the linear background component,
respectively, and the second summand is the Gaussian function (eq. (5.8)). Using a first
order polynomial in the first part of the fit function account for the effect of the linear
background of the low energy reference data. This way, the Gaussian part contains only
the events under the X-ray peak.

To calculate the corresponding event number, h(x) is fitted with free floating a and b
values as well as free floating mean energy E, amplitude A and resolution σ. The mean
value of the peak E is initialised with the literature value [69] of the EC and associated
gamma emission in question. The total amount of observed counts N181W, obs associated
to the X-ray line of 181W, and the corresponding errors are calculated using eq. (5.9a) and
eq. (5.9b), respectively. The agreement between the data and the total simulation will be
discussed in section 6.1.

With number of events known, the activities corresponding to these numbers can be
calculated:

A181W, obs =
N181W, obs

εl · (T ·M)l
(5.14a)

δA181W, obs
=

δN181W, obs

εl · (T ·M)l
(5.14b)

The resulting values are listed in table 5.5.

5.2.2. Determination of 3H Activity

As described in section 3.5.3, proton capture of 183W results in 181W along with 3H. Con-
sidering the fact that 3H is also an unstable nuclide, we expect this isotope to contribute
to the background. However, if we want to use the clear peak of 181W as a proxy to
determine the activity of the 3H beta-spectrum, we have to consider the different decay
constants (λ181W and λ3H).

A preliminary ACTIVIA [35] calculation gives the activity of 3H relative to 181W as
62 % [77]. This calculation assumes that 3H (t1/2 = (12.32±0.02) y) activity is set to zero
during the melting of the crystal. Afterwards, the crystal is stored above ground where
they are exposed to cosmic rays at sea level for 460 days before it is moved to LNGS. In
this time, 3H is cosmogenically produced inside the crystals. Once the crystals arrive at
LNGS, the activity of 3H started to decline. Since 181W is short-lived (t1/2 = (121.2±0.2)
d) relative to 3H, it nearly reaches equilibrium during the exposure period. Therefore, it
is rather insensitive to the precise exposure history.

Once we obtained N3H, pred, we calculate the corresponding activity similar to eq. (5.14).
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5.2.3. Determination of 179Ta Activity

The same method used in section 5.2.1 is also used to determine the activity of 179Ta.

We fit a Gaussian (eq. (5.13)) to each X-ray peak belonging to a decay via EC from
the K, L1, L2 and M1 shells and subsequent atomic de-excitations. To calculate the
N179Ta, X, obs of each line X, we are using eq. (5.9).

Once we obtainedN179Ta, X, obs, we calculate the corresponding activity similar to eq. (5.14).
The resulting values are listed in table 5.5.

5.3. External Near Radiogenic Backgrounds

As it is explained in detail in section 4.4.3, there are external background sources, i.e.
radioactive contamination of the Cu of the crystal holder, contaminating the experimental
data. This contamination contributes to the background in the ROI mainly via beta-
/gamma-decays, just as in the case of the internal radiogenic contamination. We want
to point out that due to the proximity of the sources to the crystal, also low energy
betas are visible, contrary to betas from more distant sources (see section 4.4.3) which
are attenuated. The activities of near external radiogenic backgrounds are taken from
screening measurements of the copper used by CUORE experiment [15], which is from the
same producer (Norddeutsche Affinerie) and grade as the Cu used for the detector holders
of TUM40 detector module. First, we show how the activities are calculated (section 5.3.1).
Finally, we will scale the simulated templates using the calculated activities (section 5.3.2).

5.3.1. Calculation of Activities

A screening analysis performed on the copper used in the CUORE experiment shows
upper limits for the activities of radioactive contaminants 238U and 232Th, i.e. the heads
of the corresponding decay chains. The bulk radioactive contaminations of the copper
components are given in g/g1 as follows [15]:

Abulk copper, 238U = 1.8 · 10−12 g/g (C.L. = 90 %) (5.15a)

Abulk copper, 232Th = 1.5 · 10−12 g/g (C.L. = 90 %) (5.15b)

In order to convert these values into the units of µBq/kg, one has to use the following
relations [62]:

1 Bq/kg238U
∧
= 81 · 10−9 g/g (5.16a)

1 Bq/kg232Th
∧
= 246 · 10−9 g/g (5.16b)

1This unit shows the amount of contaminant in grams inside the mass of the contaminated material.
Here, it shows the amount of 238U (and 232Th) in grams in per gram of copper
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5. Electromagnetic Background Spectra

Hence, we obtain the following values for the activities:

Acopper, 238U = 65 µBq/kg (5.17a)

Acopper, 232Th = 2 µBq/kg (5.17b)

Assuming natural abundance of radioactive nuclides, one can deduce the upper limit for
the 235U using the equation [31]:

Abulk copper, 235U = Abulk copper, 238U · 0.70 % = 0.455 µBq/kg (5.18)

For this work, it is assumed that each decay chain inside the near copper parts is in secular
equilibrium, i.e. that each nuclide has the same amount of activity as the nuclide at the
top of the chain.

5.3.2. Scaling of β/γ Templates

The final step is to scale each of these nuclides using the upper limits discussed in sec-
tion 5.3.1. However, in order to do this, one has to take into account the masses of the near
copper parts used for this work, which is mCu = 290 g in total and the spatial arrangement
of the parts around the CaWO4.

As discussed in section 4.4.3 and shown in fig. 4.16, there is only a slight dependency
of the simulated energy depositions at energies below ∼ 40 keV on the individual parts of
the detector holder. The part “Stäbchenring” (cf. fig. 4.5a) has the highest contribution
to the background per part mass. Hence, as a trade-off between accuracy and simulation
performance, we conservatively use only this part to simulate the full three decay chains
and scale its background spectra to the mass of all copper parts.

Taking this information into account, the scaling can be done using the following equa-
tion:

AX, pred = Atop ·B.R. · εl · (T ·M)l · 86400 day Bq−1 · mCu

M
(5.19a)

NX, pred = AX, pred · εl · (T ·M)l (5.19b)

where Atop is the activity of the top of the particular decay chain (eqs. (5.17) and (5.18)),
B.R. is the cumulative branching ratio between the top of the decay chain and nuclide X,
mCu is the total Cu mass (see table 4.1) and M is the crystal mass of 248 g.

Since the activities used in this part are upper limits, no uncertainty is taken into
account.

The sum of all these contributions is shown in fig. 5.6.

5.4. External Distant Radiogenic Backgrounds

As explained in section 4.4.4 a number of external gamma emissions are observed in the
experimental data (see table 5.6). These gamma lines of external origin can undergo
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Compton scattering in the CaWO4 crystal or produce knock-off electrons in the Cu parts
close to the crystal, producing significant backgrounds in the ROI of the TUM40 data. The
physical place of origin of these nuclides can be e.g. the cryostat thermal shielding around
the detector modules. As described in section 4.4.4, this complex shielding structure is
approximated in the simulation as a spherical shell made of 1 mm-thick copper which
is centered around the TUM40 detector module. The nuclides aforementioned gamma
emissions originate from are placed inside this shell and the energy depositions inside
the crystal are recorded. In this section, first we will determine the activities using these
gamma ray peaks in the observed experimental reference spectra (section 5.4.1). Secondly,
we will scale the simulation templates with the activities (section 5.4.2).

5.4.1. Determination of Gamma Activities

A similar approach as used in section 5.2.1 is performed for the external gamma ray
emissions. To avoid an overlap of the charateristic peak under investigation by peaks
of similar energy from other nuclides, we subtract all previously described background
templates (section 5.1.3 and section 5.3.2) from the reference data before we perform the
fit.

Since these lines are superimposed over a linear background which originates from other
sources, we will fit the sum of a first order polynomial and a Gaussian to each peak using
eq. (5.13) with free floating parameters. The mean value of the peak E is initialised with
the literature value [69] of the energy of the emitted gamma energy in question. The total
amount of observed counts NX, obs associated to each gamma line and the corresponding
errors are calculated using eq. (5.9a) and eq. (5.9b), respectively. To calculate the full
activity from the observed counts under the peak we use:

Apeak, obs =
Npeak, obs

εi · (T ·M)i
(5.20a)

δApeak, obs =
δNpeak, obs
εi · (T ·M)i

(5.20b)

where ε and (T ·M) are the signal survival probability and the exposure for the relevant
reference data set in which the particular peak is observed: either low energy reference data
set (i = l, see section 3.7.1) or medium energy reference data set (i = m, see section 3.7.2).
To obtain the full activity of the decay, we scale Apeak, obs with η, which is the fraction
of events under the peak to all events from the particular decay as deduced from the
simulated templates (see table 5.6). The ratio η is therefore defined as:

η =
Npeak, pred

Ntotal, pred
(5.21)
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The total activity is therefore:

Atotal, obs =
Apeak, obs

η
(5.22a)

δAtotal, obs =
δApeak, obs

η
(5.22b)

The obtained values for Ngamma, obs, Aγ , η and ATotal are listed in table 5.6.

5.4.2. Scaling of β/γ Templates

The next step is to predict the observable number of events Ntotal, pred in the low energy
range as caused by each gamma line observed in the experimental data.

Ntotal, pred = Atotal, obs · εl · (T ·M)l (5.23a)

δNtotal, pred = δAtotal, obs · εl · (T ·M)l (5.23b)

We note that eq. (5.23a) and eq. (5.23b) can be simplified for the four lines (210Pb, 234Th,
226Ra, 212Pb) which occur in the low energy reference data. In this case, since signal
survival probabilities and exposures in both eq. (5.20) and eq. (5.23) are the same, they
cancel each other and, therefore, the predicted number of observable events is independent
from the signal survival probability and exposure.

The sum of all these contributions is shown in fig. 5.7.
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Figure 5.4.: Combination of all simulated templates for internal beta-decays (a) and zoom
on the first 40 keV (b).
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Figure 5.5.: Combination of all simulated templates for internal decays caused by cosmo-
genic activation (a) and zoom on the first 40 keV (b).
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Figure 5.6.: Combination of all simulated templates for external contaminations in the
near copper parts (a) and zoom on the first 40 keV (b).
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Figure 5.7.: Combination of all simulated templates of external contaminations in the dis-
tant copper parts (a) and zoom on the first 40 keV (b).
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6. Results and Discussion

In this chapter, first, the sum of all scaled simulation templates will be compared to the
experimental reference data (section 6.1). Next, the contribution of the individual com-
ponents to the overall background will be explained quantitatively (section 6.2). Finally,
we compare our work quantitatively with the previous work on backgrounds in CRESST
and qualitatively with a background analysis of another rare event search (section 6.4).

6.1. Reproduction of the Observed Background

In chapter 5, the determination of the activities corresponding to the backgrounds con-
taminating the TUM40 detector module internally and externally were explained in detail.
After calculating the activities of each nuclide, simulated templates were scaled to the ex-
perimental reference data. These contributions are summed according to their place of
origin and their decay type.

In order to be able to compare the background model of this work with the reference
data, different contributions should be added up. In this section, we will first compare our
combined background templates with the medium energy reference data and, then, with
the low energy reference data.

A simple summation over the templates scaled to the predicted activities is sufficient:

NMC,m = (εm · (T ·M)m) ·
∑
i

Ai (6.1a)

δNMC,m
= (εm · (T ·M)m) ·

√∑
i

(δAi)
2 (6.1b)

where Ai is the activity predicted for the internal radiogenic backgrounds (eq. (5.12)),
internal cosmogenic backgrounds (eq. (5.14)), near and distant external radiogenic back-
grounds (eq. (5.19) and eq. (5.22)); εm and (T ·M)m are the signal survival probability
and the exposure of the medium energy data set, respectively (see section 3.7.2).

Figure 6.1 shows the combined templates along with the medium energy reference data
(see section 3.7.2). It can be seen that the continuous part, consisting of Compton continua
and beta spectra, of the simulated templates is matching the experimental data within
the uncertainties.

Also, the annihilation peak at 511 keV (see section 4.4.3) in the simulated templates
fits the experimental data. Since this peak occurs due to any external (near or distant)
contaminants with Q-values equal to or higher than twice this energy, it shows that the
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6. Results and Discussion

external contamination predicted for this medium energy reference data (along with the
contribution from the internal radiogenic spectrum) is valid within the errors from both
the experimental and simulated spectra.

In addition, also the discrete lines of the spectrum match well between simulation and
data. Simulated templates of the nuclides which can be seen in the experimental data
as prominent peaks originating from distant external contaminants (214Bi, 228Ac, 40K,
208Tl) are fitted to the experimental data both in terms of amplitude and width. Besides
these fitted peaks, there are more peaks originating from the same nuclides that are not
fitted to the data. However, these peaks are predicted by the normalisation methods (see
chapter 5), and the underlying decay processes and nuclear structures. Also, these gamma
peaks match the experimental data within the errors. Each of the lines resulting from the
aforementioned four nuclides in the medium energy range can be seen in fig. 6.2.

Qualitatively, there is one peak at ∼ 725 keV which could not be identified in this work.
Because of the sharp sturcture of this peak in the experimental data, without any pile-
up with a beta-spectrum, one can conclude that the associated contaminant is probably
external to the CaWO4 crystal.

For a quantitative comparison, we use the ratio of the combined spectrum of all simu-
lated templates to the experimental data. For the medium energy range, this is between
511 keV and 4000 keV. However, the experimental data set contains events only up to
2800 keV. Therefore, we use the range between 511 keV and 2800 keV for the comparison:

ζm =
NMC

Nexp

∣∣∣∣∣
2800 keV

511 keV

(6.2a)

ζm = (119.3± 91.4) % (6.2b)

where Nexp is the sum over the observed reference data and NMC is given by eq. (6.1). This
means that at face-value, the background model overestimated the observed background
in this energy region. However, the resulting value is within the errors1 of the simulated
templates and the experimental reference data as shown in fig. 6.1.

Once the comparison between the simulated templates and experimental reference data
in the medium energy region is performed, and the result turns out as a match between
them within the errors, the next step is to do the same calculation for the low energy
range (1-495 keV), and especially the ROI (1-40 keV). We adapt eq. (6.1) by using the
relevant signal survival probability εl and exposure (T ·M)l (see section 3.7.1) instead of

1Both statistical and systematical errors are included, except for the near external radiogenic backgrounds.
Since the activities used to scale them are the experimental upper limits, systematical errors are not
included for them.
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6.1. Reproduction of the Observed Background

εm and (T ·M)m, and obtain:

NMC, l = εl · (T ·M)l ·
∑
i

Ai (6.3a)

δNMC, l
= εl · (T ·M)l ·

√∑
i

(δAi)
2 (6.3b)

The sum of simulated templates is compared with the low energy reference data as shown
in fig. 6.3. Also in this energy range, the peaks in the experimental spectrum match well
with those of the simulated template. However, the agreement between the template and
the experimental data for the continuous part of the spectrum decreases with energy. This
indicates that there could be one or more beta-/gamma-decaying nuclides missing which
could contribute to this energy range via the low-energy part of their Compton continuum
or beta spectrum. This could mean that the Q-value of the missing nuclides are lower
than 495 keV.

The copper fluorescence peak at 8.04 keV in the experimental data matches well with
that of the simulation within the errors. Because this peak is sensitive to the interaction
of the total external gamma/beta background with the copper, this match shows, to some
degree, that the contamination external to the TUM40 is well considered. This can be
seen more clearly in fig. 6.4, which zoomes into the ROI.

In fig. 6.5, one can see the identified gamma and X-ray peaks in the low energy reference
data. The X-rays belonging to 179Ta and 181W are caused by the cosmogenic activation.
The other identified peaks originate from the beta-/gamma-decays of 210Pb, 234Th, 226Ra,
212Pb, 214Bi, 228Ac, 40K and 208Tl.

Analogous to eq. (6.6), we can calculate the percentage of known backgrounds for the
energy range between 1 keV and 495 keV:

ζl =
NMC

Nexp

∣∣∣∣∣
495 keV

1 keV

(6.4a)

ζl = (86.1± 27.2) % (6.4b)

However, since we are interested in the specific part of the background spectrum in
CRESST which coincides with the ROI (1-40 keV) of the previous background study
of TUM40 [105], we can adapt the calculation accordingly:

ζROI =
NMC

Nexp

∣∣∣∣∣
40 keV

1 keV

(6.5a)

ζROI = (75± 19) % (6.5b)

Hence, with this first Geant4 model of the electromagnetic background for the CRESST
experiment, we were already able to reproduce and identify more than (75± 19) % of the
background observed with TUM40 in CRESST-II Phase 2. Future studies are necessary
in order to increase the amount of knowledge regarding the background contamination of
CRESST, and these will be outlined in chapter 7.
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6. Results and Discussion

6.2. The Composition of the Background

In section 6.1, we presented the comparison of the sum of all templates to the experimental
reference data to evaluate the overall quantitative agreement. However, it is also important
to understand the contribution of each individual contamination type: internal radiogenic,
internal cosmogenic, external near distant contaminants. Hence, we split up the sum in
eq. (6.1) into contributions from each type. Again, we will first look at the medium energy
range and, then, at the low energy range.

For the medium energy range, fig. 6.6 shows experimental data (black) together with the
simulations for internal radiogenic contamination (blue), internal cosmogenic contamina-
tion (purple), external near radiogenic contamination (grey), external distant radiogenic
contamination (green) and the sum of all these individual contributions (red). It can be
seen that the main contributions to the continuous part of the sum spectrum come from
the internal radiogenic and external distant radiogenic backgrounds. To quantify this
observation. we define the contribution of each type of contamination to the sum as:

ξX =
NMC,X

Nexp,m
(6.6a)

δξX =

√√√√N2
exp,m δ

2
NMC,X

+N2
MC,X δ

2
Nexp,m

N4
exp,m

(6.6b)

where X is the type of contamination, e.g. internal radiogenic, internal cosmogenic, near
external radiogenic and distant external radiogenic.

Overall, the most prominent contributions are from internal radiogenic and external
distant radiogenic with (63.2 ± 38.5) % and (48.8 ± 31.8) %, respectively. It can be seen
that these two contributions make up for more than 100 % of the backgrounds in the
medium energy range. This could be due to a number of reasons all of which point to
an overestimation of the contamination in this energy range. Since the internal beta-
/gamma-decays are scaled according to the experimentally measured alpha-peaks, and
the distant external radiogenic contaminants are scaled according to the experimentally
observed gamma-lines, the only remaining contribution that can cause this overestimation
is near external radiogenic contaminants. To scale these contaminants, upper limits of
activities of natural decay chains are used (see section 5.3). Hence, an overestimation
would most likely indicate that the actual contamination levels of the near copper are
lower than the upper limits from the screening. A dedicated copper screening can give
more precise values which, in turn, might decrease the contribution of these contaminants
in this energy range.

In addition, external distant radiogenic contaminants make up the peaks in this energy
region along with a smaller contribution from the external near radiogenic contaminants.
The amount of contribution from internal cosmogenic contamination is zero in this re-
gion. This is to be expected as the most energetic contribution of internal cosmogenic
contamination has an energy of 73.7 keV.
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After checking the medium energy region, we move on to the low energy region which
is between 0.6 and 495 keV. By adapting the signal survival probabilities accordingly,
we move from the medium to low energy reference data. Figure 6.7 shows that external
distant contaminants dominate the background at energies above 60 keV. Below this energy
level, the dominant contribution comes from the internal radiogenic contaminants. The
cosmogenic lines contribute to the sum spectrum at energies below the aforementioned
73.7 keV line. Contribution of each individual background component to the sum in the
ROI, that is shown in fig. 6.8 are listed in table 6.1. We note that by considering 3H, we
were able to improve the relative contribution of cosmogenic backgrounds by (2.6±0.6) %.

These results mean that if the further purification of the CaWO4 crystal planned for
CRESST-III Phase 2 [24] turn out to be as expected, the limiting factor for the background
will be the background coming from copper. This highlights the importance of a cleaner
copper, to use for the holders and the cryoshielding for the future iterations of CRESST.

6.3. Comparison with the Previous Work

The work done in this thesis gives important information on the backgrounds, and its
composition, for the CRESST experiment. However, to assess if the work carried out here
is a step in the right direction, one should compare it with other background analyses.

First, we will make a brief quantitative comparison with the earlier background work in
CRESST [105]. The comparison of the results of [105] and this work is shown in table 6.1.
The sum results show that with this work, we learned 5.4 % more compared to the previous
one. For this comparison, we assume that the so-called excess light events (see section 3.6)
in [105] are caused by external betas as hypothesized in [105]. Hence, we compare them
with the distant external radiogenic background in this work (see section 4.4.4).

In addition to the quantitative progress, an important qualitative improvement done
for this work was to implement the full detector geometry, and this resulted in some of
the features to occur naturally, whereas in [105], they were placed either manually (Cu
fluorescence peak) or missing (external annihilation peak). This highlights the advantages
of the fully Monte Carlo based simulation developed for this work over a semi-empirical
model as used in [105].

6.4. Comparison with Another Experiment

In addition to a quantitative comparison with an earlier background model for CRESST,
one can also compare this work qualitatively with background analyses performed for other
rare event search experiments. There are two different background analyses performed that
can be used to compare with this work: works by the CUORE [16] and the COSINE-100
[5] experiments. Since CUORE is a double beta-decay experiment, whereas COSINE-100
is a dark matter search, we will compare this work with the background model of the
COSINE-100 Experiment [5]. However, we note that also CUORE uses a template-based
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6. Results and Discussion

Table 6.1.: Disentanglement of the background sources for TUM40, comparing this work
with the previous [105]. Numbers for this work are given rounded up to signif-
icant digits.

Source Previous Work [105] This Work

Internal Radiogenic 30 % (27± 5) %

Internal Cosmogenic 18 % a (17.8± 3.8) %

Near External Radiogenic 4 % (6.3± 2.1) %

Distant External Radiogenic 17 % (23.7± 6.4) %

Total 69 % (75± 19) %

a Includes cosmogenic activation of 179Ta and 181W within the energy
range between 1 and 80 keV.

approach to analyse their backgrounds. COSINE-100 is a dark matter search which uses
eight ultra-pure crystals made out of NaI(Tl). The primary goal of COSINE-100 is to test
the observation of an annual modulation signal asserted by DAMA/LIBRA [41, 42].

In [5], the COSINE-100 collaboration used a Geant4 based simulation to build their
background model. The internal background, as with this work, consists of the nuclides
in the 238U and 232Th decay chains. Specific for their target material, NaI(Tl), they
found also a 40K contamination inside the crystal. Albeit they broke the 238U (232Th)
chain into 5 (3) parts during the simulation, they assumed equilibrium along the chain
for the comparison with their measurement. On the contrary, we were able to avoid the
assumption of an unbroken equilibrium for our target, i.e. CaWO4, due to the clearly
identified alpha-peaks in the high energy reference data. Furthermore, we considered also
the 235U decay chain in addition to the 238U and 232Th chains. Concerning the external
gamma background, COSINE found that the background from individual external parts
produces nearly identical spectra and could be well described by one effective spectrum
per contaminant where the contaminant is randomly placed outside the crystal. This is
very similar to our approach of approximating the whole cryostat geometry by a simple
Cu sphere. In terms of cosmogenic activation, the amount and the composition of nuclides
is obviously different for NaI(Tl), as used by COSINE, and CaWO4, as used by CRESST.
However, they also found an important amount of 3H, just as we hypothesised it. This
also proves the importance of this nuclide for a detailed background model.

Differently than this work, COSINE also considered surface contamination. In CRESST,
we got rid of most of the surface backgrounds with the addition of the scintillating foil
and holder sticks (see section 3.5.6). However, in order to understand the efficiency of this
surface rejections and any potential remaining surface backgrounds, one has to study it in
detail, which is a necessary continuation to this work in the future.

In addition, COSINE used a log-likelihood method to fit the templates to their observed
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6.4. Comparison with Another Experiment

data. We will discuss how to adapt a similar approach to the background model developed
in this work for CRESST in section 7.1.6.
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6.4. Comparison with Another Experiment

Figure 6.2.: Identified gamma peaks in the medium energy reference data. Gamma emis-
sions originating from the same nuclides are labeled with arrows of the same
colour.
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6. Results and Discussion

Figure 6.5.: Identified gamma peaks in the low energy reference data. Gamma emissions
originating from the same nuclides are labeled with arrows of the same colour.
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7. Future Works

In this chapter, the implications of the result of this work will be discussed. First, the fur-
ther improvements that can be done will be outlined (see section 7.1). Finally, the impact
of this work on the dark matter search of CRESST will be explained (see section 7.2).

7.1. Improvements for Future Simulations

Even though this PhD work is an improvement over the previous work [105], due to its
limited time, it can not cover all the topics a complete background model should cover.
Hence, in the future, this model can be improved and there are a few ways this can be
done. In this section, we will describe the possible improvements such as implementing the
full experimental setup, carrying out neutron simulations, performing copper screenings,
studying the cosmogenic activation in more detail and improving the detector response
model.

7.1.1. Full Experimental Setup

As explained in the section 4.2, the geometry used in this work included the full detector
geometry of the TUM40 detector module. Using this geometry helped to understand some
features that showed up in the experimental data, such as the copper fluorescence peak
at 8.04 keV and the external annihilation peak at 511 keV, but not in the previous semi-
empirical background model [105]. These features were explained in detail in section 4.4.3
and section 4.4.4.

However, as it was explained in section 4.4.4, there are other copper parts outside
the TUM40 module, e.g. the cryoshields, which were approximated in this work (see
section 4.4.4). In order to be able to fully understand the effects of possible contaminants
around the detector module, it is imperative to have the full and detailed experimental
setup implemented in the simulation code.

Possible advantages of having the full experimental setup implemented are:

1. The contaminants causing external gamma lines in the experimental data can be
simulated more accurately using the copper structure inside the cryoshields which
holds the detector modules, the so-called carousel (see the inner part of fig. 3.1).
This way, the attenuation difference between external gamma rays coming from the
copper holders of TUM40 and the more distant Cu parts, e.g. the cryoshields, will
be considered naturally. Hence, there will be no need anymore to split the simulation
in near and distant external radiogenic backgrounds as it was done in this work.
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2. In CRESST, detector modules with different designs (see section 3.2) are used in the
same experimental runs. Each detector design has their own characteristic features
such as geometry, mass and materials. In addition, as explained in section 3.5.7,
for most of the detector modules, CaWO4 crystals were supplied from commercial
companies. Since using different materials can cause different backgrounds and as
the detector modules are placed closely with each other, it is probable that there
might be background external to TUM40, which originate from the other detector
modules in the vicinity. Therefore, it is better to consider these backgrounds to get
a full sense of the interactions between each installed detector.

3. Even though there is an active veto used to reject muons (see section 3.5.1), it could
be useful to simulate muons trying to pass through the whole setup in order to
consider muon-induced background components.

7.1.2. Neutron Simulation

Neutrons are one of the most dangerous backgrounds as explained in section 3.5.4. Even
though CRESST has currently no identication of a prominent neutron background, this
may change in the future with new detectors and lower detection thresholds.

The most common sources for neutrons are spontaneous fission and (α,n)-reactions,
both in the concrete of LNGS and in the materials of the set-up.

Hence, it is crucial to simulate creation and interaction of neutrons in the full setup.
This way, their possible interactions and the rate at which they might induce signals in
the detectors can be calculated.

7.1.3. Copper Screenings

As described in section 4.4.3, the upper limits obtained for the Cu used in the CUORE
experiment [15] was used for our simulation of CRESST as the Cu supplier of both ex-
periments are the same. However, this can be only a first order approximation for the
radiogenic contamination of CRESST’s Cu holders to get a tentative understanding of the
effect. In order to get the activities accurately, a more detailed study is necessary.

In order to do this, a dedicated screening should be performed for the Cu parts of each
of the detector modules. A possibility for doing this would be a precise measurement of
the gamma radiation emitted from the Cu with a HPGe detector. After a detailed analysis
of the data, one can try to identify each individual contamination using signature gamma
and X-ray peaks. This way, more precisely measured activities could be used to improve
the background model built in this work.

7.1.4. A More Detailed Study of Cosmogenic Activation

In section 3.5.3, the backgrounds caused by the cosmogenic activation of 179Ta and 181W
nuclides are described. In addition, an approximation of the 3H contamination is calculated
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in section 5.2.2. However, a more detailed study should be conducted on cosmogenic
activation because of two reasons:

• Additional Tritium The calculation of the activity of 3H in section 5.2.2 was only a first
order approximation. To state the 3H activity more precisely, more research should
be conducted both on cosmogenic production of 3H and on other possible 3H sources.

• Additional Cosmogenics Cosmogenic activation is difficult to observe unless there are
clear lines such as the ones caused by 179Ta and 181W. In addition, there are more
materials used in the whole experiment than CaWO4. Therefore, these materials
could have not-yet-considered isotopes that can be activated cosmogenically. Since
the next step after this work is to implement the full experimental setup in Geant4,
these additional materials should be studied in case there are any cosmogenic acti-
vation associated with them.

7.1.5. Improved Detector Response Model

In section 5.1.2, how the templates of alpha-decays were scaled was explained, and in
fig. 5.3 the comparison between the scaled templates and the high energy reference data
was shown. A zoom on the alpha decay of 238U is given in fig. 5.2. In this figure, it can
be seen that the width and the amplitudes do not match for templates and experimental
data even though the number of events agree within the errors. This is probably caused
by the fact that the energy resolution we used in this work is not exactly fitting to that of
experimental data. In order to solve this problem, an improved detector response model
is needed.

In addition, in section 3.4 we explained that some of the background events in the
electron/gamma band leaks into the nuclear recoil bands where we expect a possible dark
matter signal. Since this can mimic a possible dark matter signal, we have to understand
the amount of leakage into the nuclear recoil bands. Because the bands are defined by
the light yield (LY), i.e. the ratio of scintillation light signal over total deposited energy,
one has to consider the scintillation light signal in the simulation in addition to the total
energy deposition. Hence, the detector response model has to be extended to calculate
the scintillation light signal based on the deposited energy and the type of interaction.

7.1.6. Free-Floating Template Fit

In this work, the approach to identify the contaminants in the ROI has been based on
the sideband measurements. The activities calculated from the alpha lines in the high
energy reference data, and gamma and X-ray lines from the medium and the low reference
data were used to calculate the amount of contamination inside the ROI. However, after
determining the contaminants and the activities, the scaling could be done more accurately
using a log likelihood fit [51], as it was performed for the COSINE-100 background model
[5]. For our case, we suggest to use a binned log-likelihood fit because the simulated
templates H in this work are in the form of binned histograms.
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These histograms represent the probability density functions (PDF) to observe the de-
position of energy E in the CaWO4 crystal for a given background component. By using
a binned log-likelihood, one can estimate the amount of contamination of each previously
identified nuclide inside the experimental reference data (rd) divided into N bins each
having n = (n1, ..., nN ) events. In order to make this estimation, one has to calculate the
expectation values ν = (ν1, ..., νN ) for this reference data based on the background model.
The expectation values νi for the i-th bin can be calculated using:

νrdi (E, ~Rrd) = N rd
tot

∫ Emax
i

Emin
i

Hrd(E; ~Rrd)dE (7.1)

where Emin
i and Emax

i are the lower and upper limits of the bin, respectively. Here,

Hrd(E; ~Rrd) is the predicted probability at energy E for the template H and the detector
response model described by the parameters ~Rrd. The index rd indicates the used reference
data set: low, medium or high energy reference data (see section 3.7). For calculating the
PDF, the following equation is used:

Hrd(E, ~Rrd) =
∑
bg

Abg ·Hbg(E; ~Rrd) · (T ·M)rd · εrd(E) (7.2)

Here, bg stands for background and it can be the templates of the internal radiogenic,
internal cosmogenic, external near radiogenic or external distant radiogenic backgrounds
(see section 4.4), and A stands for the activity of each template.

Hence, the binned log-likelihood can be calculated as follows:

logLrd(~R) =

Nrd∑
i=1

nrdi · logνrdi (Ei, Rrd) (7.3)

The sum of the binned log-likelihoods calculated for each reference data then gives

logL(~R) = logLl(~Rl) + logLm(~Rm) + logLh(~Rh) (7.4)

where ~R contains the parameters of all three detector response models (see section 4.3.1).
With this approach, one can create a fit of the templates to the data with a higher precision
as the computation involves calculating the resulting spectrum with different activities.

Even though this method gives more precise results, there is a downside of it: the time
needed for the calculation of the binned log-likelihood. For the calculation, it would take
all the simulation templates we used in this work, varying the free parameter (Ai, ~R) to find
a minimum of logL and thereby process each one of them bin-by-bin for many iterations.
Given the high amoun of the free parameters, 84 different values for the activities and in
total 18 parameters for the three detector response models which consider the detector
resolution (section 4.3) and the energy rescaling (sections 3.7.1 and 3.7.2), this process
will probably require a long computation time. Hence, it could not be implemented and
run within the time limit of this work. However, the outcome of this work may serve as a
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valuable input to constrain the parameter space of the fit and, therefore, help to increase
speed and robustness of such a future approach.

After calculating the binned log-likelihood, a natural next step would be to include the
log-likelihood function in a dark matter analysis and this will be the topic of the next
section. However, we note that this is not the only way to combine a background model
with a DM analysis.

7.2. Impacts on the CRESST Experiment

The outcome of this work will affect the future of the CRESST experiment in two impor-
tant aspects: a likelihood based dark matter search and developments of future detectors.

7.2.1. Likelihood-Based Dark Matter Analysis

As discussed in section 7.1.6, a binned log-likelihood method can give more precise results
in terms of the activities of the nuclides known to contribute to the observed background.
Once this fit is performed, its results can be used in a dark matter analysis.

In order to be able to do this, two different probability distribution functions are needed:
one which only models the background and the other for the signal, which in our case is a
dark matter signal. The next step is to fit the data twice: once under the hypothesis that
they consist only of background and another time under the hypothesis that they consist
of background plus signal. Finally, a likelihood ratio test can be performed [51]. Using the
result of this calculation, one can estimate the signal strength in the data.

7.2.2. Detector Development

Using a full detector geometry in the simulation has advantages beyond building a more
accurate background model and identifying the individual background components. One
can also use this simulation to estimate the shielding power of a particular detector design
against backgrounds. This information could be useful for designing new detector modules.

In this work, we did a preliminary investigation of the shielding effect of the holder
structures of the TUM40 module and a CRESST-III module on external gamma radiation,
also in comparison with a bare CaWO4 crystal. The geometry implemented in Geant4
for the CRESST-III modules is shown in fig. 7.1. As can be seen there, the new modules
are fully covered with Cu plates whereas TUM40 (fig. 4.4 and fig. 4.5) was only partially
covered.

To study the effect of the different coverage, we irradiate all three geometries with
external gamma rays. For this comparison, external gamma rays with energies of 2614
keV are used as they would originate from the gamma-decay of 208Tl. The photopeak of
each spectrum is then normalised to 1 to be able to compare the low energy Compton
continuum in each geometry; see fig. 7.2a. As can be seen, the Compton continuum in
the bare CaWO4 crystal (red) has the lowest level. The reason for this is that there is no
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(a) (b)

Figure 7.1.: Visualisation of a CRESST3 detector module as implemented in Geant4: cut-
away views parallel to the X-Z plane fig. 7.1a and parallel to the Y-Z plane
fig. 7.1b. Main components are the CaWO4 target crystal (big blue box),
silicon on sapphire light detector (thick blue line in fig. 7.1b) and Cu holder
(brown/orange).

material between the source of the gamma rays and the crystal. Therefore, the gamma
rays can only Compton scatter with the crystal itself. On the other hand, for the TUM40
(black) and CRESST-III (purple) detector modules the levels of the Compton continuum
increased. The reason is that there is another material, mainly copper, between the
crystal and the gamma ray source. TUM40 is only partially covered whereas CRESST-III
module is fully covered with copper, which correlates with an increased level of relative
activity at low energies. It can be concluded that with more material around the crystal,
more gamma rays are shifted to lower energies simply by the fact that they undergo
more interactions. Hence, the relative contribution of the low energy part of the detected
spectrum increase with increased shielding. However, the absolute level of the spectrum
decrease with increasing shielding as shown in fig. 7.2b.

This observation is an important information we obtained from simulating different de-
tector modules. As especially the background at low energies is cruical for CRESST, a
more thorough investigation of new detector designs has to show if the shifting of the re-
maining background to low energies is acceptable or not. This is an important information
to design and build future detectors.
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Figure 7.2.: Simulated energy deposition of a bare CaWO4 crystal (red), TUM40 (black)
and a CRESST-III (purple) detector modules caused by irradiation with
2614.0 keV gamma rays (e.g from 208Tl): (a) shows all spectra normalised
to the photopeak at 2614.0 keV whereas (b) shows all spectra normalised by
the number of all simulated events for each geometry.
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8. Conclusion

It is known through various astrophysical and cosmological observations that dark matter
exists. Many models propse that dark matter consist of a yet unknown particle. It
is known that this hypothetical particle cannot interact electromagnetically or strongly.
Dark matter is known to interact gravitationally but for us to be able to detect it, it has to
interact with baryonic matter via a weak force, as well. Based on this potential interaction,
three different ways to search for a potential dark matter are possible: production, indirect
and direct detection.

Direct detection searches for dark matter particles through their scattering off of Stan-
dard Model particles. There are various direct detection experiments searching for possi-
ble dark matter particles in different mass ranges. One of these experiments is CRESST.
CRESST looks for dark matter induced nuclear recoils in CaWO4 crystals operated as
cryogenic detectors. With their detectors, CRESST uses phonon and scintillation light
signals to measure the total deposited energy and to determine the type of particle which
deposited the energy inside CaWO4, respectively. This simultaneous measurement of
phonon and light signals enables CRESST to separate the searched-for nuclear recoils from
the mostly electromagnetic background, e.g. natural radioactivity. Currently, CRESST
is the leading experiment searching for low mass dark matter particles via nuclear recoils
with sensitivity to possible dark matter particles with masses down to 350 MeV/c2 [95].

Considering the fact that dark matter particles scattering off the nucleus inside the
targets of the detectors is a potentially rare event, it is crucial to know all the backgrounds
in the experiment, since an unknown background can mimic or mask a possible dark matter
signal. CRESST is looking for low mass dark matter particles and accordingly, the nuclear
recoil energy range below 40 keV is the region of interest (ROI) for CRESST. The lower
boundary is set by the detection threshold, which can go as low as 600 eV for the detector
module TUM40 used in this work [26]; newer detectors achieved even a detection threshold
of around ∼ 26 eV [95]. At these energies, no discrimination is possible between electron
and nuclear recoils, which makes a background model cruical.

In this work, we have constructed a model of radioactive backgrounds based on simula-
tions implemented using Geant4. In order to construct this model, we have chosen one of
the cleanest detector modules, TUM40, which provides us with a large reference data set
to test the simulation. The data were taken during a long exposure of 129.912 kg · days.
To improve the comparability between experimental data and simulations, we did also a
dedicated reanalysis of the reconstructed energy scale and resolution. The first step of
this work was to construct an accurate representation of TUM40’s geometry. Having an
accurate geometry allows us to consider effects caused by the finite target volume (e.g.
escape peaks) and by the support material around the target itself (e.g. fluorescence lines
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from the Cu of the detector holder).

The next step was to identify the type of backgrounds and, for this, we used the side-
band measurements obtained with TUM40. These measurements included alpha decays
originating from inside the CaWO4 crystal and external gamma rays penetrating the de-
tector module. From the existence of the alpha decays, we learned about the type and
the amount of radioactive backgrounds that also contribute to the contamination in our
ROI. Assuming a piecewise secular equilibrium, we have calculated the activities of the
beta-/gamma-decaying nuclides originating from the alpha-decaying nuclides that belong
to the natural radioactive decay chains.

We split the background contribution from Cu into two: one contribution from Cu close
to the CaWO4 target and one from the more distant parts like thermal shields of the cryo-
stat. The former are part of our detailed detector model; the latter was an approximation
as Cu sphere around the detector module in the simulation. In our background simula-
tion, we used the same contamination levels as measured by the CUORE [15] to normalise
the simulations for the near Cu. We assumed a secular equilibrium throughout the decay
chain considering the branching ratios. In addition, we have calculated the activity of
235U decay chain by its natural abundance.

For the distant Cu, we simulate only eight nuclides which were confidently identified
in the reference data via their characteristic gamma lines. Any remaining activity in the
reference data that could not be explained by the internal contamination or the near Cu,
we attributed to this distant Cu which we implemented by creating a spherical Cu shell
to approximate the Cu shields.

The last type of background considered in this work is the cosmogenic activation of
two nuclides, namely 179Ta and 181W. The existence of these nuclides is confirmed by the
distinct X-ray emission peaks observed in the experimental data. Similar to the distant Cu,
we normalised these simulations to the characteristic X-ray lines of the associated decays.
Moreover, we noticed that along with 181W, also 3H is produced. This means that we
have to have some contribution from 3H decays in our data. Based on a preliminary study
[77], we scaled the 3H contribution to the observed 181W activity. After this calculation,
we added also 3H to our model, and this helped to explain an additonal (2.6 ± 0.6) % of
background in the ROI.

After the calculation of activities for each nuclide, we combined these individual spectra
and compared the sum with the experimental data. A comparison between the scaled
alpha spectra and the experimental data gave compatible results. In the medium energy
range, the face-values showed that we might have overestimated part(s) of the spectra,
but they are compatible within the uncertainties. However, in the low energies, there is
still some part of the background we do not know, as the ratio of summed up templates
to the experimental data in the ROI showed that we reproduced only 75 %. If we break
this down into individual components, we find internal radiogenic background to be 27 %,
internal cosmogenic background to be 17.8 %, near external radiogenic background to be
6.3 % and distant external background to be 23.7 %.

Compared to a previous semi-empirical background study [105], we could improve the
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agreement between observation and model from 69% to 75%. Albeit this is a great success
for this first fully MC-based model of electromagnetic backgrounds in CRESST, there is of
course room for possible future improvements: to implement the full experimental setup
in the simulation, to conduct copper screenings to get a more accurate knowledge on
the copper contamination levels and to study the cosmogenic activation in more detail.
Moreover, one can use the results of this work and implement a free-floating template fit
based on a binned log-likelihood function and use this to conduct a dark matter analysis.
Finally, a full list of potential future improvements is given, including the optimization
of future detector developments: this work shows clearly that if CRESST succeeds with
its planned reduction of internal contaminations of the CaWO4 crystal [24], then the Cu
around the crystal will be the biggest contributor to the remaining background.

With this work, we have resolved a big part of the observed backgrounds. This knowl-
edge can help CRESST to perform more precise measurements. However, as this was the
first step of a bigger analysis on backgrounds, there are many aspects to study in the
future in more details.
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A. Appendices

A.1. Abbreviations

BR . . . . . . . . . . . . . Branching Ratio

CMB . . . . . . . . . . Cosmic Microwave Background

C.L. . . . . . . . . . . . . Confidence Level

CRESST . . . . . . Cryogenic Rare Event Search with Superconducting Thermometers

DM . . . . . . . . . . . . Dark Matter

EC . . . . . . . . . . . . . Electron Capture

LNGS . . . . . . . . . Laboratori Natizonali del Gran Sasso

LY . . . . . . . . . . . . . Light Yield

MC . . . . . . . . . . . . Monte Carlo

PDF . . . . . . . . . . . Probability Density Function

PE . . . . . . . . . . . . . Polyethylene

ROI . . . . . . . . . . . . Region of Interest

SM . . . . . . . . . . . . . Standard Model

WMAP . . . . . . . . Wilkinson Microwave Anisotropy Probe
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A.2. Simulated Templates of Internal Radiogenic Backgrounds

A.2.1. Templates of Alpha Decays
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Figure A.1.: Decay of 232Th inside the CaWO4 crystal. Detector response function is not
applied.
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Figure A.2.: Decay of 238U inside the CaWO4 crystal. Detector response function is not
applied.
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Figure A.3.: Decay of 235U inside the CaWO4 crystal. Detector response function is not
applied.
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Figure A.4.: Decay of 230Th inside the CaWO4 crystal. Detector response function is not
applied.
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Figure A.5.: Decay of 234U inside the CaWO4 crystal. Detector response function is not
applied.
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Figure A.6.: Decay of 226Ra inside the CaWO4 crystal. Detector response function is not
applied.
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Figure A.7.: Decay of 231Pa inside the CaWO4 crystal. Detector response function is not
applied.
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Figure A.8.: Decay of 210Po inside the CaWO4 crystal. Detector response function is not
applied.
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Figure A.9.: Decay of 228Th inside the CaWO4 crystal. Detector response function is not
applied.
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Figure A.10.: Decay of 222Rn inside the CaWO4 crystal. Detector response function is not
applied.
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Figure A.11.: Decay of 224Ra inside the CaWO4 crystal. Detector response function is not
applied.
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Figure A.12.: Decay of 223Ra inside the CaWO4 crystal. Detector response function is not
applied.
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Figure A.13.: Decay of 218Po inside the CaWO4 crystal. Detector response function is not
applied.

Energy (keV)
0 1000 2000 3000 4000 5000 6000

)
-1

P
D

F
 (

ke
V

4−10

3−10

2−10

1−10

1

Figure A.14.: Decay of 227Th inside the CaWO4 crystal. Detector response function is not
applied.
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Figure A.15.: Decay of 220Rn inside the CaWO4 crystal. Detector response function is not
applied.
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Figure A.16.: Decay of 211Bi inside the CaWO4 crystal. Detector response function is not
applied.
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A.2.2. Templates of Beta-/Gamma-Decays
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Figure A.17.: Decay of 234Th inside the CaWO4 crystal. Detector response function is not
applied.
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Figure A.18.: Decay of 234Pa inside the CaWO4 crystal. Detector response function is not
applied.
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Figure A.19.: Decay of 214Pb inside the CaWO4 crystal. Detector response function is not
applied.
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Figure A.20.: Decay of 218At inside the CaWO4 crystal. Detector response function is not
applied.
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Figure A.21.: Decay of 214Bi inside the CaWO4 crystal. Detector response function is not
applied.

Energy (keV)
0 1000 2000 3000 4000 5000

)
-1

P
D

F
 (

ke
V

5−10

4−10

3−10

Figure A.22.: Decay of 210Tl inside the CaWO4 crystal. Detector response function is not
applied.
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Figure A.23.: Decay of 214Po inside the CaWO4 crystal. Detector response function is not
applied.
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Figure A.24.: Decay of 210Pb inside the CaWO4 crystal. Detector response function is not
applied.
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Figure A.25.: Decay of 206Hg inside the CaWO4 crystal. Detector response function is not
applied.
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Figure A.26.: Decay of 210Bi inside the CaWO4 crystal. Detector response function is not
applied.
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Figure A.27.: Decay of 206Tl inside the CaWO4 crystal. Detector response function is not
applied.
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Figure A.28.: Decay of 231Th inside the CaWO4 crystal. Detector response function is not
applied.
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Figure A.29.: Decay of 227Ac inside the CaWO4 crystal. Detector response function is not
applied.
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Figure A.30.: Decay of 223Fr inside the CaWO4 crystal. Detector response function is not
applied.
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Figure A.31.: Decay of 219At inside the CaWO4 crystal. Detector response function is not
applied.
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Figure A.32.: Decay of 215Bi inside the CaWO4 crystal. Detector response function is not
applied.
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Figure A.33.: Decay of 219Rn inside the CaWO4 crystal. Detector response function is not
applied.
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Figure A.34.: Decay of 215Po inside the CaWO4 crystal. Detector response function is not
applied.
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Figure A.35.: Decay of 211Pb inside the CaWO4 crystal. Detector response function is not
applied.
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Figure A.36.: Decay of 215At inside the CaWO4 crystal. Detector response function is not
applied.
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Figure A.37.: Decay of 207Tl inside the CaWO4 crystal. Detector response function is not
applied.
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Figure A.38.: Decay of 211Po inside the CaWO4 crystal. Detector response function is not
applied.
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Figure A.39.: Decay of 228Ra inside the CaWO4 crystal. Detector response function is not
applied.
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Figure A.40.: Decay of 228Ac inside the CaWO4 crystal. Detector response function is not
applied.
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Figure A.41.: Decay of 216Po inside the CaWO4 crystal. Detector response function is not
applied.
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Figure A.42.: Decay of 212Pb inside the CaWO4 crystal. Detector response function is not
applied.
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Figure A.43.: Decay of 212Bi inside the CaWO4 crystal. Detector response function is not
applied.
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Figure A.44.: Decay of 208Tl inside the CaWO4 crystal. Detector response function is not
applied.
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Figure A.45.: Decay of 212Po inside the CaWO4 crystal. Detector response function is not
applied.
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A.3. Simulated Templates of Internal Cosmogenic Backgrounds
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Figure A.46.: Decay of 179Ta inside the CaWO4 crystal. Detector response function is not
applied.
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Figure A.47.: Decay of 181W inside the CaWO4 crystal. Detector response function is not
applied.
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Figure A.48.: Decay of 3H inside the CaWO4 crystal. Detector response function is not
applied.
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Figure A.49.: Decay of 234Th inside the copper holder part ”Stäbchenring”. Detector
response function is not applied.
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Figure A.50.: Decay of 234Pa inside the copper holder part ”Stäbchenring”. Detector
response function is not applied.

177



A. Appendices

Energy (keV)
0 50 100 150 200 250 300 350 400 450 500

)
-1

P
D

F
 (

ke
V

3−10

2−10

1−10

1

10

Figure A.51.: Decay of 226Ra inside the copper holder part ”Stäbchenring”. Detector
response function is not applied.
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Figure A.52.: Decay of 214Pb inside the copper holder part ”Stäbchenring”. Detector
response function is not applied.
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Figure A.53.: Decay of 218At inside the copper holder part ”Stäbchenring”. Detector re-
sponse function is not applied.
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Figure A.54.: Decay of 214Bi inside the copper holder part ”Stäbchenring”. Detector re-
sponse function is not applied.

179



A. Appendices

Energy (keV)
0 500 1000 1500 2000 2500 3000 3500 4000 4500

)
-1

P
D

F
 (

ke
V

4−10

3−10

2−10

1−10

1

Figure A.55.: Decay of 210Tl inside the copper holder part ”Stäbchenring”. Detector re-
sponse function is not applied.
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Figure A.56.: Decay of 210Pb inside the copper holder part ”Stäbchenring”. Detector
response function is not applied.
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Figure A.57.: Decay of 206Hg inside the copper holder part ”Stäbchenring”. Detector
response function is not applied.
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Figure A.58.: Decay of 210Bi inside the copper holder part ”Stäbchenring”. Detector re-
sponse function is not applied.
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Figure A.59.: Decay of 206Tl inside the copper holder part ”Stäbchenring”. Detector re-
sponse function is not applied.
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Figure A.60.: Decay of 231Th inside the copper holder part ”Stäbchenring”. Detector
response function is not applied.
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Figure A.61.: Decay of 231Pa inside the copper holder part ”Stäbchenring”. Detector
response function is not applied.
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Figure A.62.: Decay of 223Fr inside the copper holder part ”Stäbchenring”. Detector re-
sponse function is not applied.
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Figure A.63.: Decay of 227Th inside the copper holder part ”Stäbchenring”. Detector
response function is not applied.
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Figure A.64.: Decay of 223Ra inside the copper holder part ”Stäbchenring”. Detector
response function is not applied.
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Figure A.65.: Decay of 215Bi inside the copper holder part ”Stäbchenring”. Detector re-
sponse function is not applied.
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Figure A.66.: Decay of 219Rn inside the copper holder part ”Stäbchenring”. Detector
response function is not applied.
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Figure A.67.: Decay of 211Pb inside the copper holder part ”Stäbchenring”. Detector
response function is not applied.
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Figure A.68.: Decay of 211Bi inside the copper holder part ”Stäbchenring”. Detector re-
sponse function is not applied.
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Figure A.69.: Decay of 207Tl inside the copper holder part ”Stäbchenring”. Detector re-
sponse function is not applied.
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Figure A.70.: Decay of 228Ra inside the copper holder part ”Stäbchenring”. Detector
response function is not applied.
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Figure A.71.: Decay of 228Ac inside the copper holder part ”Stäbchenring”. Detector
response function is not applied.
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Figure A.72.: Decay of 228Th inside the copper holder part ”Stäbchenring”. Detector
response function is not applied.
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Figure A.73.: Decay of 224Ra inside the copper holder part ”Stäbchenring”. Detector
response function is not applied.
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Figure A.74.: Decay of 212Pb inside the copper holder part ”Stäbchenring”. Detector
response function is not applied.
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Figure A.75.: Decay of 212Bi inside the copper holder part ”Stäbchenring”. Detector re-
sponse function is not applied.
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Figure A.76.: Decay of 208Tl inside the copper holder part ”Stäbchenring”. Detector re-
sponse function is not applied.
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A.5. Simulated Templates of Distant External Radiogenic
Backgrounds
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Figure A.77.: Decay of 234Th inside the copper sphere. Detector response function is not
applied.
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Figure A.78.: Decay of 228Ac inside the copper sphere. Detector response function is not
applied.
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Figure A.79.: Decay of 226Ra inside the copper sphere. Detector response function is not
applied.
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Figure A.80.: Decay of 214Bi inside the copper sphere. Detector response function is not
applied.
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Figure A.81.: Decay of 212Pb inside the copper sphere. Detector response function is not
applied.
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Figure A.82.: Decay of 210Pb inside the copper sphere. Detector response function is not
applied.
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A.5. Simulated Templates of Distant External Radiogenic Backgrounds
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Figure A.83.: Decay of 208Tl inside the copper sphere. Detector response function is not
applied.
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Figure A.84.: Decay of 40K inside the copper sphere. Detector response function is not
applied.

195



A. Appendices

A.6. Comparison of Observed Peak Positions with Literature

The following table shows all the identified lines in the TUM40 data (X-ray, gamma and
alpha), their energies obtained from the fits to the data, corresponding literature values
and the relative difference between experimental1 and literature values. The footnotes
correspond to:

• a: Uncertainties might be as large as 10 or 20 eV [56]. For this work, we used the highest
possible uncertainty, which is 20 eV.

• b: This decay consists of an X-ray and a gamma emission. Only a partial uncertainty
is given for this decay in literature [56] that corresponds to the X-ray emission and
it is 20 eV. In this work, this value is used as uncertainty of the combined emission
of X-ray and gamma.

• c: These alpha peaks (234U/226Ra and 218Po/227Th) coincide with each other in the
recoil energy spectrum and they cannot be disentangled to be fitted with individual
Gaussian functions. Hence, their activities are obtained from the knowledge of sec-
ular equilibrium inside their corresponding decay chain. Because of this, these four
nuclides don’t have any experimental energy values.

1The fits were performed on low and medium energy reference data sets after the rescaling functions
mentioned in section 3.7.1 and section 3.7.2 were applied.
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A.6. Comparison of Observed Peak Positions with Literature

Table A.1.: Lines corresponding to X-ray and gamma emissions, and alpha decays observed
in the TUM40 data. The literature values of the energies of these lines are
given along with the mean values of the peaks obtained through fitting.

Source Decay Type ELit (keV) EExp (keV)
EExp−ELit

ELit

179Ta (M1) EC 2.601± 0.002 a 2.620± 0.007 −0.008± 0.008
179Ta (L2) EC 10.739± 0.002 a 10.83± 0.02 −0.009± 0.003
179Ta (L1) EC 11.271± 0.002 a 11.333± 0.004 −0.006± 0.002

210Pb γ 46.539± 0.001 46.29± 0.01 0.0054± 0.0003
179Ta (K) EC 65.351± 0.002 a 64.990± 0.008 0.0054± 0.0003

181W EC 73.7± 0.002 b 73.46± 0.05 0.0028± 0.0007
234Th γ 92.38± 0.01 92.18± 0.04 0.0022± 0.0004
226Ra γ 186.21± 0.01 185.61± 0.06 0.0032± 0.0002
212Pb γ 238.632± 0.002 239.77± 0.05 −0.0048± 0.0002
214Bi γ 609.320± 0.005 608.9± 0.1 0.0007± 0.0002
228Ac γ 968.97± 0.02 967.7± 0.2 0.0013± 0.0001
40K γ 1460.820± 0.005 1460.6± 0.3 0.0002± 0.0002

208Tl γ 2614.51± 0.01 2614.9± 0.3 0.0002± 0.0001
232Th α 4081.6± 1.4 4081.6± 0.9 −0.00001± 0.00040
238U α 4269.9± 2.1 4270.4± 0.1 −0.0001± 0.0005
235U α 4678.0± 0.7 4670.3± 0.7 0.0017± 0.0002

230Th α 4769.8± 1.5 4767.1± 1.0 0.0005± 0.0004
234U α 4857.5± 0.7 c −

226Ra α 4870.7± 0.3 c −
231Pa α 5149.9± 0.8 5141.6± 0.7 0.0016± 0.0002
210Po α 5407.53± 0.07 5402.7± 1.1 0.0009± 0.0002
228Th α 5520.2± 0.2 5520.6± 1.9 −0.00008± 0.00034
222Rn α 5590.4± 0.3 5590.5± 0.9 −0.00001± 0.00017
224Ra α 5788.9± 0.2 5789.9± 1.8 −0.0002± 0.0003
223Ra α 5979.0± 0.2 5970.1± 0.6 0.0015± 0.0001
218Po α 6114.75± 0.09 c −
227Th α 6146.6± 0.1 c −
220Rn α 6404.7± 0.1 6407.7± 2.4 −0.0005± 0.0004
211Bi α 6750.4± 0.5 6751.1± 0.5 −0.0001± 0.0001
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A.7. Composition of the Background Sources
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A.7. Composition of the Background Sources
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A. Appendices

A.8. Natural Decay Chains

In this part, the natural decay chains observed in the TUM40 data are given. The colours
indicate the following:

• Red: Shows the nuclides decaying through the release of an alpha-particle.

• Blue: Shows the nuclides decaying through the release of a beta-particle.

• Red/Blue: Shows the nuclides decaying through the release of either an alpha-particle
or a beta-particle. The corresponding branching ratios are given in tables 5.1 to 5.3.

• Grey: Shows the nuclides that are radioactively stable.
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A.8. Natural Decay Chains

Figure A.94.: 238U natural decay chain. Figure provided by [77].
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A. Appendices

Figure A.95.: 235U natural decay chain. Figure provided by [77].
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A.8. Natural Decay Chains

Figure A.96.: 232Th natural decay chain. Figure provided by [77].
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