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Zusammenfassung

Seit Jahrzehnten suchen Experimente nach Dunkler Materie, einem Teilchen, das
als Ursache einer Vielzahl astronomischer Beobachtungen gilt. Im Verlauf dieser
Suche haben sich Tieftemperaturkalorimeter wie die des CRESST- (Cryogenic Rare
Event Search with Superconducting Thermometers) Experiments dahin verbessert,
nukleare RiickstofSenergien bis hinab zu circa 10 eV messen zu konnen.

Bei Energien von etwa 200 eV misst CRESST einen bisher unerklarten Unter-
grund mit einer in Richtung Schwellenwert steil ansteigenden Ereignisrate und
derselben Signatur wie eine Teilcheninteraktion. Dieser sogenannte Low-Energy
Excess (LEE) erschwert die Nutzung der erreichten niedrigen Energieschwellen
deutlich. Da andere Experimente Ahnliches beobachten [1], liegt die Erforschung
der Ursachen des LEE zudem im kollektiven Interesse des Forschungsbereiches.

Die folgende Arbeit verwendet Daten der Messkampagne Run36 aus der dritten
Phase des CRESST-Experiments (CRESST-III) zur Untersuchung der Zeit- und Ener-
gieabhingigkeit des LEE. Die resultierende Beschreibung wird fiir einen Vergleich
zwischen den Detektoren und zur Formulierung von Anforderungen an Theorien
zur Ursache des LEE verwendet. Daten von dedizierten Tests, fiir die der Kryostat
auf verschiedene Temperaturen aufgewarmt wurde, ermoglichen aufSerdem die
Untersuchung der Temperaturabhingigkeit des LEE in dieser Arbeit.

Diese Arbeit nutzt zur Beschreibung des LEE vor allem ungebinnte zweidimen-
sionale Bayesische Fits, die mit einem selbst entwickelten und auf dem MCMC-
(Markov-Chain-Monte-Carlo) Stichproben Paket emcee [2] basierenden Python-
Programm durchgefiihrt werden. Verschiedene Fitmodelle werden dabei mit dem
AIC (Akaike Information Criterion) verglichen.

Es wird beobachtet, dass der LEE in allen untersuchten Detektoren oberhalb
von 40 eV gut durch ein einzelnes Power-Law in der Energie und einer Linearkom-
bination von zwei Exponentialfunktionen in der Zeit beschrieben werden kann.
Zudem wird die Hypothese untersucht, dass letztere die Anndherung eines einzel-
nen Power-Laws sind. Es wird gezeigt, dass die erhaltenen Fitparameter zwischen
den Detektoren gut tibereinstimmen und der LEE entsprechend nicht signifikant
von einer der variierten Detektorcharakteristiken abhangt.
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Abstract

For several decades, experiments have now searched for a so far undiscovered
particle, called dark matter, that is thought to be responsible for a variety of
astrophysical and cosmological observations. As part of this search, cryogenic
calorimeters like the ones of the CRESST (Cryogenic Rare Event Search with
Superconducting Thermometers) experiment have been improved to measure
energies of nuclear recoils in their detectors down to roughly 10 eV.

At energies below roughly 200 eV, CRESST measures an up-to-now unexplained
background with a steeply rising event rate towards the threshold that shows the
same signature in the detector as a particle interaction. This so-called Low-Energy
Excess (LEE) is a serious obstacle in exploiting the full potential of the achieved
low energy thresholds and since other experiments observe similar phenomena
[1] unveiling the LEE's origin has even become a community-wide interest.

The following work investigates the behavior of the LEE in the energy and time
domain, using data from the measurement campaign Run36 of the third phase
of CRESST (CRESST-III). The obtained description is then used to compare the
LEE between the detectors and to formulate requirements for LEE origin theories.
Furthermore, data from dedicated tests during which the cryostat was warmed up
to different temperatures also enable studying the temperature dependence of
the LEE as part of this work.

The main tool used here for describing the LEE is unbinned two-dimensional
Bayesian fits, performed with a custom Python software that is based on the MCMC
(Markov-Chain-Monte-Carlo) sampling package emcee [2]. Different fitting models
are then compared via the AIC (Akaike Information Criterion).

Itis observed in this work that in all investigated detectors, the LEE can above an
energy of 40 eV be well described with a single power-law in the energy and a linear
combination of two exponential decay functions in the time domain. In addition,
the hypothesis that these two exponential decays are only an approximation of a
single power-law is also discussed. Furthermore, it is shown that the resulting fit
parameters agree very well between the detectors and that the LEE is consequently
not clearly dependent on any of the varied detector characteristics.
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CHAPTER 1

The Search for Dark Matter

A search on today's internet for the book with the most sold copies of all time
finds the Christian bible. The very first verses in this collection of religious texts
describe how god created the heaven and earth. According to them, the creation
of the universe and everything within took god seven days. Stars appear on the
fourth day, before animals and humans [3].

In a larger sense, similar stories of how the universe came into existence can
be found in many cultures all over the globe and across all epochs. They can
be grouped according to the type of creation process they describe [4], ranging
from Creation from Chaos, to which the above mentioned Christian Genesis can be
attributed to, over the creation by Parental Beings to the Creatio Ex Nihilo where
matter is created out of nothing [5].

Modern science usually contributes the moment of matter creation to the more
abstract concept of a Big Bang rather than to a supreme intelligent being. However,
the question of how the universe became what we observe today still bothers
humanity.

The initiated reader might already be aware that the story of our universe can
probably not be written without dark matter. They should feel free to proceed
with the introduction of the Low-Energy Excess (LEE) in Section 1.3, since the
following section will, for introductory purposes, recapitulate the role of dark
matter, throughout the history of our universe in Section 1.1 and in the context of
direct detection experiments in Section 1.2.
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1.1 Traces of Dark Matter in Space and Time

In the first decades of the 20th century, astronomers like V. Slipher [6] and E. Hubble
observed the movement of galaxies relative to the Milky Way. In the year 1929,
these observations resulted in a paper by Hubble, stating a linear relation between
a galaxy's recessional velocity v and its distance d [7]. Although in modern days
there is some discussion if the name of this relation should be extended [8, 9],
it is still widely known as Hubble's law, and written with the constant H, as in
Equation 1.1[10].

v="Hy d (1.1)

The enlargement of the universe which is key to understanding these observations
started with the Big Bang, when the whole universe expanded out of a single point
of space-time .

After the Big Bang, the universe cooled down, starting from a hot and very
dense plasma containing charged particles and photons. The hint for the existence
of dark matter which is discussed here reaches earth from over 10° years later
[12] when the universe was already ~ 3000 K cold. Before, the mean free path of
light was restricted by its interactions with charged particles, but then electrons
and nuclei would finally combine into electrically neutral atoms? [14, 15, 16].
As a consequence, the universe became transparent and the photons from this
period can be observed today as the black body spectrum of the Cosmic Microwave
Background (CMB) [12] with a temperature of ~ 3K [17].

To find the connection between the CMB and dark matter, one has to liter-
ally take a closer look. The cosmic microwave spectrum exhibits temperature
anisotropies on different scales, as shown in Figure 1.1. Roughly summarized,
secondary anisotropies carry information about the path the photon took to earth,
while primary anisotropies are the imprints of processes that took place at the
time of the last photon scattering >* [18].

! Although the term Big Bang is not yet used there, [11] can be regarded as the first mention of
this concept.

2 The term recombination is still commonly used for this process, although most sources now
point out that it is misleading because the atoms were probably never combined before [10, 13, 12].
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Figure 1.1: A full-sky map of the CMB fluctuations that has been cleaned from
some known unwanted effects, published by the Planck Collaboration in 2015 [19].
For further details, see [19].

Primary anisotropies in the CMB appear at the order of 10~° K [21]. They originate
from acoustic oscillations which will be briefly discussed here ® as they encode a
lot of information about the processes in the early universe.

Before electrons and protons combined to neutral hydrogen, photons were
coupled to baryons through Thomson scattering with free electrons which in
turn underwent Coulomb scattering with the baryons. The result was a photon-
baryon fluid [23]. It oscillated between the compression in gravitational wells,
created by existing density fluctuations, and the rarefaction through pressure,
which counteracted the gravitational force. When a photon decoupled from such
an oscillation, it had to climb out of the gravitational well and got gravitationally
red-shifted, such that compressed regions at decoupling translate into cold regions
in today's sky.

5 Also here a misleading terminology has become established, whereby the photon decoupling
is often referred as the surface of last scattering [10, 13, 12].

4 There are many good summaries of these processes in varying degrees of detail available, for
example [13], [18] or [20].

5 For a more detailed explanation of these processes, see [22].
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The temperature anisotropies of the Cosmic Microwave Background can be
analyzed in the form of a power spectrum ¢, as it is shown in Figure 1.2. Extrema
in the oscillations result in a peak in the spectrum, where odd-numbered peaks
correspond to compression and even-numbered ones to rarefaction. Height and
positioning of the peaks depend on cosmological parameters such as the energy
densities 2;, as is illustrated in Figure 1.3. For example, an increased amount of
baryons in the fluid would enhance only the compression peaks [22], while the
measured prominence of the third peak indicates a dominance of dark matter in
the matter density at decoupling [22, 24]. In fact, it is believed that dark matter
makes up more than 20 % of the total energy density in the universe [25, 26].
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Figure 1.2: The CMB’s temperature power spectrum as measured by Planck. The
fitted model is the best fit based on a theoretical ACDM model, where A stands for
the cosmological constant and CDM for cold dark matter. The lower panel shows
the residuals, while the errorbars give the +0 uncertainties. The figure is taken
from [26].

6 A detailed explanation of how to obtain and interpret the spectrum would lead too far for
this introduction. It can be found for example in [22].
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Cold or non-relativistic dark matter models, as used in the analysis referenced in
Figure 1.3, are well motivated by the agreement between multiple large-scale sim-
ulations using cold dark matter [27, 28, 29, 30] and astrophysical observations [31,
32]. According to these models, structure formation in the early universe happened
hierarchically, meaning small objects clustered into larger ones. Furthermore,
it is assumed that dark matter, which did not take part in the aforementioned
acoustic oscillations, formed structures first and was then followed by baryons
through gravitational attraction. Consequently, today's galaxies should still be
embedded in dark matter halos [33], which is an important basis for direct dark
matter detection experiments.
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Figure 1.3: A ACDM model, varied in four cosmological parameters around a
reference, to illustrate the dependency of the CMB’s power spectrum on these
parameters. Varied are the total energy density €2;,; which carries information
about the curvature of the universe (a) and the energy densities of the dark energy
or cosmological constant 2, (b), of the baryons ), (c), and of all matter (2,,,. The
energy density of dark matter is implicitly contained in the discrepancy between
Q,, and €,. The figure is taken from [22].
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Indirect observations of dark matter halos took place already in the early 1930s [34,
35], over 30 years before the discovery of the cosmic microwave background [36].
In 1933, published as "remarks on the scattering of velocities in the Coma nebula
cluster” (F. Zwicky, 1933) 7 it was discovered that the average density in the cluster
came out significantly higher when calculated with the virial theorem compared
to estimations from the observation of luminous matter. This additional mass
that could not be observed through its light emission was accordingly named dark
matter [35].

The evidence for a dark matter halo around galaxies was later supplemented by
analyzing the rotation curves of galaxies [37]. In these, the rotational velocities of
objects or gas in a galaxy are plotted against their distance from the galactic center.
Without dark matter, the velocity should decrease with a decreasing amount of
luminous matter in the outer regions of a galaxy, but the data show that the
velocities stay almost constant instead [37, 38], as is shown in Figure 1.4.
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(a) Rotation curve of the spiral galaxy
NGC 3198. The plot shows a fit to the data
as well as the contributions of the halo and
the galactic disk to the model. The figure is
taken from [39].

(b) Rotation curve of the spiral galaxy M33.
The continuous line is the best fitting model,
the other shown contributions are the ones
from the dark matter halo (dot-dash), the
stellar disc (short-d.) and the galactic gas
(long-d.). The figure is taken from [40].

Figure 1.4: Examples for rotation curves of spiral galaxies.

"Translated heading from the paper ”Die Rotverschiebung von extragalaktischen Nebeln”
(F. Zwicky, 1933). The original wording is: ”& 5. Bemerkungen zur Streuung der Geschwindigkeiten

im Coma-Nebelhaufen.” [35].
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Today, the dark galactic halos are not only of some importance for astrophysics
but also for experimental particle physicists who try to trap dark matter from the
Milky Way's halo in their detectors [41]. In the following Section 1.2 the basics
of direct dark matter detection will be briefly discussed, concluding with a brief
introduction to one of the field's most recent challenges which is the topic of this
work in Section 1.3.

1.2 Direct Dark Matter Detection

The efforts of dark matter detection are usually distinguished into direct detec-
tion, indirect detection, and collider experiments whereby the three areas are
considered to complement each other. It would be impossible to discuss all the
different types of experiments within a reasonable amount of pages, so this sec-
tion will focus on the development of direct detection experiments, without going
too much into detail. It will thereby set the context for the later discussion of
the Low-Energy Excess. For the interested reader [42] can be considered a good
starting point for a more extensive overview of the field.

As already discussed in Section 1.1 the combination of astrophysical observa-
tions, simulations and CMB data motivates the assumption of dark matter being
non-relativistic at the time of last scattering, non-baryonic and invisible, in the
sense that it doesn't emit photons. Furthermore, dark matter is usually assumed
to interact with standard-model particles only through gravity and some kind of
weak force, which might but not necessarily has to be the one known to be part of
the four fundamental forces [42].

When consulting overview papers on dark matter detection the most discussed
particle candidates are so-called Weakly Interacting Massive Particle (WIMPs) which
can be motivated through theoretical extensions of the standard model. In addi-
tion, the relic density ® of dark matter can be very well explained by assuming a
thermal WIMP production in the early universe [12, 42, 43].

8 The term relic density refers to the quantity of a type of particle that has survived from the
particle’s production in the early universe to the present day.
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The direct search for dark matter was ongoing already in the late 1980s, mainly
with ionization-based detectors [44, 45]. Over the last four decades, increasingly
different detector types have been developed to utilize additional detection chan-
nels such as scintillation or thermal phonons [43]. As a result of these efforts, the
possible parameter space for WIMPs has been significantly narrowed, as can be
seen in Figure 1.5, requiring new experiments to either get sensitive to increas-
ingly smaller masses or smaller interaction cross-sections between the dark matter
particle and their targets.
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Figure 1.5: Limits on the spin-independent elastic scattering cross-section for
WIMP-nucleus interactions for different WIMP masses. The plot is meant to show
the status of the field in May 2022 °. For details on the assumed halo model, see
Figure 3 in [42]. The figure is taken from [42].

9 Shown are limits from CDEX [46], CDMSLite [47], COSINE-100 [48], CRESST [49, 50], DAMA/LI-
BRA [51] (contours from [52]), DAMIC [53], DarkSide-50 [54, 55], DEAP-3600 [56], EDELWEISS [57,
58], LUX [59, 60], NEWS-G [61], PandaX-II [62], SuperCDMS [63], XENON100 [64] and XENON1T
[65, 66, 67, 68].
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A higher sensitivity for lower masses also implies sensitivity for lower recoil en-
ergies, as is exemplarily shown in Figure 1.6. Therefore, as the search for WIMPs
reaches lower particle masses, experiments have a strong interest to decrease or
at least understand their backgrounds at increasingly low detection energies. In
this context, the following Section 1.3 will discuss the Low-Energy Excess which
has proven to be one especially challenging background for today's direct dark
matter search experiments.
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Figure 1.6: Recoil spectra for dark matter interactions with tungsten for different
dark matter particle masses. The expected recoil energy Ex decreases with decreas-
ing particle mass (see plot legend). A derivation of the general recoil spectrum
can be found in [69]. For details on the parameters used for this plot, see [70]. The
figure is taken from [70].
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1.3 The Low-Energy Excess

In 1999 the early stages of the direct dark matter search experiment CRESST
(cf. Ch. 2) measured an unwanted background that appeared as an increase of
events with decreasing energy down to the threshold (cf. Fig. 1.7) [71, 72]. This
background could be eliminated by reducing the force applied by the holding
system of the detector crystals, which were operated as calorimeters at cryogenic
temperatures. The result of the corresponding analysis were published in 2006
when CRESST reported measurements of fracture events in sapphire crystals [71].

However, tracing these background events to originate from micro-cracks in
the detector material is not as straightforward as it might appear. Essentially, any
given energy release in these detectors looks the same, as long as it happens on a
time scale of the order of microseconds. In the end, visible damage to the crystal
at the contact points of the holding served as the necessary hint [71].

Roughly a decade after the report of the crack events, the observation of an-
other steeply rising background with a similar shape but at much lower energies
was published by the CRESST experiment [73]. This new background, which is
known as the Low-Energy Excess (LEE), could overlay a potential dark matter signal
and is therefore a serious obstacle to setting stricter limits on the properties of
dark matter. Interestingly, as this work will show, the energy spectrum of the
LEE can be fitted with a power-law £—° with ¢ ~ 2.6 (cf. Sec. 5.3) and FE being the
energy. This spectral shape is comparative to the fracture event spectrum from
the early CRESST runs which has been reported to resemble a power-law as well
withe ~ 1.9[71].

Naturally, this similarity influenced the steps that have been taken to mitigate
the Low-Energy Excess and gave rise to theories about its origin being connected
to different types and origins of stress within the detectors (cf. Sec. 6.2). However,
up to this point, none of these theories has been definitely confirmed.
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(a) Four energy spectra from the CRESST data taking campaign Run9. The data sets are
not scaled by measuring time. The solid black line shows the power-law fit with e &~ 1.9 to
the lowest spectrum. The figure is taken from [71].
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(b) Spectra of the low energy regions of different detectors from Run36. The data sets are
scaled by measuring time. The figure is taken from [74].

Figure 1.7: Comparison between the excess spectra in the old (a) and the new (b)
CRESST detectors. The energy threshold is significantly lower in the new detectors.
Although the shapes of the spectra look quite comparable, it is not confirmed that
the excesses have similar origins.
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The CRESST experiment is not the only one to experience recent issues with unex-
plained low-energy backgrounds. In June 2021 ten experiments came together, to
discuss their common issue of excess events of unknown origin. Although there
exist significant differences in some cases, most of these excesses can be charac-
terized as a sharp rise in the energy spectra toward the threshold of the respective
experiment while being significantly above the expected backgrounds. A variety of
materials and detector types were represented in this knowledge exchange, rang-
ing from cryogenic experiments, over CCDs (charge-coupled devices) to gaseous
ionization set-ups [1]. During the preparation of this work, the fifth iteration of
the EXCESS Workshop was announced, showing the continuing interest of the field
regarding this topic.

Already in the first iteration of the EXCESS Workshop, it was suspected that
there is not a single origin responsible for the rate anomalies in all the different ex-
periments. Still, the comparison between experiments utilizing similar techniques
was hoped to give hints in the right direction. Inspired by the observations of the
EDELWEISS collaboration [75], CRESST extended its data taking campaign Run36
by several warm-up cycles (cf. Sec. 2.4) during which the cryostat was allowed to
warm-up to temperatures between 0.2 K and 130 K and cooled down again, followed
by a short period of data taking.

Although these tests did not immediately reveal the origin of the LEE, they
increased the understanding of the background's behavior and strengthened the
data basis on which several explanations, including dark matter, have been ruled
out as main contributions to the LEE of CRESST [74]. The extensive analysis of this
warm-up data to gain a better understanding of the LEE's behavior in the energy
and time domain is the main topic of this work.



CHAPTER 2

The CRESST-IIT Experiment

The direct dark matter search experiment CRESST, short for Cryogenic Rare Event
Search with Superconducting Thermometers has been operating since 1999 [76]. The
first phase, named CRESST-I published results in 2002 which had been obtained
with 262 g sapphire calorimeters, thereby providing leading limits for WIMP masses
of the order of 1 GeV/c? [77].

In the following, the goals of achieving a lower background and probing heavier
particles led to a switch in the crystal material. The replacement of sapphire with
calcium-tungstate (CaWQ,) enabled particle discrimination through scintillation
light, while also profiting from the increased atomic mass of the tungsten nuclei !
This marked the beginning of the second stage of the experiment, CRESST-II [79].

The second big change in the CRESST detector design came in the second
half of the 2010s, as a consequence of the shifting interest of the dark matter
direct detection field to lower dark matter masses. To achieve the low thresholds
necessary, detector crystals operated in CRESST-III are by roughly a factor of ten
smaller than the ones formerly used in CRESST-II [80].

This work will focus on the data taking campaign Run36, in which different vari-
ations in crystal material and execution of the CRESST-III detector design were
operated from late August 2020 to February 2024 2. The details of these detectors

I'The cross-section for the coherent elastic scattering of dark matter from nuclei is expected
to scale with the square of a linear combination of the nucleus proton and neutron numbers
(seee.g.[78)).

2 Duration of the whole run, not of actually analyzed data taking. For details see Sec. 2.4.
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will be discussed in Section 2.3, after a brief overview of the experimental set-up
in Section 2.1 and the detection principle in Section 2.2.

2.1 Experimental Set-up at Gran Sasso

The CRESST experiment is located under the Gran Sasso mountains in Italy, more
precisely in the underground laboratory Laboratori Nazionali del Gran Sasso (LNGS).
The location is chosen to provide shielding against cosmic backgrounds, especially
muons which can cause the production of secondary particles in the shielding mate-
rials of the detector. The 1400 m rock overburden which corresponds to 3100 m.w.e.
(meter water equivalent) effectively reduces the muon flux to 1m=2h"' [81]. A
drawing of the experimental set-up inside hall A of the laboratory, including all
additional layers of shielding, can be seen in Figure 2.1.

CRESST operates a *He—*He dilution refrigerator that provides a base temper-
ature below 10 mK. The detectors themselves are held in place by the so-called
carousel, a copper structure that can in principle house up to 33 detector modules.
The cryostat and the carousel are coupled via a copper cold finger, as is also shown
in Figure 2.1.

The carousel is surrounded by various layers of passive shielding. Starting from
the outside these are 45 cm of polyethylene, 20 cm of lead which is taken from a
Swedish underground mine to ensure a low amount of radioactive contamination
and 15 cm of copper, followed by a second, inner shield of polyethylene. The two
polyethylene layers protect the experiment against neutrons from the environment
and the rest of the shielding respectively, while the highly pure copper and lead
layers shield from radioactive backgrounds.

In addition to the passive shielding, there is a muon veto placed in between
the polyethylene and the lead. It consists of 20 plastic scintillator panels, four on
each side and respectively two at the the top and bottom covering in total 98.7 %
of the solid angle.

To avoid any contamination from radon gas at the detectors, the inner lead
and copper shielding including the carousel are enclosed in an air-tight container,
called the radon box that is constantly flushed with nitrogen.
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Figure 2.1: Schematic drawing of the CRESST set-up at Gran Sasso. The color-
coded materials are polyethylene (yellow), copper (orange), lead (grey), water
(saturated light-blue) and the plastic scintillator panels of the muon veto (dark
blue). The light-blue boxes in the middle of the shielding symbolize the detectors
that are held by the carousel, which is connected via a copper cold finger to the
cryostat at the top. The figure is taken from [82] which adapted it from [83].
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At the end of Run35, an active magnetic field compensation was added to the
CRESST set-up to stabilize the field at the position of the carousel. It thereby
ensures a more stable detector operation and complements the electromagnetic
shielding which was only provided by a Faraday cage before. The main part of the
magnetic field compensation consists of a set of coils sitting on the radon box. A
more detailed description can be found in [84].

2.2 Detection Method

Standard CRESST-III detectors as they were used in Run36 utilize the phonons and
the scintillation light caused by energy depositions in an absorber crystal. The light
is needed to distinguish nuclear recoils from other interaction types, which will be
briefly discussed in Section 3.2.3. The phonon and the light detector, as described
in Section 2.3, are for this purpose each equipped with one Transition Edge Sensor
(TES). The TES signals are then obtained with a SQUID 3-based readout.

2.2.1 Transition Edge Sensors

2.2.1.1 Structural Composition

ATES as it is used in CRESST (cf. Fig. 2.2) consists of a tungsten film that is directly
evaporated on the absorber crystal or the light detector respectively (cf. Fig. 2.5a)
and partially covered by aluminum. The W/Al-areas act as phonon collectors
whereby the aluminum is used to reduce the heat capacity of these bilayers. Fur-
thermore, a small gold structure acts as a thermal link between the thermometer
film and the heat bath. Details on the structure of the TES can be found in [85].

Almost all detectors operated in Run36 use one of four TES types which differ
in the sizes of the tungsten and aluminum films as well as in the length of the
thermal link. In Table 2.1 the different measurements are collected. A table on
which detector is equipped with which TES can be found in Section 2.3*.

3 Short for Super-Conducting Quantum Interference Device.
4 The measures given in the table are taken from the internal CRESST documentation of Run36.
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Figure 2.2: Schematic drawing of the largest type of CRESST-III TES. The dark
gray areas are the tungsten film and the light gray ones mark the aluminum. The
yellow parts on the left are the gold film and wire connecting the TES to the heat
bath. The small structure on the right symbolizes the heater which is thermally
and electrically separated (cf. Fig. 2.4). All measurements are given in mm. The
figure is taken from [85].

Table 2.1: Measures of the different CRESST-III TES types. The tungsten film
(W) and the aluminum layer (Al) are given in terms of their area sizes. The given
numbers for tungsten refer only to the area that is not covered by aluminum. The
thermal link (TL) is given by the length of the gold wire. The rest of this work will
stick to the names of the TES types given in the left column.

Name W (mm?) Al(mm?) TL(mm) Comment

PD-L 5.69 30.53 0.15 Large TES for phonon detectors (PD)
PD-M 2.60 15.96 0.60 Medium TES for phonon detectors (PD)
PD-S 1.41 7.60 0.98 Small TES for phonon detectors (PD)
LD 0.072 1.01 1.50 TES for light detectors (LD)

2.2.1.2 Signal Shape

The TESs in CRESST are operated at very low temperatures of roughly 15-20 mK.
The exact operating point is chosen such that the tungsten film is held in its tran-
sition between the normal and the superconducting state, resulting in a resistance
change of AR = O(1072Q) for a temperature change of only AT = O(107°K)
(cf. Fig. 2.3a).
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An ideal transition curve would be linear up to the normal conducting state
which would result, in good approximation, in a linear relation between the signal
amplitude and the deposited energy. In reality, the data analysis has to correct for
the shape of the transition, as will be discussed in Section 3.2.5.

In Figure 2.3b an example of a TES-signal over time is shown. These pulses can
be modeled with two components [82, 86]. First, a fast non-thermal one, which
is dominant at low temperatures, and second a slower thermal component [86].
More details on the signal creation process and modeling can be found in [86] °.
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(a) Transition curve of a Transition (b) Standard pulse from a CRESST-II phonon
Edge Sensor, illustrating the resistance detector (solid black line) with the amplitude
change for small temperature variations. plotted over time. The non-thermal (dashed
The figure is adapted from [87]. blue) and the thermal component (dashed
green) are both fitted to the pulse, their sum
is given in red. The figure is adapted from [82]
where the details of the fit can also be found.

Figure 2.3: A TES transition curve (left) and a TES signal over time (right), exem-
plarily illustrating the signal creation in Transition Edge Sensors.

5 For further reading about TES in CRESST [85] can also be recommended.
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2.2.2 Readout and Data Acquisition

As already mentioned, the readout of the TES in CRESST is based on SQUIDs.
Apart from the electronic circuits for the SQUID bias-current and the readout
itself, there is a third one, as shown in Figure 2.4, which is controlling the heater
that is needed to keep the detector at its exact operating point.
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Figure 2.4: Overview of the electronic circuits for the heater (left, blue), the
bias-current for the SQUIDs (center, violet) and the readout (right, red) including
the continuous data acquisition (far right). The figure is taken from [88].

The current for the heater consists of two parts. First of all, there is a constant
current which is defined by the data acquisition (DAQ) and passed to the circuit via
a digital analog converter (DAC). This constant heating is used to keep the TES at
its previously defined operating point on the transition curve. Secondly, there is
the possibility to insert artificial signals in the detector via the pulser which are
used to control the operating point of the TES (control pulses) and to map the
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detector response during the energy calibration (test pulses, cf. Sec. 3.2.5). Details
on the operating point controlling can be found in [89].

For the SQUID-based readout, the TES is placed in a parallel circuit with a coil and
two equal shunt resistors (one on each side). The branches are provided with a
constant bias current. When energy is deposited in the detector, the TES heats up
and changes resistance. As a consequence, the splitting ratio of the bias current
in the two branches is altered, affecting the magnetic field that is produced by the
coil. The SQUID reacts to this field change and transmits it to a second coil that is
connected to the SQUID electronics °.

The output of the SQUID electronics is then passed to two different data
acquisition systems. For the first DAQ an automatic trigger decides which data
is written to disk. Around each trigger time-stamp a so-called record window of
214 = 16384 samples is placed such that a quarter of the window lies before the
trigger. With a sampling interval of 0.04 ms the record-windows are each 655.36 ms
long.

In addition to the hardware-triggered data, CRESST-III also records the whole
stream of data, which is done by the continuous DAQ (CDAQ). These streaming data
have the great advantage that they allow to create, adjust and apply the trigger
and the corresponding filter during the offline analysis. Furthermore, they provide
a larger base for the simulations of the detector's efficiency (cf. Sec. 3.2.6). For
saving the data stream, two transient digitizers are used, where one stores the
incoming information in a buffer while the other writes its buffer to disk.

The streaming and the hardware data taking are both interrupted regularly by the
refills of the cryostat. As a consequence, the recorded data is saved in chunks of
50 h, shortly called files although in reality several different file types are stored
for each data chunk. More details on these file types and their purpose can for
example be found in [87].

¢ This operation mode of a SQUID is known as flux-locked loop. For details, see e.g. [89].
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2.3 Detector Modules in Run36

This section provides an overview of the different detector modules operated
in Run36. First, Section 2.3.1 will cover the standard design, followed by a brief
description of the two most special designs in Section 2.3.2. A detailed overview of
all detectors in Run36 and their differences can finally be found in Section 2.3.3.

2.3.1 Standard CRESST-III Detector Design

Most detectors in Run36 were variants of the standard CRESST-III detector module
design that is shown in Figure 2.5a and Figure 2.5b. Such a module consists of
two separate detectors, each equipped with a TES. The absorber of the phonon
detector (main absorber) is a cuboid monocrystal of (20 x 20 x 10) mm? which is
often made of calcium-tungstate (CaWO,). The phonon detector is sometimes
also called bulk detector, in contrast to the wafer-shaped silicon-on-sapphire (SOS)
light detector, which has a size of (20 x 20 x 0.4) mm? and is facing the phonon
detector.
In Run36 all light detector TES were placed on the detector's silicon side .

In the basic design both, the phonon and the light detector, are held inside their
radiopure copper housing by sticks. The sticks have a length of 12 mm, a diameter
of 2.5 mm and a rounded tip with a radius of roughly 2-3 mm. They can be either
also made out of radiopure copper or out of CaWO,. In the latter case, they can be
instrumented with TES themselves and are then called i-Sticks [50].

The copper sticks are softer than the CaWO, ones and were introduced to test
the influence of mechanical stress on the detector's background. For the same
reason, there was an additional third holding scheme utilized where the main
crystal is held by bronze clamps instead of sticks (cf. Fig. 2.5c).

" Information is taken from internal documentation.
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Holding Sticks
—— Wafer TES
—— Bulk TES

<«— Cu Housing

—— Wafer detector

—— Bulk detector

-

(a) Drawing of a standard CRESST-III detector mod-  (b) Opened detector module Sapp1.
ule, with the main absorber on the left and the It follows the standard design

wafer-shaped light detector on the right. In some  with copper sticks but has a sap-

modules the sticks are made of CaWO, instead of = phire crystal as the main absorber
copper and also instrumented with TES (i-Sticks)  [Credit: CRESST Collaboration].
[Credit: CRESST Collaboration].

(c) Close look on the absorber crys-  (d) Opened detector module TUM93A. It has a
tal of the Comm2 module. It is held  standard design with a mix of copper and i-Sticks
by bronze clamps instead of sticks  but has the inside of its housing covered with
[Credit: CRESST Collaboration]. scintillating foil [Credit: CRESST Collaboration].

Figure 2.5: Basic design and different variations of CRESST-III detector modules.
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Although apart from CaWO, different other crystal materials were used in Run36
(cf. Sec. 2.3.3) most of these materials still have the ability to scintillate and are
transparent to their own scintillation light. This enables particle discrimination
via the signal of a module's light detector (cf. Sec. 3.2.3). To enhance the light
collection efficiency, some of the detector housings have their inside covered
with reflective and scintillating foil (cf. Fig. 2.5d). Since it was suspected that this
foil could maybe induce additional background events, it was not used in all the
modules.

In addition to the particle discrimination, the aforementioned i-Sticks can
be used to veto events that happen in the holding of the crystal. Furthermore,
the transmitted signal from the main crystal to the i-Stick can be utilized in the
analysis of high-energy a-events, as it is done for example in [90] or [91].

For the energy calibration of all Run36 standard detectors, there are two cali-
bration sources available. First, there is a dedicated data taking period at the
beginning of the run, done with a common °”Co-source for all detectors?® and
second, there is one low-activity *Fe-source with a half-life of 2.7y built into each
module, which provides lines from X-ray emission at 5.9 keV and 6.5 keV [92]. The
Fe is applied to a screw and covered with glue and roughly O (100 nm) of gold ®,
with the screw then being inserted into the respective module's housing.

2.3.2 Special Detectors in Run36

2.3.2.1 The Silicon Double-Module

A comparatively small but important variation of the standard module design is
the so-called silicon double module, which is shown in Figure 2.6. Two, apart from
the crystal material, standard modules (SiI and Si2) have been combined into one,
with the two wafer detectors on the very left and the very right side. The two
phonon detectors are opposing each other in a direct line of sight with no wall
between them.

8 See [50] for details.
° The glue is used to stop the electrons emitted by the *°Fe, with the gold then being needed
to shield the detector from potential scintillation light coming from the glue.
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The idea behind this module was to test the existence of a background due
to low-energy electrons that would be emitted from a surface facing the detec-
tor. Therefore, with silicon, a non-scintillating material has been chosen for the
absorbers to eliminate scintillation as a possible source of coincident events. Con-
sequently, the double module does not operate light detectors. Instead, the two
small wafers are also silicon phonon detectors which can be utilized as veto de-
tectors for the main absorbers. In total, the four silicon detectors in the double
module could veto together almost half of their own surface, so a coincidence
analysis should reveal the existence of some shared background if present.

Unfortunately, from the two main absorbers and two wafer detectors in the dou-
ble module only one, namely the wafer detector of Si2, could be fully analyzed.

The main detector of Si2 could not be calibrated, while the submodule Sil is not
functional at all.

(a) Schematic drawing of the silicon (b) Photography of the silicon double module.

double module. The wafer detectors are Despite it looks like it in the picture, there is
also silicon phonon detectors [Credit: no wall between the two submodules [Credit:
CRESST Collaboration]. CRESST Collaboration].

Figure 2.6: Drawing and picture of the silicon double module operated in Run36
of CRESST-III. The two submodules are named Sil and Si2 (from left to right).

2.3.2.2 The Beaker Modules

There are three detector modules operated in Run36 that use a completely differ-
ent design than the standard one which was discussed in Section 2.3.1. These three
are named after the shape of their light detector the beaker modules, or internally
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after their main developer Gode modules. A detailed discussion of this detector
type can be found in [93].

As is shown in Figure 2.7, the beaker modules consist of three different detec-
tors. A main absorber CaWO, crystal, which is read out via the so-called carrier,
the ring that holds the absorber crystal in place and the silicon beaker itself.

The silicon beaker is a hollow cylindrical structure of 40 mm in diameter and
height which is open at the top. It is equipped with a TES and acts as the main
part of the 47-veto for the main absorber. This veto is also the main design idea
behind the module.

The beaker and the ring, which covers most of the beaker's opening, are con-
nected to the module housing via bronze clamps. The ring itself is also instru-
mented with a TES and in addition acts as the suspension point of the absorber
crystal, to which it is glued using epoxy resin. Finally, the main absorber is not
read out directly but through the TES-equipped carrier, which sits on the main
crystal in the center of the ring.

reflector foil

carrier lr
ring

/absorber \ " e i| : '

silicone oil ;
spots of
epotek

Si beaker

(a) Schematic drawing of the beaker modules (b) Photography of a closed beaker mod-
as they are operated in Run36. The beaker is ule. The grey structure inside the cop-
almost empty since the crystal has been down- per holding is the silicon beaker itself,
sized after CRESST-II but the beaker has not the main crystalis hidden inside [Credit:
[Credit: CRESST Collaboration]. CRESST Collaboration].

Figure 2.7: An example for a beaker module as they were operated in Run36 of
CRESST-III. The modules are internally named after their developer Godel-3.
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Although the silicon beaker would fit a crystal of roughly 38 mm in height, the
crystal operated in Run36 is much shorter. Between CRESST-II and CRESST-III
the crystal size has been reduced not only for the standard design but also for the
beaker modules, which were downsized from their initial roughly 220 g to only 30 g
in CRESST-III to achieve lower energy thresholds.

The housing of the beaker modules is covered with reflective and scintillating
foil, similar as it is done for some of the standard modules.

Unfortunately, the beaker modules proved to be difficult to operate, since the
ring and the carrier could not be heated independently from each other.

2.3.3 Overview of Detector Properties

One of the main topics of this work is to understand if the LEE can be correlated
to any detector property. Consequently, a good overview of the different module's
specifications is important. This section will accordingly focus on the hardware
properties of the detectors and their TES (cf. Tab. 2.1).

In Table 2.2 all detectors that have been mounted in the cryostat for Run36 are
listed. The column Name provides the CRESST internal name of a detector, includ-
ing the channel number of the detector within its respective module. The Type
of the detector indicates if it is a phonon (PD) or a light detector (LD) and if it
uses a standard shaped bulk or wafer crystal. Instrumented holding sticks are only
mentioned as comments. The parts of the beaker modules are named R for the
ring, C for the carrier and B for the silicon beaker (cf. Sec. 2.3.2.2). The column
Material states which material the detector crystal is made of. Silicon-on-sapphire
light detectors are abbreviated with SOS. In addition, the fourth and fifth column
states if a detector was functional (Func.) and if it was (at least roughly) analyzed
(Ana.). It has to be noted that not all analyzed detectors could also be used for this
work (cf. Sec. 3.3.1). Finally, the last column provides explanatory Comments.

To complete the overview, Table 2.3 provides the hardware details for all ana-
lyzed detectors in Run36, even for the ones that have not been used in this work.
The same applies to the later analysis overview in Table 3.1. The additional in-
formation is useful to give recommendations on which detectors have the most
potential, in case the Run36 data is further analyzed.
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Table 2.2: Complete list of all detectors mounted for Run36 '°. A detailed expla-
nation of the columns can be found in the text. Remember that bulk detectors
have a size of (20x20x 10) mm?® and wafer detectors one of (20x20x0.4) mm?. For
a faster overview, the detectors this work will focus on are marked with blue. The
reasons why these have been chosen are given in Sec. 3.3.1.

Name Type Material Func. Ana. Comments

Comm1-0 PD-bulk CaWO, Yes Yes

Comm1-1 LD-wafer SOS Yes Yes
PD-bulk  CaWO,  Yes  Yes
Comm?2-1 LD-wafer SOS Yes Yes

TUM93A-0 PD-bulk CaWOy, Yes  Yes 1i-Stick (often unstable)

Produced at TUM
TUM93A-1 LD-wafer  SOS Yes Yes
TUM93B-0 PD-bulk CaWOyq4 Yes Yes 1i-Stick (not functional)
Produced at TUM
TUM93B-1 LD-wafer SOS Yes Yes
TUM93C-0 PD-bulk CaWO4 Yes Yes Produced at TUM
TUM93C-1 LD-wafer  SOS Yes Yes
Sapp1-0 PD-bulk Al,O3 Yes Yes
Sappl-1 LD-wafer  SOS Yes Yes
Sapp2-0 PD-bulk Al;,03 Yes  Yes
Sapp2-1 LD-wafer  SOS Yes Yes
Sapp3-0 PD-bulk Al;04 No No Very small TES transition
Sapp3-1 LD-wafer  SOS No No Very small TES transition
Li1-0 PD-bulk LiAlO, Yes Yes
Lil-1 LD-wafer  SOS Yes Yes
Li2-0 PD-bulk LiAlOy Yes Yes
Lil-1 LD-wafer SOS No No TES has no transition
Si1-0 PD-bulk Si No No Double module, left
Heats carousel
Sil-1 PD-wafer  Si No No TES has no transition
Si2-0 PD-bulk Si Yes  Yes Double module, right

PD-wafer  Si Yes  Yes
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Godel-0 PD-C Cawo, Yes No  Difficult to operate

High threshold

Std. pulse shape doesn't fit
Godel-1 PD-R CawWo, Yes No C has high threshold
Godel-2 LD-B Si Yes No High threshold
Gode2-0 PD-C CaWO, Yes No R could not be operated
Gode2-1 PD-R CaWO0, No No No TES trans. overlap w. C
Gode2-2 LD-B Si Yes No R could not be operated
Gode3-0 PD-C CaWO, Yes No Difficult to operate

High threshold
Gode3-1 PD-R CaWO, Yes No C has high threshold
Gode3-2 LD-B Si Yes No High threshold

10 The information is mostly taken from the internal Run36 overview talk of C. Strandhagen
from November 2020 and the internal documentation of the TES for the standard detectors.
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Table 2.3: List of all detectors that have been (at least roughly) analyzed in Run36.
For a faster overview, the detectors this work will focus on are marked with blue.
The reasons why these have been chosen are given in Sec. 3.3.1. For details on
the given types of TES refer to Tab. 2.1. All light detectors are equipped with TES
of type LD which are placed on the silicon side. The column holding provides
details on the holding structure of the TES, while foil indicates if the housing was
equipped with reflective foil. Finally, the last column tells if the crystal surface

has been polished.

Name TES Holding Foil Polished
Comm1-0 PD-L.  Clamps - Bronze No Yes
Comml-1 LD Sticks - Copper No Yes
PD-M  Clamps - Bronze No Yes
Commz2-1 LD Sticks - Copper No Yes
TUM93A-0 PD-M  Sticks - Copper (2) +iStick (1) Yes No
TUM93A-1 LD Sticks - CaWO,4 Yes Yes
TUM93B-0 PD-M  Sticks - Copper (2) +iStick (1) Yes No
TUM93B-1 LD Sticks - CaWOy4 Yes Yes
TUM93C-0 PD-M  Sticks - Copper Yes No
TUM93C-1 LD Sticks - CaWOy4 Yes Yes
Sapp1-0 PD-M  Sticks - Copper No Yes
Sappl-1 LD Sticks - Copper No Yes
Sapp2-0 PD-M  Sticks - Copper No Yes
Sapp2-1 LD Sticks - Copper No Yes
Li1-0 PD-M  Sticks - Copper Yes No
Lil-1 LD Sticks - Copper Yes Yes
Li2-0 PD-M  Sticks - Copper Yes No
Si2-0 PD-S Sticks - Copper No Yes

LD Sticks - Copper No Yes
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2.4 The Data Taking Campaign Run36

To provide a better understanding of the terms referred to later in this work, this
section will give a brief overview of the different periods of the data taking cam-
paign Run36 of CRESST-III.

The data taking of the run started in late August 2020 with an optimization phase
to set up the detectors, followed by a dedicated time of calibration measurement
with a ®”Co-source. The exact dates for all the phases can be found in Table 2.4.

After the cobalt calibration, data was taken for roughly nine months until the
beginning of August 2021, when it was interrupted as planned by the neutron
calibration. During this phase, the detectors are exposed to the neutrons of an
AmBe source (for details see [94]). The collected data is used to calibrate the
amount of scintillation light measured by each detector for a nuclear recoil '*. This
is done with neutrons since they interact with the nuclei of the absorber crystal
instead of the electrons like gammas do. Following the neutron calibration, data
was taken for another month, concluding the standard measurement campaign.

A specialty about Run36 is, that the data taking was then significantly extended
for several so-called warm-up tests or warm-up cycles, each consisting of the cryo-
stat being allowed to warm up until a certain temperature, followed by a cool-down
and a short measurement campaign. When evaluating the detector behavior after
these warm-ups, one has to keep in mind that the temperatures after which the
warm-up tests are named are only a very rough estimation of the real conditions.
This is illustrated in Figure 2.8.

1 More precisely, it is used to fit the energy-dependent bands of the light yield for the different
interaction types, as is discussed in Sec. 3.2.3.
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Table 2.4: Overview of the data taking phases of Run36. The column phase yields
a short description of the phase, more details can be found in the text. Each phase
additionally has a short code which is used to name the data files. Furthermore,
start, end and duration provide the start and end date of the respective phase, as
well as its duration.

It has to be noted that the start and end dates of the warm-ups provide the informa-
tion on how long CRESST did not take data, while the corresponding durations are
very rough estimates of how long the cryostat was warm (based on Fig. 2.8 where
available). However, the two statements usually match. Furthermore, the indicated
temperatures themselves are only approximate values for the peak temperatures
reached during the warm phase (cf. Fig. 2.8).

Phase Short Code Start End Duration (days)
Optimization precal 26.08.20 11.09.20 16
Cobalt Calibration cal 12.09.20 03.11.20 52
Std. data taking bck 04.11.20 07.08.21 276
Neutron Calibration ncal 07.08.21 21.09.21 45
Data after ncal postcal 21.09.21 19.10.21 28
Warm-up 60 K 20.10.21 17.12.21 <58
Data after warm-up awu (001-035) 17.12.21 25.02.22 70
Warm-up 0.6 K 25.02.22 16.03.22 <19
Data after warm-up awu (037-054) 16.03.22 27.04.22 42
Warm-up 0.2K 27.04.22 03.05.22 ~5
Data after warm-up awu (055-077) 03.05.22 06.06.22 34
Warm-up 4K 06.06.22 17.06.22 ~ 10
Data after warm-up awu (078-105) 18.06.22 10.07.22 22
Warm-up 30K 11.07.22 14.08.22 ~ 34
Data after warm-up awu (112-155) 15.08.22 21.11.22 98
Warm-up 11K 21.11.22 09.12.22 ~ 17
Data after warm-up awullK 10.12.22  19.02.23 71
Warm-up 130K 02.03.23 30.11.23 ~ 273

Data after warm-up awul30K 01.12.23 02.02.24 63
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Figure 2.8: Temperature curves for the warm-up cycles of Run36. For the first two
warm-upsto 7 ~ 60 Kand 7" ~ 0.6 K there were no temperature plots available. For
technical reasons, temperatures well above 5 K are determined via the thermometer
measuring the lead shielding (black lines). Lower temperatures are determined
directly at the cryostat (red lines). The time scale on the x-axis is different between
the figures. All figures were provided by Stefano Di Lorenzo.



CHAPTER 3

Preparation of the Data

As discussed in Section 1.3, the Low-Energy Excess is an important topic for the
dark matter community and consequently, a lot of analyses have been performed in
this regard within CRESST and other experiments already. However, regarding the
details of how many different components might contribute to this phenomenon
and how it might depend on certain detector properties, there are still a lot of
questions left unanswered. This work presents and investigates some of them in
Chapter 5 and Chapter 6. However before, some general methods on how to collect
and treat the data (Ch. 3), as well as the fitting procedure used to analyze the LEE
(Ch. 4) have to be defined. This will start in the following with the documentation
(Sec. 3.1), the basic data analysis (Sec. 3.2) and the data set selection (Sec. 3.3).

3.1 Documentation with a Sustainable Database

One of the key problems when analyzing the LEE in CRESST is that the phe-
nomenon appears differently in every detector regarding its spectral shape, energy
range and time dependence [74]. This is to some extent helpful for ruling out sev-
eral possible explanations for this background (cf. Sec. 6.2), but on the other hand,
it makes careful and systematic bookkeeping necessary to find and understand
possible patterns in the behavior of the LEE.

This work started with the goal of defining a limited set of parameters to describe

the LEE within any given CRESST detector, thus making it possible to compare
between different detectors and data sets. In the second step, possible correlations

33
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of the parameters with detector properties should be studied. Consequently, one
of the tasks for this work was to collect all available information regarding the
CRESST detectors, especially for Run36, and to document them in such a way
that they are easily accessible. Ideally, this documentation would not only be
used within the scope of this work but made available to the collaboration to be
continued since, as will be discussed in Section 6.1, a lack of statistics is one of the
main impediments for drawing conclusions from the LEE analysis.

In order to make the documentation long-lasting, it had to be set up within
the already existing software framework of the CRESST experiment, preventing
the usage of a standard database. The final solution, which had been found, set
up, and documented as a part of this work, utilizes the weblog system ELOG [95]
which is already used in CRESST, for example to document the data files taken
during a measurement campaign. The detector database with ELOG provides a
comparatively intuitive user interface, the possibility to search and download
entries as CSV files as well as an easy possibility for all collaboration members to
contribute to the database, all while needing very little dedicated maintenance.

3.2 Standard Low-Level Data Analysis

The extensive study of the LEE that was performed in this work is a secondary
analysis in the sense that the basic treatment of the utilized data sets was done
by other analysts, with the only exception being the application of the efficiency
correction (cf. Sec. 3.2.6).

This section summarizes the basic steps from the raw data to the finished
spectra as were then used for the LEE analysis. These procedures are internally
often summarized under the term low-level analysis. The works of the respective
analysts for each detector are referenced in Section 3.3.3.

3.2.1 Pulse Reconstruction and Triggering

One of the key tasks in every low-level analysis is the reconstruction of the pulse
amplitude and thereby of the energy that has been deposited in the detector crystal
(cf. Sec. 2.2.1.2). The first rough reconstruction of this amplitude that is calculated
directly from the raw pulse is called pulse height.
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An ideal pulse, measured with a perfect detector, would have an amplitude
proportional to the energy injected by the particle interaction. However in reality,
the shape of the pulse is influenced by the shape of the TES transition which is
usually not exactly linear over the whole energy range of interest and in addition,
noise is present on top of the signal. Both effects are illustrated in Figure 3.1.
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(c) Pulse including the TES response. (d) Pulse including the TES response and

flat baseline noise.

Figure 3.1: Schematic illustration of how the shape of the TES transition and
noise influences the resulting signal pulse. From the measured pulse (d) analysis
has to reconstruct the amplitude without the detector response and noise (a).
All figures are adapted from [96].

There are two methods for pulse reconstruction used in CRESST. The older and
simpler of the two is the Standard Event Fit and the second one is the Optimal
Filter. They will be discussed in Section 3.2.1.1 and Section 3.2.1.2 respectively.
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Apart from the pulse height before and after reconstruction, there are various
other parameters determined at the start of a low-level analysis to describe a pulse
and for applying cuts to the data set. Since this work itself does not utilize any
of these parameters, it will not go into detail here, but a comprehensive list can
be found for example in Appendix B of [96] and the most important cuts will be
briefly discussed in Section 3.2.2.4.

3.2.1.1 Pulse Reconstruction With the Standard Event Fit

To reconstruct the amplitude of a pulse, it is necessary to know how an ideal pulse
would look like for the detector of interest. Therefore, the first step is to build
a template, also called Standard Event (SEV). This is usually done by averaging
over a set of a few tens of pulses [97] from an energy region where the response of
the detector's TES is strictly linear. In addition, the exact choice of pulses usually
has to take into account the availability of pulses with similar energy ! and a low
enough noise level. Very noisy standard events can be replaced by fitting pulses
with an analytical pulse shape description and averaging the parameters 2.

Since heater pulses and particle pulses have different shapes, two separate
standard events have to be created for each detector.

Once the SEV is constructed, it can be used for either building an Optimum Filter
(cf. Sec. 3.2.1.2) or for performing a Standard Event Fit on the pulses that have to
be reconstructed. For the latter, the SEV is fitted to the pulse of interest with the
pulse amplitude, the shift in time and the offset of the baseline as free parameters
(cf.Fig. 3.2a).

The Standard Event Fit works well, as long as the TES is still in its more or
less linear regime. However, as soon as the TES response approaches its normal
conducting regime and therefore flattens, the simple fit no longer works. To
account for the flattening, the SEV is only adjusted to the part of the pulse for
which the transition is still linear (cf. Fig. 3.2b). The voltage value above which

I'The position of a pulse within a record window depends on how fast it reached the trigger
threshold and therefore on its height (trigger walk). However, for averaging all pulses should be
positioned the same. The easiest way to achieve this, is to use only pulses with similar energy
(see [96] for details).

2 Method by Franz Probst (see [86]).
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the response is considered to be non-linear is called the truncation limit and the
extended fitting method accordingly truncated Standard Event Fit.

« all data points
¢ databelow truncation |
fit result

pulse height in V
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(a) Ilustration of a simple Standard Event
Fit with its free parameters. The dark grey

marks the data points, the red line is the fit.

The figure is adapted from [89].

(b) Illustration of a Truncated Standard
Event Fit. The dark grey marks the data
points. The data that are highlighted in
blue are the ones taken into account for the

fit (red). The dashed line marks the trunca-
tion limit. The figure is taken from [87].

Figure 3.2: Illustrations of the simple (a) and the truncated SEV Fit (b).

3.2.1.2 Pulse Reconstruction and Triggering With an Optimal Filter

An Optimal Filter is mathematically designed to maximize the signal-to-noise
ratio. The expression for such a filter in the frequency domain is provided in Equa-
tion 3.1, where K is a normalization constant, while 5* is the Fourier-transformed
and complex conjugated version of a Standard Event (cf. Sec. 3.2.1.1). Furthermore,
N is the noise power spectrum which is built out of record windows (cf. Sec. 2.2.2)
containing only noise (empty noise traces). Last, the arguments of the complex
exponential function are the frequency w and the time position of the SEV's maxi-
mum within a record window 7.

(3.1)
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The Optimal Filter is the ideal tool for pulse height reconstruction at low en-
ergies where the signal is deeply embedded in the noise. It is therefore used in the
CRESST analysis not only for pulse reconstruction but also for filtering the raw
data stream before triggering the continuous data. Details on this process and the
filter itself can be found in [89].

On the other hand, the main drawback of the Optimal Filter is its inability to
account for the flattening of the detector response near the normal conducting
state of the TES. To reconstruct pulses above the truncation limit one has therefore
to use a workaround, where the result of the Optimal Filter is combined with the
one from a truncated Standard Event Fit (see [88]).

3.2.2 Data Quality Assurance

After the data is triggered, either by the hardware on the raw pulse height or by
using an Optimal Filter, the next step is the data selection. The present and the
next subsection will briefly go through the main steps of this process which are
part of the standard low-level analysis. As part of this work, additional selection
criteria have been applied to the data which will be discussed in Section 3.3.

3.2.2.1 File Selection

A first rough data quality assurance is done by excluding whole files from the
analysis. The most important criterion for not using a file is severe problems
during the data taking, like earthquakes, heavy disturbances in the magnetic field,
or issues with the cryostat. In addition, files that are shorter than 10 h are excluded
as well. This is because at the beginning of each file, thus normally after the end
of a cryostat refill, the detectors often take a while until they run stable. Also,
short files usually appear when data taking is stopped out of schedule due to some
issue. Furthermore, files containing only a few hours of data might cause problems
during the energy calibration due to a lack of heater pulses (cf. Sec. 3.2.5).

3.2.2.2 Stability Cut

The stability cut is performed directly on the triggered data and is used to discard
periods in which the detectors were not operating in the right point of their TES
transition. To determine these periods, large heater pulses, so-called control pulses
(cf. Sec. 2.2.2) are injected regularly in the detector. These pulses heat the detector
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enough that the TES is driven almost completely out of transition. For such
signals, the raw pulse height provides a good estimate of the current operating
point of the detector. Every control pulse with a height that does not fall within a
previously given acceptance interval is marked as unstable. When the stability cut
is performed, only time periods between two stable control pulses are kept.

3.2.2.3 Rate Cut

Even if a detector is in its correct operating point, sudden increases in the noise
level can lead to abnormally trigger rates. However, the rate of a potential dark
matter signal would be expected to be approximately constant on time scales of a
few days. This allows for excluding periods with a much higher than average event
rate, which is done by binning the data in time and cutting on the average trigger
rate. The usual sizes of the time bins are of the order of 10 min [82, 98].

3.2.2.4 Artifact and Quality Cuts

There are quite a few different artifacts to consider when cleaning a CRESST data
set. They are removed by cutting on the different parameters that are calculated
for the pulses before and after fitting or filtering (cf. Sec. 3.2.1). In addition, such
cuts are used to remove signals that can not be reconstructed properly. Finally,
the removal of valid signals through data quality cuts has to be accounted for. This
is achieved with the efficiency correction which will be discussed in Section 3.2.6.

Some of the most prominent artifacts and spoiled signal types are listed below.
Further artifact lists with examples can be found in [82] or [98]. A comprehensive
explanation of the artifact and quality cuts is also contained in [70].

List of Common Artifacts

* Noise Triggers — Traces that contain no signal, produced by the trigger firing
on unusually high noise fluctuations.

 Early Pulses — If a pulse follows soon after another trigger, it might sit very
early in its record window. These pulses can not be reconstructed well and
are therefore discarded.

* Pileup - Several pulses that happen within one record window and might even
sit on top of each other. Since the usual dark matter model expects at most a
few counts per day and kilogram target material, making such coincidences
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very unlikely, these events are discarded. In addition, the reconstruction of
such pulses is often difficult and therefore not considered in the standard
analysis workflow.

» Decaying Baselines — The tail of a very large pulse sometimes exceeds its
record window and the trigger might then fire again on this tail. Record
windows that contain no pulse but only a tail are discarded, as well as pulses
that are sitting on top of such a decaying baseline since they can not be
reconstructed properly. The latter case can be considered as a special variant
of a pileup.

 Delta Spikes — Errors in the electronics can lead to sharp peaks of only a few
pixels wide. They are named after their visual appearance delta spikes.

» SQUID Effects — Errors in the SQUID readout can lead to steps in the baseline.
Sometimes the trigger fires on the rising flank of such a step. Furthermore,
pulses that sit on top of such steps are discarded due to reconstruction issues.

3.2.2.5 Coincidence Cuts

The last type of cuts that are often applied as part of a low-level analysis are the
coincidence cuts. In this step, events that coincide with triggers in the muon
veto or within another module are discarded. The removal of multiple-module
events is done because the probability of a single dark matter particle scattering
in multiple detectors is negligible. Furthermore, in this step of the analysis events
that have been triggered only in the light but not in the main detector of a module
are removed. More details on this type of cuts can be found in [70] or [87].

3.2.3 Particle Discrimination

The standard CRESST-III detector design (cf. Sec. 2.3.1) utilizes scintillation light
for particle discrimination. For this purpose, the ratio between the energy mea-
sured by the light detector E; and the corresponding energy measured in the
phonon detector Fp is defined as the light yield of an event. The total energy F
can then be written as

E=nE + (1 - n)Ep (3.2)
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where 7 is the scintillation efficiency, meaning the proportion of the total energy
that is converted to light, defined for a calibration v-event. Details on how 7 can
be determined to obtain £ can be found for instance in [82, 99]. In the analyses of
the Run36 data however, this correction was not included by default and instead
Fp was used as an approximation of E 3.

When plotting the light yield against the total energy, different types of events
appear in separated bands, as is illustrated in Figure 3.3, with the width of the
bands being dominantly defined by the resolution of the light detector. The bands
are usually defined for each detector by simultaneously fitting them to the data
of the bck period and the data from the neutron calibration (cf. Sec. 2.4). This
description is then used to apply a discrimination cut (light yield cut) to separate
nuclear recoils from background events.

Details on the description of the different bands can be found in [100], to-
gether with an explanation of how the fitting process could be integrated into one
likelihood framework together with the calculation of limits on the dark matter
cross-section.

1 [= T T T T e_/Y

Light Yield

0 2050 | 700 ' 150

Energy (keV)
Figure 3.3: Schematic drawing of the particle bands in the light yield versus total
energy plane. The grey area is the combined region of electron and gamma events.
The red band marks the alpha events and the green and blue bands belong to nu-
clear recoils on oxygen and tungsten respectively [Credit: CRESST Collaboration].

5 For details on the standard analyses of the data used in this work, refer to the respective
thesis listed in Tab. 3.3.
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3.2.4 Threshold Determination

The detector thresholds in Run36 are defined such that only one noise trigger
per kilogram day exposure # is expected in the final analysis. The exact method
how to find the threshold in dependence of the noise triggers is described in
[101]. Roughly summarized, it is done by fitting the parameters of the following
probability function Py(wmax):

o roa 2] (1 erflema/ (V2O
Py(Tmax) = Nm - €Xp [— <\/§0) ] : (5 + 5 ) (3.3)

This function describes the probability that the maximum of all sample values

within an empty record window (noise trace) exceeds z.x. The other parameters
are a normalization factor NV, the number of independent sampled within a record
window d and the baseline resolution . The parameters are determined by apply-
ing an optimal filter to a set of empty record windows and then fitting Eq. 3.3 to
the resulting distribution of filter amplitudes.

A similar method can be used to estimate ¢ in advance by fitting a Gaussian to
the distribution of one randomly drawn sample value per filtered record window.

Using the probability Py(xmax) the total expected rate of noise triggers Ryoise
per kilogram and day exposure can then be calculated with the integral

1 o0

RNoise(xth) = —/ Pd(xmax)dxmax (3.4)
Lwin * Mdet J gy,

with the value of the threshold zy,, the time window for the trigger ¢, and the

detector mass mget.

3.2.5 Energy Calibration

After the threshold has been determined (cf. Sec. 3.2.4) and the data has been trig-
gered (cf. Sec. 3.2.1.2), selected (cf. Sec. 3.2.2) and efficiency corrected (cf. Sec. 3.2.6),
the only thing missing to obtain the final spectrum is the energy calibration which
will be discussed in the following.

4 The unit of counts per kilogram day is used to account for the scaling of most backgrounds
with the exposure.
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3.2.5.1 Accounting for the Detector Response

The energy calibration of a CRESST detector consists of two steps. First, the data
has to be corrected for the detector response. This includes non-linearities in
the detector response, as well as small possible changes of the response over
time °. The second step is then to calculate the factor that converts the linearized
spectrum from arbitrary units to recoil energy. This factor is called CPE factor,
where CPE stands for converting pulse height to energy.
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(a) Reconstructed pulse height (amplitude)
of test pulses in arbitrary units over time.
The red numbers on the left provide the in-
jected energy of the respective test pulses.
The amplitudes slightly vary over time. The
figure is taken from [102].

(b) Example for a transfer function. Plotted
is the injected energy of test pulses over
their reconstructed pulse height. Note that
although both values are given in Volt they
do not follow the same scale. The figure is
adapted from [102].

Figure 3.4: Illustration on how to convert the measured energy of a pulse into
test pulse equivalent energy. Test pulses are injected routinely in the detector
(a), allowing the construction of transfer functions (b) in regular intervals. The
transfer function is either a spline or a low-degree polynomial that is fitted to the
reconstructed pulse height of the test pulses.

For the first step, the most important tool are the heater pulses of different energy
that are injected regularly in the detector. They are called test pulses because they
are used to test the detector response for a given energy and point in time. It is

5 Larger drifts in the response would ideally be corrected with the help of the control pulses
and if not, the corresponding periods are discarded by the stability cut.
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important that the injection energy for each type of test pulse is always the same
and that the energy ratio between the different test pulses is known. Furthermore,
it should be noted that although test pulses and particle pulses are both given in
units of Volt before the energy calibration, they follow two different scales with
the conversion factor being unknown. The unit of the test pulses corresponds to
the Voltage that is used by the heater to create the pulse while for the particle
pulses the scale is defined by the detector readout (cf. Sec. 2.2.2).

For linearizing the spectrum, each particle pulse amplitude is converted to
the unit of injection energy of the test pulses test pulse equivalent energy via a
so-called transfer function, as is illustrated in Figure 3.4.

3.2.5.2 Calculating the CPE Factor

The second and last step of the energy calibration is the calculation of the CPE
factor. As already mentioned, each detector in Run36 is for this purpose equipped
with an *Fe-source (cf. Sec. 2.3.1) which produces two lines of interest, namely the
K, line at 5.9keV ¢ and the K; line at 6.5 keV [92]. The positions of the two lines in
the measured spectrum are fitted and the CPE factor is obtained by dividing their
known true energy by their test pulse equivalent energy (TPE) (cf. Fig. 3.5).

transf.func.

(Measured energy = TPE) x CPE = Recoil energy

(Arbitrary units / Volt = Volt) x % = keV

Figure 3.5: Schematic summary of the energy calibration.

3.2.5.3 Special Energy Calibration for Sapp2-1

The analysis in this work focuses on five detectors of which four are phonon detec-
tors. For the fifth one, namely the light detector of the Sapp2 module (Sapp2-1,
cf. Sec. 2.3.3), there are a few additional steps for the energy calibration needed
which do not follow the standard procedure. The details on this specialized calibra-
tion can be found in [70], the main points will be roughly outlined in the following.

6 More precisely, the K, line consists of two lines that can not be resolved by Run36 detectors.
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Light detectors are mainly utilized for the particle discrimination of the main
absorber but it is also possible to use them directly for a dark matter analysis. In
the latter case, direct hits from the **Fe-source in the light detector would be the
natural reference for the energy calibration. However, especially for low threshold
detectors, the lines of the 5°Fe are quite far away from the low-energy region for
which the detector is optimized. For some detectors, this means that these calibra-
tion lines are already outside the linear regime of the TES, making it impossible
to reconstruct them with an optimal filter as would be ideal (cf. Sec. 3.2.1.2).

In the special case of the Sapp2-1 detector, not only are the 5°Fe lines non-linear
but they are also far above the highest test pulse which renders the time-dependent
correction for the detector response impossible (cf. Sec. 3.2.5.1). Fortunately, both
issues can be solved by utilizing luminescence coming from the sapphire main
absorber of the module. This crystal turned out to be pure enough to produce in-
trinsic luminescence, induced by the X-rays of the >°Fe-source 7. The emitted light
appears in the Sapp2-1 detector as several bumps at energies that are multiples
of the single luminescence photon energy of 7.6 eV 8 and can be used to confirm
and fine-tune the energy calibration at low energies as well as to implement a
time-dependent detector response correction [70].

3.2.6 Efficiency Correction

The study of the LEE that is conducted in this work is based on the low-level
analysis of several Run36 CRESST detectors which has been performed by other
analysts. This basic analysis provides a simulation to determine the detector
efficiency (see below) as well as the energy-calibrated spectrum. However, the
application of the efficiency correction to the data was done as a part of this work.
The details on how the efficiency was considered for the LEE analysis are discussed
in Section 3.3.4 but they are based on the general considerations presented in this
section, which in turn are a summary of an internal documentation by Christian
Strandhagen.

"The effect of intrinsic luminescence of X-ray irradiated sapphire at low temperatures is
described in [103].
8 A first calibration with the iron lines confirms the bumps to match the energies from [104].
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6000 -

All Simulated Events
5000 —— Flat Input Spectrum
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1000 -

0.0 0.1 0.2 0.3 0.4 0.5
Reconstructed Energy (keV)

(a) Mlustration of a simulated spectrum when evaluated in reconstructed energy. Pile-ups
with for example the LEE or heater pulses spoil the initially flat distribution (blue line).

16000
Simulated Input Spectrum (True Energy)
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(b) Example of how the efficiency correction is determined in practice. The amount of
surviving events in each bin evaluated in reconstructed energy (dark blue) is divided by
the number of counts of the full simulated spectrum evaluated in true energy (light blue).
The threshold acts like a cut on the reconstructed energy, leading to a step-like edge on
the low-energy side of the spectrum of the surviving events. On the very right at 1.5 keV
where the simulated spectrum ends, the distribution of the surviving events gets distorted
by the resolution. Since the dead time is also included in the simulation, the efficiency
does not reach 100 %.

Figure 3.6: Illustrating examples of how the efficiency is determined. Both figures
are adapted from an internal documentation by Christian Strandhagen.
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To begin with, the term efficiency needs to be defined. In CRESST, the summariz-
ing term efficiency usually refers to the fraction of valid events that is triggered
(trigger efficiency) and not removed by any artifact or data quality cut (cut efficiency).
The final spectrum has to be corrected for both. Since the contributions of these
two different efficiency types are in practice difficult to entangle, they are treated
collectively in the same simulation.

The simulation to determine the efficiency is performed by superimposing standard
events on the continuous data stream (cf. Sec. 2.2.2). The scaling of these events
is usually chosen such that they resemble a flat energy spectrum and determined
by inverting the time-dependent response correction described in Section 3.2.5.1.
The timing of the simulated events on the stream is random while avoiding pile-up
of several simulated pulses.

After superimposing the artificial events on the continuous data, the stream is
run through the whole analysis chain of the respective detector. Thus, the effi-
ciency determined from the simulation contains the contributions of the trigger
and the pulse height reconstruction as well as the dead time that is caused by the
data quality cuts. More details on the simulation can for example be found in [88]
or [70].

The output of the simulation contains five values: the timing and the true energy
of the simulated pulse, the reconstructed energy that is assigned to the pulse by
the analysis chain, the information on whether the pulse has been triggered, and
finally the information if the pulse survived all cuts.

It is important to notice that while the injection energy of the simulated pulses
is known, it is in principle not possible to know the true energy of the measured
events. The only available information for the particle pulses is the reconstructed
energy which is not guaranteed to be close to the true one. Accordingly, the
efficiency correction should be calculated by dividing for each energy bin the
number of events that triggered and survived by the number of simulated events,
with the reconstructed energy defining in which bin each event belongs.

Unfortunately, it is not possible to extract the reconstructed energy of the
superimposed pulses from the simulation without having it spoiled by artifacts
where not the pulse itself, but something else is reconstructed (cf. Fig. 3.6a). To
circumvent this problem, for the simulated spectrum, the injection energy is
used instead. It differs from the theoretical clean reconstructed energy spectrum
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only through negligible statistical deviations and by not including the smearing
due to the resolution that appears at both ends of the injected flat distribution
(cf. Fig. 3.6b). This does not affect the resulting efficiency correction, as long as
the simulated energy range exceeds the energy region of interest by at least 5-6 o.
Here, o is the resolution of the detector at low energies, where the resolution is
mainly defined by the baseline noise of the detector.

For the practical implementation of the efficiency correction in this work (cf. Sec. 4.2.2)
it is of some interest that the efficiency calculated from the reconstructed energy
can not be described by an analytical function (cf. Fig. 3.6b).

3.3 Further Data Selection

3.3.1 Detector Selection

In Run36 ten detector modules were analyzed but not all of them are suitable for
an extensive analysis of the LEE. It is known from previous investigations that at
least parts of the LEE decay exponentially on a time-scale of several hundred days
[74]. Consequently, having access to the data from the warm-up cycles (cf. Sec. 2.4)
and therefore to a comparatively long data set is crucial for obtaining a reliable
fit of this long time decay, especially if it has to be distinguished from other
overlaying components. Furthermore, detectors with very low thresholds are of
special interest since they usually provide information over a broader energy range
of the LEE °. Finally, several detectors exhibited problems during the analysis that
made them unusable for the purpose of this work.

In Table 3.1 all arguments why a detector was or was not used in this work are
summarized. There is only one light detector included in the final selection be-
cause light detectors are usually not analyzed as standalone detectors for the dark
matter search (light only analysis) but only for particle discrimination (cf. Sec. 3.2.3
and Sec. 3.2.5.3).

9 For all that is known, the LEE spectrum could be dependent on the specific detector, so this
statement might not always be true.
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Table 3.1: Overview on how detectors have been chosen for this work. The
selected ones are marked with blue. The second column provides the threshold of
the respective detector for the bck data. The column awu indicates the principal
availability of the warm-up data sets (cf. Tab. 2.4). For most detectors unusable
for LEE analysis, the data taking has been stopped before the warm-up cycle to
130K, they are marked with Part. Finally, Comments contains the arguments why a
detector was used or discarded. The thresholds are taken from [74] where possible
and from internal documentation otherwise.

Name Thr. (eV) awu Comment
Comm1-0 --- True No reliable calibration for awu data possible.
Comml-1 --- True No light only analysis available.
29 True
Comm2-1 --- True No light only analysis available.
TUM93A-0 54 True
TUM93A-1 13 True Pulse shape changes significantly with energy
so calibration is very difficult.
TUM93B-0 --- Part. Thermal link is probably broken.
TUM93B-1 --- Part. No light only analysis available.
TUM93C-0 74 Part. High threshold, bad performance.
TUM93C-1 --- Part. No light only analysis available.
Sapp1-0 157 Part. High threshold, unresolved artifacts in analysis.
Sappl-1 5 Part. No light only analysis available.
Sapp2-0 52 True
Sapp2-1 7 True Con: Warm-ups only partially analyzed.
Pro: Information on low-energy range of LEE.
Li1-0 84 Part. Bad performance in warm-up data.
Lil-1 13 Part. No light only ana. available for warm-up data.
Li2-0 94 Part. LEE can not be distinguished from foil induced
background due to the missing light detector.
Si2-0 17 True 5°Fe lines appear doubled for unknown reason.

NVAS 10 True Information on low-energy range of LEE.
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3.3.2 General Data Set Selection

3.3.2.1 Data Period Selection

For a data taking period to be considered for the LEE studies in this work, it has to
fulfill the condition of a stable detector operation without avoidable additional
backgrounds. This naturally excludes the calibration and optimization data sets,
namely the precal, cal and ncal periods (cf. Sec. 2.4).

The remaining data sets, meaning the bck, the postcal, and the awu, are included
as available. However, not all data periods are fully analyzed or usable for every
detector. An overview of the available data is given in Tab. 3.2. Since it is known
from the investigation presented in [74] that the neutron calibration did not affect
the LEE, the postcal data are essentially treated as an extension of the bck data
and are included in the term if they are available for the respective detector and
nothing else is mentioned. The implications of missing data periods for this work,
especially the case of unusable postcal data, will be discussed in Sec. 5.2.2.

Table 3.2: Overview of the available data sets for the detectors used in this work.
The different data sets and comments are explained in detail for each detector in
Sec. 3.3.4. In general, data sets that are usable and for which a complete efficiency
simulation is available, are not colored. On the other hand, the data sets colored
in grey (None) were not available or usable at all. The periods that are marked with
orange have usable data, but the corresponding simulation does not contain the
reconstructed height of the simulated pulses. These data sets can be used with
some limitations, as will be discussed in Sec. 3.3.4.

Data Set Comm2-0 TUM93A-0  Sapp2-0 Sapp2-1 Si2-1

Training None True None < 0.12keV < 0.29keV
bck Short True <1.2keV < 0.12keV < 0.29keV
postcal Higher Thr. True < 1.2keV None < 0.23keV
awu60K True True <1.5keV < 0.19keV < 0.29keV
awu600mK True True < 1.5keV None < 0.29keV
awu200mK True True < 1.5keV None < 0.29keV
awu4K True True < 1.5keV None < 0.29keV
awu30K True True < 1.5keV None < 0.29keV

Dip at 0.21 keV

awullK True True <1.5keV < 0.12keV < 0.29keV
awu 130K Higher Thr. True < 15keV < 0.50keV < 0.29keV
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3.3.2.2 Inclusion of the Training Set

In a CRESST standard dark matter analysis, the available data is usually split into
two parts. These are called the training set and the blind set where the first contains
approximately 20 % of the total exposure and is used to define the analysis chain,
while the latter is only looked at and processed after the analysis is definitely
finalized. This differentiation is made to avoid biasing the analysis towards a
desired outcome, especially regarding the presence of dark matter or the absence
of any signal to obtain stronger limits on dark matter parameters.

For the calculation of limits on dark matter parameters, the training set is
often excluded, to even stricter avoid any bias. However, for the LEE studies in
this work, including the training set was decided to be the better choice. On the
one hand, roughly the first two weeks of data taking are part of the training set, to
allow analysis to start as early as possible, but for fitting a time decay, shortening
the fitting range by two weeks results in an undesired loss of valuable information
(cf. Sec. 5.2.2). On the other hand, a bias in the standard analysis would be expected
to lower the amount of LEE events, them being an unwanted background for any
dark matter related analysis. Such a bias, if significant compared to uncertainties,
should considerably lower the rate in the mentioned first two weeks toward the
rest of the data and can therefore be easily detected.

Since the training set is by default not included in the data and simulation
provided by the low-level analysis, it was not available for all the detectors. This
concerns the detectors Comm2-0 and Sapp2-0.

For the analysis done in this work, there was no dedicated training set defined, as
the additional data selection that has been applied is very limited (cf. Sec. 3.3.3)
and therefore unlikely to introduce any bias.

3.3.3 File Selection for the LEE Analysis

Now that the detectors and data periods are selected, it is time to take a closer
look at the individual data files. For the LEE analysis, there are three pieces of
information needed for each file. The first is of course the reconstructed energy,
the time-stamp and the light yield for each event that has been accepted as valid
by the standard analysis. The second is the already mentioned efficiency simula-
tion (cf. Sec. 3.2.6) and the third is the time-stamps of when the data file has been
started and stopped, which is important to know for example for the normalization
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of the fit functions (cf. Sec. 4.2.2). A file containing a list of these start and stop
time-stamps for several data files is shortly called a start-stop file.

The goal of the steps listed below is to obtain a cleaned set of three files re-
spectively for each detector and data period, namely a data file, the output of the
efficiency simulation and the start-stop file. Among detectors, the files should all
be formatted the same way, to prevent issues when feeding them through the LEE
analysis chain. Since there is no strict common convention among analysts on
how to save data and name output files, the data processing script of this work
not only removes unwanted files but also restructures valid files and introduces
coherent naming. The script had to be slightly adjusted for each detector.

The preceding standard analysis for each detector followed the outline given
in Section 3.2. Details can be found in the thesis of the respective analyst, as
referenced in Table 3.3.

Table 3.3: References to the PhD theses describing the details of the respective
standard analysis of the detectors.

Detector Analyst Thesis Comment

Comm2-0 e Shubham Gupta [105]

« Felix Dominsky F.D. continued the work of S. G.
TUMO93A-0 e« Angelina Kinast  [91]  The two results are compatible.

» Lena Meyer [106] This work uses the results from L. M.
Sapp2-0 * Dominik Fuchs [70]

« Felix Dominsky F.D. continued the work of D.F.
Sapp2-1 * Dominik Fuchs [70]

 Lena Meyer L. M. continued the work of D. F.
Si2-1 e Margarita [107]

Kaznacheeva

Procedure for the Post Standard Analysis Data Cleaning

1. Fix the Headers — Usually, each data and efficiency file comes with a header
of a few lines that describes the content of the file. The headers have to
be ignored when reading from the file, either by using a few lines of code
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or by manually deleting them. It is important to note that the headers can
have different lengths for the different file types and are sometimes missing
completely, so always ignoring a fixed amount of lines might not work.

2. Extract the Start-Stop Information from .par Files — The start-stop files are
not often needed and consequently not always kept updated by the standard
analysis. To circumvent this issue, the start-stop files for this work are not
the ones inherited from the standard analysis but were created from scratch
during the final data cleaning.

To generate a start-stop file, it is first necessary to have a complete list
of the start and endpoints of all files taken during the run. This can be
extracted from the .par files which contain the meta information for their
respective data file (cf. [87]). In addition, each file is given a prefix, depending
on the data taking period it belongs to. Unfortunately, the official prefixes
for the data files are the same for the first five warm-up cycles (cf. Sec. 2.4).
Therefore, an internal naming was introduced, which matches the files to
their corresponding cycle according to their start date.

It has to be noted that the file list created from the .par files does still not
contain absolutely all the files, due to infrequent failures of the automatic
.par file writing. However, in the present case, the missing files did usually
not coincide with files chosen for the standard analysis for the detectors of
interest (cf. 3.).

3. Fix Wrong Time-Stamps — The timing of each event as well as the start-
and stop-information of the files are given with microsecond precision and
should be synchronized. However, this synchronization is not perfect, so
events can be marked in rare cases with a time-stamp that does not lie within
any file. This caused problems in the LEE analysis chain because it is not
possible to assign an efficiency correction to such an event.

To circumvent this issue, events with an invalid timing were removed from
the data set. This step automatically also rejected all events coming from files
that are missing in the start-stop list (cf. 2.). The two effects have not been
disentangled, but they removed together not more than 65 events across all
the data periods of each detector, while the total number of samples in the
final spectra, before selecting a region of interest, is of the order of 10%.
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4. Remove Empty Files — At this point in the data processing, the start-stop files

still contain more or less all files taken during the run, no matter if they were
accepted by the standard analysis or not. In this step, it was checked for each
file in the start-stop list if it corresponds to any events in the data files and
if not, the respective efficiency and start-stop information were removed.

. Exclude Short Files — Files shorter than 10h are usually excluded during

the standard analysis (cf. Sec. 3.2.2.1). However, this was not always con-
sequently done for the data from the warm-up cycles and therefore this
procedure was repeated in the post standard analysis data cleaning. In
Tab. 3.4 it is summarized how many hours of data were removed by this step.

. Check the Efficiency Simulation — For a few data files, the time-dependent

simulation coming from the standard analysis does not contain enough
surviving events for a reliable efficiency correction or even contains no
events at all. The first case might be caused by very unstable files that were
not discovered during the monitoring of the data quality, while the latter is
most probably due to some kind of human error. The files could have either
been forgotten in the simulation or left out, because they were not usable in
the first place, but not removed from the data set.

If the efficiency simulation for a file has been forgotten, that file could
still be included by rerunning the simulation. However, it has to be noted
that optimizing for exposure is not as important for the LEE analysis as it
often is for a dark matter analysis. Performing additional simulations would
have bound human resources that were more urgently needed for other tasks.
Consequently, since the issue affected only very few files, they were discarded
from the data set along with the presumably unstable ones (cf. Tab. 3.4).

. Set an Analysis Threshold — In fact, the definition of a fitting region, meaning

an analysis threshold and an upper energy limit, is also a data selection
process. First of all, it cuts away the events with very low and high energies
and in addition, it was decided in this step to not consider regions with
unusually high thresholds, as the fitting program only allows for one common
threshold for the whole data set. However, as there were quite a few things
to consider when setting the analysis thresholds, this will not be discussed
here but in detail in Sec. 3.3.4.
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8. Save the Final Files — Finally, a data file, an efficiency simulation file and a
start-stop file are created for each data-taking period and detector respec-
tively. These files have been made available to the CRESST collaboration to
allow for crosschecks and further usage.

Table 3.4: Overview of how much data is removed by each step of the post standard
analysis data cleaning. The first column indicates the number of the processing
step, corresponding to the number in the list above. All information in the other
columns is given in days. The durations have not been efficiency corrected and
therefore still contain the dead time and possible short unstable periods. Never-
theless, they provide an intuition for how much data is rejected by each processing
step. The table includes all data periods that have not been marked as unusable
(grey) in Tab. 3.2, regardless of other restrictions such as high thresholds.

Step Comm2-0 TUM93A-0 Sapp2-0 Sapp2-1  Si2-1

4. 46734 515.17 511.96 391.97 517.35
5. 466.34 515.17 511.59 391.97 516.85
6. 458.09 501.17 509.17 389.55 516.85

3.3.4 Analysis Thresholds and Efficiency Treatment

In Table 3.1 the official thresholds of the relevant detectors for this work are listed.
However, it is not possible to simply use these thresholds also for the LEE analysis
for two reasons. First, the official thresholds have been determined for the bck
data period and although most of the detectors were running quite consistently
also during the warm-up cycles, changes in the operating conditions and therefore
in the threshold happened and have to be considered. This will be discussed in the
respective subsections of the affected detectors. For the second reason, a closer
look at the details of the efficiency correction applied in this work is needed, so
they will be addressed first.

When performing unbinned fits in the energy regime, there are two general ways
of taking the efficiency into account. One way is to weight each event in the data
set with the corresponding inverse value of the efficiency and the second is to
multiply the fitting function itself with the efficiency. The advantage of the first



56 CHAPTER 3. PREPARATION OF THE DATA

method is that it is more intuitive since the resulting corrected data points cor-
respond to what a perfect detector probably would have measured. On the other
hand, as will become clear in this section, the description of the efficiency can
include statistical fluctuations, depending on the method used for the description.
In this case, correcting the function is the better way, as the fluctuations will
mostly cancel themselves out, whereas the correction of the data points might get
randomly biased, considering that the distribution of events is not very dense in
time.

For these reasons, in this work, the method of correcting the fitting function
was used for the fits, while all the plots are created with an uncorrected fitting
function but efficiency-weighted data points instead.

Apart from the discussion of how the efficiency correction is applied, the way
the efficiency is described in the first place also needs to be decided on. First of all,
the efficiency description is done file-by-file to account for small time-dependent
changes of the operating conditions. This is especially important for the LEE
studies since otherwise fit results of the long-term time-dependence might get
biased by slow drifts of the detector response.

Regarding the energy-dependence of the efficiency, the situation is not as clear
as in the time regime. In CRESST the efficiency is often taken to be constant in
energy, which is theoretically true above the threshold for the case that all cuts
applied to the data are energy-independent. This description is certainly good
enough for some use cases and as will be shown in Section 4.2.2 would also be
comparatively easy to implement for the LEE analysis. However, since this work is
interested in the exact shape of the spectra at low energies, the approach of the
energy-constant efficiency correction deserves a reassessment.

In Figure 3.7a it is shown how the efficiency histogram looks in the ideal case,
where the assumption of an energy-constant efficiency matches reality down
to energies very close to the threshold. In contrast, Figure 3.7b shows an exam-
ple where the energy-dependence of the efficiency reaches up to energies well
above the threshold which could potentially influence the fit results when ignored.
Furthermore, sometimes energy dependencies are even present in the otherwise
constant plateau region of the efficiency. One such case is shown in Figure 3.7c
with an energy dependence in the form of a dip, introduced by a data quality cut '°.
Another example will be discussed in Section 3.3.4.4.



3.3. FURTHER DATA SELECTION 57

Efficiency Histogram for Si2-1, bck Data
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(a) Example of an ideally shaped efficiency. The distribution of surviving events is almost a
step function at the threshold, the smearing can only be seen due to the very fine binning.
Even without an energy-dependent efficiency correction, the LEE analysis threshold
(orange) could be set very close to the official threshold (red).

Efficiency Histogram for TUM93A-0, bck Data
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(b) Example of a non-ideally shaped efficiency. Even though the binning and the upper
limit of the x-axis are ten times larger than for plot (a), the energy-dependence of the
efficiency is still clearly visible and reaches up to energies significantly above the official
threshold (red). The dotted orange line serves as a horizontal reference.
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Efficiency Histogram for Si2-1, awu30K Data
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(c) A plot of the exceptional case of a dip in the efficiency of the awu130K data of the Si2-1
detector, caused by a data quality cut performed during the standard analysis. The dotted
orange line serves as a horizontal reference. For dark matter analyses that are meant to
be published, accidentally energy-dependent cuts are usually found and corrected during
crosschecks but for the warm-up cycles, such crosschecks were not always done due to
human resource limitations.

Figure 3.7: Examples of different types of efficiency distributions. The light blue
histogram always shows the whole distribution of simulated events (true energy),
while the dark blue one shows the surviving events (rec. energy). The binning for
the histograms is smaller than the one that has been used for the actual efficiency
correction. This is because the plots above each contain the simulated events
of a whole data period while the statistics available for the individual files does
not allow for such a small binning. In addition, the energy-dependent efficiency
correction is meant to correct rough trends, so fine binning would only introduce
unnecessary fluctuations.

Taking everything into account, it seems more reasonable to drop the approach
of an energy-independent efficiency for the purpose of this work, even though
the implementation of an energy-dependent correction is computationally more
expensive (cf. Sec. 4.2.2). For future works, the impact of the two methods on the
results will be investigated in Section 5.3.3.1.

10 More precisely, the responsible cut was defined on the RMS of the Optimal Filter to remove
some artifacts.
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To obtain the energy-dependent efficiency in practice, the histograms as they
are shown in Figure 3.7 are calculated and divided (cf. Sec. 3.2.6) separately for
every file and then interpolated by a spline using every bin as a fixed point.

The bin size used for the histograms is somewhat arbitrary but still has to be
chosen with some consideration. The lower limit is set by the density of simulated
events in each file and will therefore change whenever a simulation is rerun for a
detector. The lower the number of simulated events per bin, the higher will be the
statistical fluctuations in the resulting spline. On the other hand, a large bin size
means a less precise correction of the energy dependencies and will ultimately
have no advantage anymore over the energy-constant description.

It has to be noted that when the bin size for this work was first set, there was
one file each excluded for two detectors due to unreasonably high fluctuations
in the energy-dependent correction and the postcal data period of the Comm2-0
detector was rejected for the same reason. This decision was kept throughout the
process of testing different models, as a likelihood-based model comparison does
not allow for changes in the data set (cf. Sec. 4.4). However, for the three final
models for which the exact fit results are quoted in Section 5.4 the bin size was
readjusted. This made the exclusion of the two single files unnecessary which were
consequently included again and the fits were then redone with the new bin size,
which is the one given in Table 3.5. The usage of the postcal period of Comm2-0
however, remains difficult, as will be discussed in Section 3.3.4.1.

Finally, it is time to come back to the definition of the LEE analysis thresholds.
The energy-dependent efficiency correction still is not able to well describe the
step-like behavior of the efficiency directly at the threshold (Fig. 3.7a), resulting in
unreasonably high corrections for the cases of correcting the fitting function and
of correcting the data points alike. This is the second reason why it is not possible
to simply use the official thresholds for the bck data period.

Just like the bin size, the decision for a threshold is a compromise. Setting
the threshold higher cuts away more from the LEE spectrum, which is a problem
especially for detectors with generally higher thresholds, while setting it lower
leads to higher efficiency corrections at low energies. Since the detector response
varies slightly over time, the latter does not affect all files equally, so accepting
some files with higher corrections can make sense if this allows to lower the overall
analysis threshold.
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For a better overview Table 3.5 summarizes the analysis thresholds, upper en-
ergy limits and the bin-sizes for the efficiency correction for all detectors used in
this work. The detector-specific details on why these values have been defined
like this are discussed afterwards in the respective subsections.

Table 3.5: Overview of the official thresholds (Off., cf. Tab. 3.1), analysis thresh-
olds (Ana.), upper energy limits (Upper) and the bin sizes (Bins) for the efficiency
correction used in this work. Whenever possible 2.0 keV was used as the upper
limit of the energy range. The precise number is arbitrary but it should stay well
above the tail of the LEE and well below the iron calibration lines (cf. Sec. 5.1). All
numbers are given in eV.

Detector Off. Ana. Upper Bins Comments

Comm2-0 29 37 2,000 18 Without postcal and awu130K.
TUM93A-0 54 63 2,000 27

Sapp2-0 52 61 1,200 10

Sapp2-1 7 14 120 8  Ana. lower if without awu60K.

Si2-1 10 14 2,000 10 Ana. lower if without awu30K & awulIK.

3.3.4.1 Detailed Treatment of Comm?2-0

When looking at the efficiency simulation of the Comm2-0 detector, there are two
details to notice immediately. First, the energy dependence of the efficiency above
the threshold is significant for most of the data periods (cf. Fig. 3.8) and second,
there is no reconstructed energy available in the simulation for the awu130K data
period. The latter issue is simply because the reconstructed energy was not saved
during the simulation, since producing this parameter is not strictly necessary
for the standard analysis. Theoretically, it would be possible to fix this issue by
rerunning the simulation, which was not done due to the mentioned shortage of
human resources.

The awu 130K period of Comm2-0 not only has an incomplete simulation, but
it is also the one where the mentioned energy-dependence of the efficiency is the
most extreme, reaching up to energies of roughly 0.8 keV for a threshold of around
70 eV. Noticeably, this energy dependence can not be reliably corrected, due to the
missing information on the reconstructed energy in the simulation. Furthermore,
the threshold for this data period is also significantly higher than for all the other
data for this detector (cf. Fig. 3.9).
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Efficiency Histogram for Comm2-0, awu600mK Data
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Figure 3.8: Efficiency histograms for the awu600mK data of Comm2-0. The light
blue histogram shows the full simulated spectrum (true energy), and the dark blue
and yellow ones the surviving events in reconstructed and true energy respectively.
The red and orange lines mark the official and the LEE analysis threshold in this
order. It can be seen that the efficiency is significantly energy-dependent until
well above the threshold. Furthermore, the surviving events agree well in both
energies, except for the up-and-down shuffling of events directly at the threshold
in the true energy.

Energy Spectra for Comm2-0, bck & awul30K
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Figure 3.9: Energy spectra of the bck (light red) and the awu130K (blue) data of
the Comm2-0 detector. The threshold for the awu130K data (dashed line) appears
to be roughly 20 eV higher than the official one for the bck data (solid line).
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Taking everything into account, it was finally decided to not include the awu130K
data in the fits for this detector. There is some reason to believe that correcting
the energy dependence of the efficiency by using the true energy of the simulated
events instead of the reconstructed one is a valid approach, since for the rest of the
data the distributions behave quite similarly, starting from energies a bit above
the threshold (cf. Fig. 3.8). However, the higher threshold still requires cutting
away much of the LEE spectrum for all other data periods so that the awu130K is
essentially dominating the fit results, preventing the extraction of much useful
information.

The second data period of the Comm-2 detector that causes issues is the postcal
period. At least some of the files in this data set would require a higher threshold to
avoid upward outliers in the efficiency correction of the events. The main concern,
in this case, is not so much the height of these outliers but that the affected postcal
period, through its position between the bck data set and the warm-up tests, has a
noticeable influence on the fits (cf. Sec. 5.2.2), such that any over-correction could
make the results less reliable. It was therefore decided to conservatively quote the
fits without the postcal period for this detector as the final results. However, for
completeness, the important parameters will be provided for both cases.

Finally, it has to be mentioned that the bck data set of the Comm2-0 detector is
much shorter than for all the other detectors. This is due to a late change in the
detector's operating point, which led to the exclusion of the first part of the bck
data already for the standard analysis.

3.3.4.2 Detailed Treatment of TUM93A-0

For the TUM93A-0 detector, the reconstructed energy of the simulation is available
for all the data. However, similar to Comm2-0, the efficiency also has the issue
of being energy-dependent until roughly 100 eV above the official threshold for
some data periods (cf. Fig. 3.7b).

The chosen LEE analysis threshold of 63 eV for this detector is not a strictly
conservative choice regarding the resulting efficiency corrections. However, set-
ting the threshold even higher would cut away much of the LEE, so this threshold
was found to be a reasonable compromise.
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Compared to the efficiency corrections for Comm2-0, the accepted upward
outliers are more frequent and higher, but they are not clustered in a single time
interval but are scattered over the whole data set except for the postcal, awu60K
and awu 130K periods, making it impossible to get rid of them without changing the
threshold. Also due to the scattering of the outliers, their main effect is expected
to increase the upper uncertainties for the rates in the data taking periods after
the warm-ups (awu periods).

3.3.4.3 Detailed Treatment of Sapp2-0

For the Sapp2-0 detector, the reconstructed energy information of the simulated
events only exists for the bck data. More precisely, the bck data for this detector
has two independent simulations available. One has the reconstructed energy but
no timing information and the second one has the time but only the true energy.
It is therefore not possible to apply an energy- and time-dependent efficiency
correction even for the bck data.

Fortunately, however, the assumption of an energy-independent efficiency
does hold for the data of the Sapp2-0 detector, as long as the analysis stays well
above the threshold. The LEE analysis threshold was set by comparing the dis-
tributions of the reconstructed and the true energy from the static efficiency
simulation, which is illustrated in Figure 3.10. For the energy-independent effi-
ciency correction, a constant was then fitted for each file to the plateau of the
efficiency calculated with the true energy of the surviving events (cf. Sec. 3.2.6).

As is listed in Table 3.2, the efficiency simulations for this detector are all cut
by the standard analysis at energies between 1.2keV and 1.5keV !1. Since there
is a flat efficiency assumed anyway, this does not have any impact on the energy
range for the fit. However, the spectrum for the bck data is cut by the standard
analysis as well somewhere between 1.3keV and 1.4 keV. To keep a, probably un-
necessary, safety distance from this cut, the upper energy limit for the fits was set
to 1.2keV for this detector.

1 The actual cut of the simulation is a bit higher in energy than the quoted numbers. In the
vicinity of the cut-off appears an edge effect similar to the one at the threshold from which a safety
distance is already included.
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Efficiency Histogram for Sapp2-0, bck Data
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Figure 3.10: Energy histograms of the bck data period of Sapp2-0. The light blue
histogram shows the full simulated spectrum (true energy), and the dark blue and
yellow ones the surviving events in reconstructed and true energy respectively. All
histograms are created from the static one of the two available simulations. The
red and orange lines mark the official and the LEE analysis threshold in this order.

3.3.4.4 Detailed Treatment of Sapp2-1

The data set for the Sapp2-1 detector is the combination of two standard analyses,
resulting in only half of the used data periods having the reconstructed energy
information in the simulation available (cf. Tab. 3.2).

The periods without the reconstructed energy information could theoretically
be treated similarly to the Sapp2-0 data. However, in the case of Sapp2-1 an energy-
constant description would ignore an upward step in the efficiency at roughly
0.1keV, which is described and investigated in [70]. Therefore, the LEE analysis
threshold was set at the beginning of the efficiency plateau, like for Sapp2-0,
but the efficiency calculated with the true energy of the surviving events is still
described by a spline.
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Also similar to the Sapp2-0 data, the efficiency simulations and spectra for the
different data periods have been cut by the standard analysis '2, resulting in an
upper limit for the fit of 0.12keV. This is lower than would be ideal since it cuts
into the tail of the LEE, making it hard for the fit to distinguish this tail from the
flat background below (cf. Sec. 5.1).

3.3.4.5 Detailed Treatment of Si2-1

Apart from the dip in the efficiency of the awu30K data (cf. Fig. 3.7¢c), the Si2-1
detector has a nicely behaving efficiency (cf. Fig. 3.7a) with the reconstructed
energies of the simulated events being available for all data periods.

However, the situation is not as straightforward when it comes to the upper
limit of the fitting region. The simulation only reaches up to 0.29 keV which is
very close to the tail of the LEE (cf. Sec. 3.3.4.4). Therefore, the spline describing
the efficiency is extended up to 2.0 keV by assuming that the distribution stays flat
above 0.29 keV and fitting a constant to the plateau, as it is done for Sapp2-0. Of
course, the dip, having its deepest point at approximately 0.21 keV (cf. Fig. 3.7c),
had to be avoided when selecting the energy region for the constant fit.

Regarding everything that has been discussed in this section, the assumption
of the efficiency remaining constant at high energies is not perfect, but it is still
the most probable behavior of the efficiency distribution.

12 The test pulses of this detector only reach up to roughly 0.13keV. A reliable calibration above
this energy is therefore not possible (see [70]).






CHAPTER 4

How to Fit the LEE

To describe the low-energy excess as thoroughly as possible, it was decided to use
two-dimensional unbinned Likelihood fits which allow for fitting the time and
energy domain of the LEE data at once. Furthermore, to use as much information
for the fit as possible, all available data segments (bck and awu, cf. Sec. 2.4) should
be included. Both decisions seem obvious, however, they require one common
analysis threshold and upper energy limit for all data periods (cf. Sec. 3.3.4) and
significantly influenced the choice of which software package to use.

For practical reasons, the programming language for this work was chosen to
be Python and apart from matching the language, the package responsible for
the fitting had to fulfill two other main criteria. First, the functions needed to
fit the LEE were per definition unknown in the beginning, so the package had to
be quite flexible and allow for fitting custom-built functions. Second, the time
domain of the excess data is not continuous but interrupted after every file, mainly
due to cryostat maintenance (cf. Sec. 2.2.2). This imposes a challenge for the
normalization of the model functions for the fit which therefore also has to be
done file by file.

In the end, the fitting in this work was done with the Python package emcee
[2]!. As will become clear in Section 4.1 emcee is not a typical fitting package,
which has some advantages but also comes with some challenges. Both will be
discussed in the following sections.

! Apart from [2], the following other non-standard Python packages have been used for this
work: [108], [109],[110],[111],[112].

67
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It is worth noting that with choosing emcee as the fitting package, one auto-
matically chooses a Bayesian approach for the analysis, which has some impact
on the interpretation of the results. This is especially important when quoting
uncertainties and will be discussed in Section 4.3.4.2.

4.1 About MCMC(, Bayes Theorem and Likelihood

The emcee package is an implementation of Goodman and Weare's Markov Chain
Monte Carlo (MCMC) Ensemble Sampler [2, 113]. The details of this specific family
of algorithms are beyond the scope of this work, however, this section aims to at
least explain the basic principle behind MCMC samplers and how they are con-
nected to the well-known Likelihood function via Bayes' Theorem 2.

Markov Chains are named after Andrei Andreevich Markov who researched in
the early 1900s about the dependencies of samples in chains [114]. In the specific
example of [114] the chain is a poem, or in other words, an ordered sequence of
samples (letters). On a more mathematical and general level, a Markov Chain is
a special case of a stochastic process ® with the main property that the precise
knowledge of the current state of the process is enough to predict its future devel-
opment [116]. A fully precise definition and discussion of Markov Chains can for
example be found in [117] or [118].

A second important property of Markov Chains is that under certain conditions
they have a unique equilibrium distribution [115, 118]. In simple terms, the goal
of an MCMC algorithm is to create a Markov Chain with a specific equilibrium
distribution, evaluate the chain until it reaches this equilibrium and then evaluate
the chain even further, saving the output of every step. Thereby, as the chain
can not leave its equilibrium, the algorithm can draw samples from the searched
distribution without describing it directly, which usually would be difficult for the
considered problems (see e.g. [115]).

2 The theorem is named after Thomas Bayes and his article An Essay towards Solving a Problem
in the Doctrine of Chances, published in 1763.

5 As far as it concerns this work, it suffices to define a stochastic process as a (usually timely)
ordered collection of random variables (see e.g.[115]).
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For the application of MCMC algorithms utilized in this work, the equilibrium
distribution of the Markov Chain should be equivalent to the posterior probability
density of a Bayesian problem. It is worth the time to recapitulate the basic idea
behind the fits that should be performed, to understand why this is the case.

The first step of every fitting process is to define a model that possibly can describe
the LEE (cf. Sec. 5.1). Such a model has several free parameters, in the following
always named 6,. Furthermore, there is the fixed data set that should be fitted
X = {%,7,...,2x}. It consists of single data points 7;, with the dimensions of
the vector being the energy e and time ¢ *°.

In the end, the fit should provide the most probable values for the ordered
set of free fitting parameters § = (61,0, ..., 6p) under the condition that X has
been measured. This problem directly translates into the continuous version of
Bayes' Theorem, shown in Eq. 4.1, where P (0| X) is the probability density for a set
of parameters given the data set X (posterior probability density), while P(X|0)
provides the likelihood for X to be measured under the condition of a given set of fit
parameters . Furthermore, P(6), named the prior probability density, represents
the knowledge about the hypothesis, meaning the fit parameters in this case,
before any fit has been performed. Finally, the denominator is a normalization
factor, required to fulfill the condition that the integral over all possible 6 has to
be one [119].

P(X]0) - P(0)

PO = (X 10yP(0) do .1

It is important to realize that P(X|0) is equivalent to the Likelihood function
L(0]X) and in contrast to P(0|X) and P(#) not a probability density function
(PDF). To make this clear in the notation, normalized PDFs will be written with p in
the following. Furthermore, one should note that the normalization factor is not
necessarily needed if the result of interest is not the absolute posterior probability
density but just relative information on which hypothesis fits the data best [119].

4 For some detectors, the data points also have a light yield value, but since the light yield is
not used for the fit, it is ignored here.

5 The usual convention denotes the energy with a capital E. However, this work will consistently
use capitalized letters for functions of energy and time and small letters for the variables.
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In Section 4.2, the implementation of the fitting program around the emcee pack-
age is discussed, whereby special attention is paid to the Likelihood function.
Afterwards, in Section 4.3, it will be illustrated how the usage of emcee looks in
practice and how the results can be interpreted.

4.2 Implementation of the Likelihood

This section covers some mathematical details of the Likelihood function which
also influence the implementation of the fitting program (cf.Sec.4.2.1 and
Sec.4.2.2). It also contains a general overview of the final program's structure in
Section 4.2.3. The details about the implementation of the emcee package itself
are beyond the scope of this work. They can be found in [2].

421 Comments on the Extended Maximum Likelihood

As shown in Sec. 4.1 the usage of the emcee package, although it is not a typi-
cal Likelihood maximizer still requires the Likelihood function. The goal of this
section is to investigate the concept of the Extended Maximum Likelihood in the
context of the LEE fits performed in this work. Specifically, it is discussed that
although the extended Likelihood can be a valuable concept for a variety of scien-
tific applications, it doesn't make a difference if it is used for the present case.

In general, the Likelihood function £(#|X) is defined via a probability density
function p(z|0) by replacing the random variable = with the actually measured
values ©. Consequently, the Likelihood is only a function of § and can shortly be
written as £(0) [119].

In the case of CRESST LEE data, as in many physics applications, a data set X
consists of multiple measurements of single events xz; which all follow the same
PDF and are considered to be independent of each other. The Likelihood then

¢ To keep the notation simple, the data variable Z is restricted to one dimension for this section,
consequently written as z.
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becomes the joint probability density of all these independent measurements,
which is simply the multiplication of all individual PDFs p(z;|0) (cf. Eq. 4.2) [120].

N
£9) = [ ] p(ail6) (4.2)
i=1
In Eq. 4.2 the PDF p is normalized such that the integral over the whole possible
range of = equals one. However, in this work, as again in many other comparable
experiments 7, the observed number of measured events N will almost certainly not
exactly match the true number of events NV, meaning the average number of events
that would be obtained after infinite repetitions of the same experiment [121]. In
such cases, it can be useful to relax the normalization condition as is shown in
Eq. 4.3, to gain information on N through the fit. This is done by transitioning
from the normalized PDF p to a different function P, for which the integral over
the whole range of z results in the expected event number N instead of being one
[122].

/p(x|0) dr=1 = /P(x|9) dz =N (4.3)

On a second glance, Eq. 4.3 additionally implies Eq. 4.4 which will be of some use
later.

P(x[0) = N p(x]6) (4.4)

It should be noted that N can in principle be a function N (9) without violating
the conditions in Eq. 4.3 and Eq. 4.4.

Furthermore, it is not allowed to just replace p by P in Eq. 4.2, because maximiz-
ing the Likelihood would then just result in N getting indefinitely large. Instead,
the Extended Likelihood Function (ELF) is defined as described in [121] and nicely
summarized in [122]. The final form, shown in Eq. 4.5, is based on the assumption
that the observed events in the experiment follow Poisson statistics [122, 121].

N ~
L) = <H P(xi|9)> eV (4.5)

" The term experiment for the present case refers to the measurement of particle recoils with a
given detector for a given amount of time.
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Being able to extract the theoretically expected number of events from the fit to a
single measurement certainly sounds promising. However, as stated in the begin-
ning of this section, using the ELF does not always lead to a gain in information.
To make this evident, let's have a closer look at the ELF for the specific task of
fitting the LEE.

The complete theoretical model M that will be used for the fits has the general
form shown in Eq. 4.6, where m is in the following always the index for counting
the functions M the model consists of. The individual M will be rather simple
analytical functions (e.g. exponential, Gaussian), so partitioning M into these
components makes it more intuitive to handle. The 6,, are the respective subset
of all fit parameters 6 that belongs to a function M.

M(z,0) = Mpn(z, ) (4.6)

= [An - sm(z, 0m)] (4.7)

In Eq. 4.7 M is deconstructed even further by splitting the A into their normalized
shape s(z, 0,) and a prefactor A.

As M is by design the full theoretical description of the LEE, integrating M
over the whole range of the data variable x should provide the expected number
of events N, directly leading to Eq. 4.8.

> An=N (4.8)

Furthermore, it is now possible to obtain the relation of M with the extended PDF
P, as is illustrated in Eq. 4.9 and Eq. 4.10, where p is normalized because the s,
are normalized by definition. Consequently, Eq. 4.8 ensures that the integral over
the sum in Eq. 4.9 equals one, which is the requirement for identifying the term
with the normalized p.

MPETN N [%“  Sm(x em)} (4.9)
= N p(x

10) "= P(2)6) (4.10)
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With the gained understanding of how the PDF and its extended version P look in
practice, it is now time to take a closer look at the logarithmic version of the ex-
tended Likelihood function (Eq. 4.11). This last part of the discussion is a summary
of a proof given in [122] which is partially based on [121].

In order to derive Eq.4.11 from Eq.4.5, 6, will explicitly be defined as the
parameter that takes care of the overall scaling of the model. This results in
Eq. 4.12, where it has also been used that in case of the LEE fits N is only dependent
on the prefactors A,, but not on the shape functions s, (cf. Eq.4.8).

N
In£(0) "= [In P(a]6)] (4.11)

i=1

[In P(i|00, 01, . .., 0p)] — N(6p) (4.12)

||gj

IS
o

=1

i=1

The ELF as written in Eq. 4.12 is the function that has to be maximized during the
fit by varying the free parameters 6. The equations that have to be solved for this
maximization are shown in Eq. 4.13.

i{alnp(xi\eo,el,...,ep) &N (6o)

— = k 4.1
00k 00k 0V (4.13)

i=1
The next step aims for rewriting Eq. 4.13 for the case (k = 0) for which the sec-
ond term of Eq.4.13 doesn't vanish. First, P is replaced by using Eq.4.4. The
multiplication of N and p inside the logarithm is separated, resulting in Eq. 4.14.
Second, the first sum in Eq. 4.14 can be simplified to V, since the corresponding
term contains no dependence on i. Finally, when applying the chain derivation

rule to the logarithm, the first and the last of the three terms can be combined,
leading to Eq.4.15.

N =~ N 7

Eq.4.4 Joln N 0lnp(xi|0y, 04, ...,0p) ON B

Z5 ;[ e ]+;[ N e =0 (4.14)
N ON < [0lnp(xilfo, 01, ..., 0p)

= (F Y@ %0, | =0 @B

It is now important to remember that p, in contrast to P, is a normalized function
and can therefore not depend on the scaling parameter 6,. This causes all the
summation terms of Eq. 4.15 to vanish, leaving the result (N = N).



74 CHAPTER 4. HOW TO FIT THE LEE

Consequently, when applying (N = N ) to all the other cases (k # 0), the first
term of Eq. 4.15 disappears, shrinking the extended set of maximization equations
back to the standard maximum Likelihood problem without relaxation of the
normalization [122, 121]. The proof thereby shows that for problems similar to the
one considered in this work, there is no information to gain by using the extended
version of the Likelihood function, as the true number of events predicted by the
fit will always be equal to the number of events measured.

For a more detailed version of the proof, along with a rather complete dis-
cussion of when the extended maximum Likelihood will actually obtain different
results than the standard form, refer to [122].

Even though it mathematically doesn't matter which Likelihood function is used,
the practical interpretation of the fit results slightly differs. Intuitively, a model
function M is implemented like in Eq. 4.7, as a prefactor times a normalized ana-
lytical function. If the extended Likelihood is used, the obtained factors are the Ay,
and directly equivalent to the number of measured events the fit attributes to each
M. However, if the standard Likelihood is used, the overall normalization requires
the factors to be A, /N and the fit therefore provides no absolute numbers but the
fraction of events attributed to the respective model function (cf. Eq. 4.9).

4.2.2 Impact of the Efficiency Correction

The goal of this section is to explicitly write down how the general form of the Like-
lihood function looks like for the LEE fits, with special regard to the normalization
in the time domain and the different ways to describe the efficiency. Additionally,
it will be discussed how the latter affects the structure of the fitting software. An
overview of the final implemented program can be found in Section 4.2.3.

In this work, the extended form of the Likelihood function is implemented. How-
ever, for simplicity of the notation the standard Likelihood is used in the following
discussion, which is given in its logarithmic form by Eq. 4.16 (cf. Eq. 4.2) and has
been shown to be equivalent to the ELF for the present case in Section4.2.1.

In£(0) =Y Inp(&|6) (4.16)
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It has also been discussed already that the PDF p has the form as written in Eq. 4.17
(cf.Eq.4.9 with N = N).

p(%]0) = Z— Sm(Z (4.17)

For the following investigations, a single term of the sum in Eq. 4.17 will be named
a normalized model function my,, consisting of a prefactor (ay, = An/N) and the
already known normalized function s, (cf. Eq.4.18).

In full detail, m,, is then given as in Eq. 4.19 where (7 = (e, t)) are the energy
and time of a single event. Furthermore, = is the efficiency function of the data
set, which is not model-dependent but can be a function of both energy and
time (cf. Sec. 3.3.4). In addition, £ and T are the non-normalized energy- and
time-dependent part of the model function respectively.

Finally, NV will always denote a normalization, which in its most general form
depends for each model on the efficiency, energy and time functions and therefore
implicitly also on the free fit parameters §. For some cases, the normalization can
be factorized in two different contributions for energy and time, indicated by the
indices e and .

Mm = G - Sm(T]0) (4.18)

 Enlelfe) - Tnltl6)
I TN (e tE B, T) (4.19)

When implementing Eq. 4.19, one has to keep in mind that the time regime of
CRESST data is not continuous. The refills of the cryostat and other possible
interruptions divide the data into files, which will be enumerated with f. As
a consequence, any time-dependent normalization A/ (¢) is in fact a sum over
several sub-normalizations A, one for each file. The N; themselves are then not
time-dependent anymore, since the efficiency is approximated to be constant
throughout a file.

In addition, it should be made evident why the efficiency = in Eq. 4.19 is part
of the normalization and does not influence the prefactor a.,, even though it only
explicitly appears in the denominator. The functions F and T are evaluated at
the positions of the measured data points which are distributed according to the
efficiency and thereby implicitly contain =. The A can illustratively be viewed
as a combination of the normalizations for £ and 7" and a weighted average of
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=, resulting in total in a normalized shape correction of the fitting function. In
other words, an efficiency correction that is constant in energy and time will not
influence the fit result at all, regardless of its height (cf. Sec. 4.2.2.1).

This also means that the fit does not provide the efficiency corrected number of
events attributed to a certain model function, even if the ELF is used to directly fit
the A,,. To obtain the absolute and efficiency-corrected number of events, each my,
has to be integrated over the full range of e and ¢. Note, that the functions thereby
are no longer evaluated at the data points, and what is left is, again illustratively
spoken, the prefactor a,, divided by the part of A/ that represents the weighted
efficiency average for this m.

4.2.2.1 With Constant Efficiency

The easiest way to disentangle the contributions in Eq.4.19 is to assume the
efficiency to be constant in energy and time. The function m,, from Eq.4.19 can
now be split up into several completely separate parts, as is written in Eq. 4.20,
where one part is only dependent on the energy e and another only on the time
t while = can be factorized from the normalization (cf. Eq.4.21). Note, that if it
would be possible to directly correct the data points with the efficiency, = could
also be factorized in the numerator and simply divided away.

 Bnlclfe)  Tu(t)6)
None(€lE) Nt (tT)

Mm = Am

(4.20)

(1] —

The explicit form of the complete normalization in the case of a fully constant
=, including the file-wise splitting of the time domain, is given by Eq.4.21. The
index f always marks a sum or an integral over all the files in the data set.

Nm,e,t == 'Nm,e : ZNm,t,f == /Em(eyee) de - Z /Tm(t‘et) dt (421)
£ £ /f

Remember that in the use-case discussed in this work, £ and T will be rather
simple analytical functions, making Eq.4.21 easy and fast to calculate.
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4.2.2.2 With Time-Dependent Efficiency

Using a constant efficiency ignores possible shifts in the detector performance
which will almost certainly appear throughout hundreds of days of data taking.
A natural way to include a time-dependent efficiency correction is on a file-by-
file basis because the calculation of the normalization (cf. Eq.4.21) and the data
processing during the analysis both anyway happen file-wise. As is illustrated in
Eq.4.22 and Eq. 4.23, making = time-dependent essentially ties it to the function 7'.

) Em(€‘€e> ) Tm(twt)
" Nme(elE) Nmi(t|Z,T)

mMmm = a

(4.22)

Nm,e,t - Nm,e : ZNm,t,f - /Em(ewe) de - Z Ef /Tm(t|6t) dt (423)
f f f

Looking at Eq. 4.23 the advantage of the file-by-file but energy-constant efficiency
becomes clear. It only adds a constant to each term of the sum, leaving the
complexity of the calculation for the normalization almost unaffected.

Using this method still adds the additional step of performing a constant fit to
the efficiency simulation of each file. However, this has to be done only once since
the so determined factors can be easily stored and read from a file.

4.2.2.3 With Time- and Energy-Dependent Efficiency

As has been shown in Section 3.3.4 the often made assumption that the efficiencies
in CRESST are only time- but not energy-dependent, does not withstand a strict
investigation. The correct way of dealing with this issue is to include the energy
dependence of = in the fits. However, this energy dependence can not be described
analytically, neither for the low-energy region (cf. Sec. 3.2.6) nor for unusual be-
haviors like the one shown in Figure 3.7c. Consequently, the shape of the efficiency
distribution has to be traced by binning it and then interpolating between the
bins, storing the resulting splines =. To keep also the time-dependence, such an
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object has to be created not once, but once for each file, ultimately resulting in
the versions of m,, and A as noted in Eq. 4.19 and Eq. 4.24, respectively.

/\fm:/Em(e]He);Ef(e) /me(twt) de dt

_ ; / =4(c) - En(clfe) de /f T (£]61) dt (4.24)

The difficulty resulting from Eq. 4.24 lies within the fact that since the efficiency
per file =¢ is now energy-dependent, the function Z¢(e) - En(e|fe) is not analytical
anymore. Instead, the integral over the energy has to be determined numerically
and file-wise in each iteration of the fit, noticeably slowing down the calculations.

4.2.3 The Structure of the Software

Up to now, the mathematical backgrounds of the fitting program using the emcee
package have been investigated. This section will illustrate the actual software
structure, thereby also laying the basis for Section 4.3 where the interpretation of
the fit results produced by this program are discussed.

Before explaining the software structure shown in Figure 4.1, the term of a walker
should be defined. It has already been established that emcee draws samples from
the posterior distribution (cf. Sec.4.1). However, in practice, emcee draws more
than one sample per iteration. Instead, it evolves several sets of samples at once.
These sets are called walkers and accordingly, the iterations of the fit, meaning
drawing a new sample for each walker, are named steps [2].

At the beginning of each fit, every walker starts at a position defined by the user.
From there, the walkers explore the parameter space until they reach the maximum
of the equilibrium distribution (cf. Sec. 4.1). From then on, they'll draw samples
consistently from a small region around this maximum . The samples from around
the maximum are the ones used for defining the fit results (cf. Sec. 4.3.4), while
the exploration steps are discarded (burn-in) [2] (cf. Sec.4.3.2.2).
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Figure 4.1: Illustration of the software structure implemented in this work. Details
on the different steps can be found in the text. The structure is shown for the
full time- and energy-dependent efficiency correction (cf. Sec. 4.2.2). Steps in the
outer blue box have to be done only once per fit, while steps in the inner box
happen once per step and walker. The integrations marked with light grey have to
be done file-wise.

Choosing the number of walkers and their starting positions are two of several
decisions to be made at the beginning of each fit. In addition, one has to define
the model itself and the free parameters, as well as the formulation of the prior

8 There is a small randomization introduced by the MCMC algorithm which among other things
should prevent the walkers from getting stuck in local extrema of the distribution.
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probability density (priors) and the number of steps the fit should run, including
the steps for the burn-in. The details that influence these decisions can be found
in Section 4.3, except for the definition of the model itself, which is specific for the
LEE fits and discussed in Section 5.1.

The left part of the flowchart in Figure 4.1 basically summarizes the proce-
dure from the standard data analysis to the efficiency correction (cf. Sec. 3.2 and
Sec. 3.3). Also, the process to get from the model function (upper orange rectangle
in the inner box) to the Likelihood has been already explained in detail in Sec-
tion 4.2.2, including the normalization. This part of the software can slightly vary,
depending on which efficiency correction is used.

In the upper right corner of the inner box, the process of checking the current
parameter values against the priors is shown. In practice, the priors provide a
penalty that decreases the Likelihood® (cf. Sec.4.1). The penalized Likelihood,
along with the current parameters, is then passed to emcee, which determines the
next steps for the walkers, meaning the next parameter values to be tested. The
details of the MCMC algorithm can be found in [2] and [113]. The exact definition
of the priors is discussed in Section 4.3.3.

After the previously defined number of steps has been performed, emcee returns
the step positions of all the walkers, which then have to be evaluated to obtain
the final fit results for the parameters, along with their uncertainties and the
dependencies between them (cf. Sec. 4.3).

4.3 Set-up and Evaluation of the Fits

4.3.1 Validity Checks

After running the software described in Section 4.2.3, the validity of the fit has to
be verified before the results can be interpreted. There are two quantities that can
provide information if the outcome of the fit is trustworthy or not.

9 The way how the priors are implemented actually violates the mathematical requirement for
them to be normalized (cf. Sec. 4.1). However, as only the maximized Likelihood is used to compare
the models (cf. Sec. 4.4), the missing factor makes no difference.
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The first of the two relevant quantities is the acceptance fraction. Whenever the
algorithm advances the walkers one step further, it also decides if the step is ac-
cepted or not. To investigate the details of this process would lead too far, but very
roughly a step is accepted when it brings the walker closer to the optimum of the
target distribution and is usually discarded or accepted with a certain probability
if it does not. This is also the reason why walkers do not converge to a single value,
but rather wander around the optimum (cf. Fig. 4.2).

The acceptance fraction of a fit should not be close to zero or one, since in the
first case, the walkers did essentially not advance, so the resulting samples are not
independent of each other and do not represent the target distribution well. The
latter case on the other hand is a sign that there is no convergence towards the
target distribution happening. There are studies to provide an estimate for good
acceptance rates, the one used by the creators of emcee places the value between
0.2 and 0.5. However, these values are meant and consequently treated in this
work more as a rule of thumb than as strict limits [2, 123].

The second important indicator for a fit's validity is the integrated autocorrelation
time (Y). This quantity is often described to measure the time until the chain
forgot where it started. In Markov Chains, every new step is only determined based
on the present one, but since the steps are not indefinitely large, it still needs
some time until the samples are truly independent of the starting value and each
other (cf.[2, 113]).

The ratio between the number of samples taken and the autocorrelation time
is an indication of how accurate the samples represent the target distribution.
Consequently, a fit with a chain that is too short compared to T, should not be
trusted [124, 125]. How long exactly a fit should run to obtain enough samples for
a valid result, will be discussed in Section 4.3.2.
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4.3.2 Chain Length, Burn-in and Number of Walkers

4.3.2.1 Definition of the Chain Length

When it comes to defining the chain length, meaning the total number of walker
steps performed for a fit, and the amount of samples discarded as burn-in, this
work relies on the recommendations given by the creators of emcee. The package
provides a built-in method to estimate the integrated autocorrelation time, along
with an investigation of how long a chain should run to obtain a trustworthy
estimate of T with this method. According to this, the step number should be at
least 50 times the integrated autocorrelation time [126].

There is an issue hidden in setting the chain length via the autocorrelation
time, namely that it creates a circular dependence between the number of steps
and the determination of Y. This can only be solved by either running a very long
chain by default, essentially hoping that it will be longer than 507, or by using
some other method to estimate the autocorrelation time on a short chain, where
the standard estimator provided by emcee does not work [2, 126].

Very long chains come with the problem that running them requires a lot of
computation time, especially for fits with a lot of free parameters and data points.
In practice, this means that for rough parameter estimates and quick model tests
of which several hundred have been performed for this work, it was often not
feasible to repeat a fit if it turned out to be shorter than 507.

However, the number of independent samples needed for a valid fit can be
acquired by running for only a few autocorrelation times [2, 124] and the burn-in as
well almost never exceeded three Y (cf. Sec. 4.3.2.2). Based on a lot of experience
with how long the autocorrelation times usually are for the LEE fits, it was therefore
reasonable to accept even chains that are theoretically too short. Nevertheless,
for the final results of this work, which are given in Section 5.4, fits with a length
of over 507 have been used.
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4.3.2.2 Definition of the Burn-in

Naturally, the integrated autocorrelation time is also a good indicator of how many
steps of a fit should be discarded as burn-in. The minimum number of samples
to discard is one autocorrelation time, to make sure that the samples used for
the evaluation are independent from the starting positions of the walkers. To be
conservative, it makes sense to discard a bit more (cf. [127]).
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(a) Ilustration of how walkers look like for an ideal fit. The dash-dotted blue line (left) is
at the step number equal to one integrated autocorrelation time Y. The dashed blue line
(middle) is at 3T, which would be a conservative choice for the burn-in. The solid blue
line (right) marks the 50 point.
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(b) Zoom in to the early steps of the fit. At one T (dash-dotted) the walker positions are
independent of their starting value (dashed light blue) but it can be seen that they have
not yet found the maximum of the equilibrium distribution. A conservative choice in this
case would be to discard three times the autocorrelation time as burn-in (dashed blue).

Figure 4.2: An example group of 200 walkers for a single free parameter. The y-
axis shows the values of the parameter, while the x-axis counts the steps. The light
blue dashed line marks the guessed starting value. The integrated autocorrelation
time for this fit is 59.86 steps.
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Another factor in deciding how much burn-in is discarded is the behavior of the
walkers over time. The samples for evaluating the fit should come from the region
where the walkers have already found the maximum of the equilibrium distribution.
When this is the case can roughly be told by eye. Usually, the starting points of the
walkers are distributed in a small space around a first guess (cf. Sec. 4.3.3). From
there, they explore the parameter space and ideally settle relatively fast around a
favored value, as is illustrated in Figure 4.2. The region before the walkers have
found the distribution's maximum should be discarded as burn-in and is usually
longer than T anyway.

4.3.2.3 Definition of the Number of Walkers

Theoretically, there is no such thing as an upper limit to the amount of walkers.
However, in practice, the number is usually limited by the available computation
resources. Especially, more walkers take more computation time during the burn-
in. The creators of emcee recommend to use of the order of several hundreds of
walkers and this work tries to follow this advice as well as reasonably possible,
usually running 200 walkers per fit.

It should be noted that the next step of a walker is chosen considering the
current position of a subset of the other walkers [2, 128]. Thus, running the chain
for more steps is not exactly equivalent to using more walkers 1°.

4.3.3 Definition of Priors and Initial Guesses

The idea behind priors is to contain all the knowledge the analyst already has about
the data so that it can be considered by the fit. In contrast, the initial guesses of the
parameter values, which define the starting points for the walkers, are not meant
to influence the fit results. In fact, the final parameter values are deliberately
determined from the samples that do not depend on the initial walker positions
anymore (cf. Sec. 4.3.2). Therefore, the only reason to make a good first guess, is
that the burn-in can be shortened and local extrema of the probability distribution
can be avoided. In this sense, the initial guesses still contain some knowledge

10 Theoretically, walkers should also be easier to parallelize than steps. However, this assump-
tion has not been explicitly tested in the scope of this work.
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about the model, in the form of expectations, but without being as influential as a
prior would be.

To make the fit more robust against local extrema, the walker's starting points
are randomly distributed in a small area around the initial parameter guesses.

Formulating priors that correctly reflect existing knowledge can be straightforward
in some cases, but most of the time it is more complex. Below, the considerations

for the priors used in this work are discussed.

Considerations Regarding the Priors for This Work

e Strict Lower Limits — For all parameters considered in the LEE fits, the negative
values can be safely excluded, either because they are unphysical (model
prefactors) or because changing the sign would lead to a model that can not
possibly fit the data (e.g. decay times). Therefore, strict priors are set for the
parameters to be equal to or larger than zero. It is important to note that
such a strictly forbidden region will also not be included in any uncertainty
interval (cf. Sec.4.3.4.2).

» Knowledge From Looking at the Data — It is explicitly not allowed to define
priors based on the outcome of an earlier fit since, among other reasons, this
would lead to a circular process of shrinking uncertainties. This seems like a
clear and obvious rule to follow at first. However, already the exclusion of
rising exponential functions to fit decaying data (cf. Strict Lower Limits) is
based on observations on the data. Also, it is possible to argue that by visual
investigation only, one could very roughly estimate the decay time of the
LEE. Furthermore, when formulating a model for a known phenomenon like
the LEE, it is almost impossible to not get influenced by already published
results on this topic, raising the question of which type of information is
still acceptable to include.

One escape could be to pretend that the data is still blind and ignore as
best as possible every knowledge that has been obtained after unblinding
or even every knowledge at all. However, this would lead to a very large
parameter space that would have to be tested. Furthermore, when being
consequent with this strategy, it would require blindly trying an indefinitely
large amount of model functions, which is practically impossible.
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The compromise that has been made in this work is to set, apart from the
strict lower limits, only very loose bounds on the parameters, to keep the
parameter space reasonably small. Fits where the walkers come close to such
a loose limit are discarded and the fit is repeated with less restriction.

Lack of Knowledge — Up to now, it has been silently assumed that the ab-
sence of any knowledge is expressed by a uniform prior, meaning that the
probability for all parameter values within the possible strict limits is equal.

Although using the uniform prior is very common practice, there is some
discussion going on if it is really the best way to formulate ignorance [119].
However, to recite the debate is far beyond the scope of this thesis.

In this work, it was decided to use uniform priors, again for practical reasons,
as they are good enough for the goal pursued here. Nevertheless, it should be
stated for completeness that other valid options might exist. More detailed
literature on the topic can for example be found in [129] or [130].

Gaussian Priors — During this work, the use of Gaussian priors instead of
strict limits was also considered. The idea behind Gaussian priors is to place
the mean at the expected parameter value and indicate the degree of belief
in this mean by the width of the function. If the uncertainty is high, the
Gaussian becomes flat, ultimately resulting again in an almost uniform prior.

A possible use case for a Gaussian prior would have been to fit one of the de-
tectors and then assume that the others look comparable, placing a Gaussian
prior around the determined value for all the other detectors. However, it
was exactly one of the questions for this work, whether the detectors really
behave similarly and this usage of the Gaussian priors would have biased the
results towards a positive answer.

A second application could have been the probably Gaussian shaped struc-
tures of unknown origin in the energy spectra of some detectors (cf. Sec. 5.3.1
and Sec. 5.5). A Gaussian prior could express the belief that these structures
are the result of a particle recoil line, widened by the detector resolution.
The prior could then either be used on the width of the structure which
should preferably match the detector resolution or, if there would already be
a theoretical candidate line, around the literature value of the mean position.
However, since already the first assumption is quite uncertain in many of
these structures, Gaussian priors were not used in this work.
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4.3.4 Fit Results, Uncertainties and Dependencies

Ideally, fitting data with a model would result in one clear answer on what the best
parameters for their description are. However, in reality, emcee does not provide
single values but samples of the posterior probability density distribution of the
model's free parameters (cf. Sec. 4.1) and the interpretation of these is a task for
the user.

4.3.4.1 Extraction of the Fit Results

There are several ways to extract a single value from a given sampled distribution
and all of them come with advantages and issues, sometimes depending on the
distribution under investigation. The probably most important methods are the
mean, the median and the mode, which are defined in the following (cf. [119]).

Definitions of Maximum Point Estimators

» Mean — The non-weighted average over all samples.

e Median — The central value, such that half of the samples are higher and half
are lower than the median itself. For an even number of samples, it is usually
chosen to lie in the middle between the two central values.

* Mode — The value lying central between the two samples that have the small-
est distance from each other. Alternatively, the value that occurs most often
in the samples. The mode corresponds to the maximum of a distribution !!.

To understand which of these definitions is the most meaningful for this work, it is
useful to look at their behavior for the distributions that have to be considered for
the LEE fits. For a lot of data sets and parameters, the expectation would be a more
or less Gaussian and therefore symmetric distribution around the searched-for
central value (cf. Fig. 4.2). In this case, all three definitions result in approximately
the same parameter values.

However, the situation looks different if there are either several extrema in the
distribution or if one of the values is estimated to be near a disfavored region of

I A common practical implementation counts for each walker position how often the walkers
stepped in a small interval around it and then takes the position with the maximum count, which
is more robust than calculating by the theoretical textbook definition.
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the parameter space. In these cases, the results from the compared methods are
significantly different. This is made evident in Figure 4.3, where a single Gaussian,
two combined Gaussians and an exponential function are used to demonstrate
the behavior of the three maximum point estimators.

The exponential as an example for a strictly cut distribution is chosen only
as a qualitative illustration. A quite common realistic case when fitting the LEE
appears for instance for an almost vanishing contribution of a given model func-
tion my, (cf. Sec.4.2.2). Since a negative contribution of any function to the fit
is nonphysical, a prior is always set for the prefactor ap, of my to be equal or
larger than zero (cf. Sec.4.3.3). This often leads to a distorted and asymmetric
distribution for small true values of ay,, since the walkers can now only explore
one side of the distribution while the other is forbidden.
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Figure 4.3: Comparison of the mean (orange), the median (red) and the mode
(blue) for different distributions (from left to right: single Gaussian, two Gaussians,
exponential). The given uncertainty bars are different definitions of a 95 % credible
interval, using two times the standard deviation (std) for the mean’s uncertainty,
the 2.5th and 97.5th percentiles for the median and the respective highest posterior
density interval (hpd) for the mode (cf. Sec. 4.3.4.2). The code to produce the figure
is adapted from [131].

The decision of which values are quoted as fit results in this work is influenced
by the aforementioned example of a vanishing model function m,,. Setting a
model function's contribution to zero, thereby not using it to describe the data,
should be a valid outcome of a fit. However, the mean can in principle not result
in a final parameter value equal to the parameter space boundary 2, effectively
disqualifying it for the present use case.
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Between the median and the mode, the median is the more commonly known
value and, as will be discussed in Section 4.3.4.2, comes with a much more intu-
itive way of deriving uncertainties. On the other hand, concerning the marginal
case discussed for the mean, the mode handles cut distributions more robustly
(cf. Fig.4.3). In addition, the mode provides more robust results also in the case of
a split distribution, by only taking the higher maximum into account.

So far, the arguments tend to favor the mode. However, it finally has to be
considered that performing a fit with emcee is, due to the partial randomness of
the walker steps, not a completely reproducible process. When repeating a fit
with the exact same settings on the same data, the set of samples drawn by the
algorithm will show statistical fluctuations (cf. Sec. 5.2.1). It turns out that the
median is more robust against these fluctuations than the mode.

This work will usually provide both values, the median and the mode with their
respective uncertainties, while using the fit result and uncertainties corresponding
to the mode when drawing plots and discussing results. Quoting both numbers
has the additional advantage that it implicitly provides qualitative information on
the symmetry of the sampled distribution through how close they are.

4.3.4.2 Extraction of the Uncertainties

When results of comparable experiments differ from each other, it is usually asked
if they agree within uncertainty, without specifying which uncertainty is talked
about. However, each of the possible definitions of the fit result discussed in
Section 4.3.4.1 comes with its own natural way of providing uncertainties.

Before the exact definition of the uncertainty intervals is discussed, a detail should
be made clear about their interpretation. In scientific publications, the uncer-
tainties are usually confidence intervals. These are interpreted such that for many
repetitions of the experiment the true value falls within the given limits in I" %
of the cases, where I is a given confidence level. This concept is called coverage
because the confidence intervals cover the true value with the specified probability.

However, in this work, the Bayesian approach is used to perform the fits
(cf. Sec.4.1). Although this is done more for practical reasons, it should neverthe-

12 The only way would be if all samples have the same value, which can not happen in the case
of emcee, due to the partial randomness of the walker steps.
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less be noted that this changes the interpretation of the uncertainties. Instead of
providing an interval with a certain coverage, Bayesian analysis provides intervals
with what is often described as a specified degree of belief. Accordingly, the corre-
sponding intervals are not called confidence intervals but credible intervals and
they are conceptually not interchangeable, although they are numerically often
close to each other [119].

The difference in interpretation between the credible and the confidence inter-
vals is nicely summarized in [119], in which the Bayesian approach is described to
be more suitable for expressing a personal belief about a parameter, in order to
give advice on decisions that are based on the results.

In the following, some different possibilities for defining and placing uncertainty
intervals around a given value are listed and discussed. The basic principle behind
this consideration is, that the interval including a given proportion of a distribu-
tion's integral is not unique (cf. [119]). Which of the options is chosen depends on
the specific use case and the maximum point estimator of choice (cf. Sec. 4.3.4.1).

Definitions and Placement of Uncertainty Intervals

 Central Around a Value — This is how uncertainties are usually defined for
the mean when the standard deviation (STD) is used. The standard deviation
is a measure of how close the samples are distributed around the mean and
the uncertainty is then a symmetric interval around the center value. For a
truly symmetric function, this method is also central in probability.

In the case of asymmetric distributions, it is not very meaningful to quote a
symmetric uncertainty. It sometimes even leads to nonphysical results as in
the case of the exponential distribution in Figure 4.3, where the uncertainty
extends down to negative values, although this part of the parameter space
is not accessible to the distribution '>.

 Central In Probability - For asymmetric functions, instead of centering the
interval around a value, it makes more sense to define it such that it contains
the same probability in both halves of it. This is the most natural way to
provide uncertainties for the median.

13 According to [119], this interval also belongs more to a frequentist than to a Bayesian analysis.
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The median itself is defined as the 50.0th percentile of the samples, the kth
percentile being defined as the value below which & % of the samples fall.
Consequently, the 2.5th and 97.5th percentiles, which are also the ones that
will be used in this work, provide the region in which 95 % of the samples
are located.

 Shortest Interval — The shortest interval that contains a given fraction of
samples from the posterior probability distribution is also called the highest
posterior density interval (HPD). For a symmetric function, this is equivalent
to both of the central intervals.

For the other extreme of a distribution that is strictly cut near its maximum,
the HPD becomes almost a one-sided uncertainty, crediting that the analyst
states through the priors to know that the true value can not exist beyond
the cut. This property is also true for the uncertainty interval that is central
in probability but not for the standard deviation (cf. Fig. 4.3).

This work will use the HPD with a credibility of 95 % to provide uncertain-
ties for the mode. Therefore, it should be noted that for distributions with
multiple extrema, the HPD does not necessarily contain the mode. However,
this is not an issue for the final results in this work but more during the
model testing phase, where such pathological fits are for instance created by
redundant parameters (cf. Fig. 5.8) 4.

4.3.4.3 Extraction of Parameter Dependencies

When using emcee, all information is extracted from the steps the walkers per-
formed during the fit. As was discussed in the previous subsections, the samples
provide the final estimate of the parameter values, including uncertainties, as well
as knowledge about the shape of the posterior probability distribution itself, which
can be quite useful to better understand the relationship between the model and
the fit results.

14 The shortest interval is also metric dependent and thereby closely connected to the discussion
about which type of prior to use for expressing the absence of knowledge. As such details exceed
the scope of this work by far, the interested reader is pointed to [119] as a starting point.
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Another interesting feature is that the walker steps contain information on
the correlation between the fit parameters which can be extracted with almost
no additional effort. This is done by projecting the multidimensional posterior
distribution into two-dimensional planes, one for each pair of parameters. An
example of how this looks in practice is shown in Figure 4.4.
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Figure 4.4: Example for a corner plot, showing the correlations between the free
parameters of an emcee fit. The figure is taken from [127], where a model with
three free parameters (b, m, log(f)) is fitted to artificial data. The true parameter
values used to create the data set are marked with blue. The one-dimensional
histograms additionally show the one-dimensional projection of the sampled
distribution for each of the parameters. In the three two-dimensional histograms,
a strong correlation can be seen between the fit results for b and m (upper plot)
and a weaker one within the other two pairs (bottom row).
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4.4 Model Selection Strategy

It was stated before that the goal of this work was to define the best model to
describe the LEE data of CRESST-III. However, it still has to be defined what best
actually means.

It is in principle not possible to find a correct model to describe reality since
no test can be done to verify this correctness. The only statement that can be
made is that from a given set of possible models, a certain one describes the obser-
vations best. An alternative way to phrase it would be, that from all given models
the one chosen loses the least information compared to the real data set [132].

Model selection strategies can help to find this best information-preserving
model. However, it should be remembered that they do not pick the absolute best
model but only the best one from a selection that is defined beforehand by the
analyst. Carefully considering the data at hand to pick suitable models for this
selection is therefore necessary (cf. Sec. 5.1).

Two questions can arise when selecting a descriptive model for data. The first one
simply is what model works best, following the discussion above. The second one
would then be a quantification in the sense of how sure it is that the chosen model
is really the best one from the selection.

These questions have to be answered for two slightly different problems when
fitting the LEE. One concerns the energy regime of the data where it needs to be
determined which shape the spectrum has. The other one regards the time regime
where a sum of exponential functions is assumed as the starting point (cf. Sec. 5.1)
but with some uncertainty about how many of these components are present.

The most commonly used method selection strategy is probably visual verifi-
cation. As soon as an analyst looks at the result of a fit there is a more or less
unconscious judgment if the model fits and if it may fit better than the one that
was tested before. In practice, this can work quite well for some situations, but it
has at least three considerable drawbacks.

First, it is not possible to quantify this judgment in any way. Second, visual
verification will only work when the difference between the models is quite large,
otherwise the decision is very prone to become biased. Finally, judgment by
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intuition does not prevent over-fitting, meaning the effect that a model always
fits better when adding more free parameters, simply because more parameters
can contain more information.

This delicate balance between using as many free parameters as needed, what-
ever that means, but not less, is called the principle of parsimony . It is also
present in most model selection strategies, for instance in the Likelihood ratio
test, which will be roughly discussed here as it is probably the most commonly used.

Suppose the complete model that should be fitted to the time data of the LEE is
called M. As mentioned before, M is defined as a sum over several exponential
functions my(z, #), where the my, already include prefactors a,, and the efficiency
and normalization as discussed in Section 4.2.2. Further consider the exemplary
question if M contains a number j of the exponentials (test hypothesis) or only
(j — 1) of them (null hypothesis). The maximum Likelihood ratio X for this case can
be written as in Eq. 4.25 with the data set X and the set 6 of the free parameters
of M.

The quantity ¢, which is defined in Eq. 4.26 via Eq. 4.25, is distributed like x?(k),
providing a convenient criterion on when to prefer the test hypothesis over the
null hypothesis. The argument k of the x? distribution equals the difference in
free parameters between the test and the null hypothesis. It is due to the change
in the shape of 2 with increasing k that the advantage of the test hypothesis to be
considered better than the null hypothesis has to be higher with each additional
free parameter !¢ (see [119, 132)).

max.£(6|.X)
a;7#0
=  ¢:=-2In()) (4.26)

151t is said to have its roots already in the fourteenth century in the work of William of Occam
and is therefore also called Occam’s razor (cf.[132]).

16 Here, the test hypothesis has (k = 2) additional parameters compared to the null hypothesis:
the prefactor a; and the respective exponent. However, the described principle is not limited to the
presented example case.
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The Likelihood ratio test would be a good choice for deciding how many exponen-
tial components are needed to describe the time behavior of the LEE. However,
this method requires the tested models to be nested, meaning they have to belong
to the same parametric family [119], or in other words, it should be possible to
obtain the null hypothesis by imposing restrictions on the parameters of the test
hypothesis.

Unfortunately, the question of which function would best describe the LEE's
energy spectrum can not be expressed as nested hypotheses as different functions
like exponentials and power-laws have to be tested against each other. Conse-
quently, the Likelihood ratio test is not a suitable model selection strategy for
the present problem. Instead, this work will use a more general but in some way
related strategy that can handle both, the model selection for the time and the
energy regime, namely the Akaike Information Criterion (AIC) 7.

With regard to the scope of this work, it is not possible to discuss the full mathe-
matical background of the AIC. A short introduction is provided in the following,
but for the interested reader [132] and [134] can be recommended.

The Akaike information criterion A is defined as in Eq. 4.27. It contains the
Likelihood function evaluated at any fixed values of the free parameters (¢ = )
and the number of parameters in the model that are estimated by the data k. As
for the Likelihood ratio test, including k is essentially a penalty to ensure that the
selected model does not have unnecessarily many free parameters.

The factor of two was added by Akaike for historical reasons and could theoret-
ically be replaced by any other number, as long as it is done in both of the terms
in Eq.4.27. This doesn't influence which model is chosen in the end, because the
only relevant quantity for the selection is the difference between the AICs of the
models in question, not the absolute values (cf. Eq. 4.30).

A= —2In[L£(0]X)] + 2k (4.27)

17 The criterion is named after Hirotugu Akaike who published several important papers on
information theory, the first one usually quoted being [133].
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For a simple test of which tested model fits best, it is enough to calculate A for all
models and rank them accordingly. The AIC is initially derived from a measure for
the distance in information from a given model to the measured data, making it
intuitive that the smaller A is, the better the respective model is considered to be.

To quantify how much better a given model is, one needs to follow the ideas
of Akaike one step further and consider the Akaike weights. Again, it is beyond
the scope of this work to discuss the mathematical details, but the basic idea is
to derive the Likelihood £(My,|X) of a model M,, from the respective A,,. The
relation between the two expressions is shown in Eq.4.28. It contains the AIC
difference A,, which is the difference between the model A,, and the minimal .A
of all tested models (cf. Eq. 4.29).

It is important to note here, that the Likelihood of a model to fit a given data
set £L(M]X) is not the same as the Likelihood of certain parameters to fit given
data when the model itself is also already fixed (L(0| X, M) = L(0|X)).

L( Mo X) exp(—%Am) with (4.28)
Am = Am - Amin (429)

Finally, the Akaike weights a can be defined via the model Likelihood £(M|X).
However, it is much simpler to directly look at the ratio between two such weights,
as this eliminates all constants, normalization factors and A,;,. The expression
for the ratio of two Akaike weights ap,; for the models M, and M; is given in
Eq. 4.30. It can be interpreted as how much more probable it is for M, to better
fit the data than it is for M; [132].

_ exp(—3An)

1
Omj = m = exp <—§(Am - Ai)) (4.30)

As simple as Eq. 4.30 looks, the interpretation of the AIC weights is unfortunately
not straightforward, as there is no clear limit to how high « needs to be until the
weaker model is definitely rejected. To mitigate this issue, Section 5.2.3 investi-
gates the behavior of the AIC weights for some examples representing standard
problems when fitting the LEE. It turns out that the « tend to become very large so
that this work often contents itself with quoting the difference (Ay, — A;) without
the exponential enhancement.



CHAPTER 5

Description of the LEE

Based on the data treatment (Ch. 3) and fitting strategy (Ch. 4) discussed in this
work so far, this chapter finally presents the results of the fits to the LEE data.

The model development for the LEE was deliberately done without any specific
theory in mind, with the goal to find the objectively best description of the phe-
nomenon and only afterwards use this as a basis to assess different hypotheses
on its origin. Consequently, the outline of this thesis follows the same principle,
keeping the development of the model (Ch.5) and its comparison with theory
(Ch. 6) as separate as possible.

Following the model selection strategy that has been introduced in Section 4.4
the first task of this chapter (Sec. 5.1) is to define a set of model functions that
could potentially be a good description of the LEE. It will then be demonstrated
that the fitting procedure discussed in Chapter 4 provides meaningful results under
the expected conditions (Sec. 5.2), before the presentation of the final results in
Section 5.3 and Section 5.4.

5.1 The Models to be Tested

The set of possible model functions for the LEE fits was initially defined based on a
close look at the data and an awareness of how natural processes often behave but,
as already mentioned, without a specific theory or process in mind (cf. Sec. 4.3.3).
For the time domain, the set was later enlarged by an additional function type,
which will be discussed in the respective paragraph below.

97
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In Figure 5.1 and Figure 5.2 the efficiency corrected data for the Si2-1 detector are
shown in the energy and time domain respectively. To not overload this section
with a lot of similar pictures, the discussion will take this detector as an example,
noting that the others look comparable. The spectra and time-dependence plots
of all detectors can be found in Appendix A.

Energy Spectrum for Si2-1, bck Data, Full Efficiency Correction
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Figure 5.1: Efficiency corrected energy spectrum of the bck data period of the Si2-1
detector. Three contributions can be identified that have to be considered when
defining the fitting models, the details are discussed in the text !. The figure also
serves as an example of how energy spectra are presented in the following sections.
Most of them are fully efficiency corrected, meaning the efficiency description
used is time- and energy-dependent ? (cf. Sec. 3.3.4). The binning is always chosen
with regard to readability.

The energy spectrum of the Si2-1 detector can be roughly split into three contribu-
tions. The first one, when counted from the high energies, contains comparatively
few events and extends from above the upper limit of the fit interval, which is at
2.0keV for most detectors, down to the threshold. This contribution is approxi-
mated to be constant in energy and in time. It is marked as Constant Background

! One might get the impression that in the Si2-1 spectrum, the event rate falls a bit more rapidly
than expected at roughly 0.19 keV, creating a cutoff. This will be briefly discussed in Sec. 5.3.1.1.

2 More precisely, Full Efficiency Correction means that the correction is applied as described in
Sec. 3.3.4, as a full time- and energy-dependent correction is not possible for all detectors.
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in Figure 5.1 as it is a background for the dark matter search as well as for the
LEE studies. This constant contribution is the reason why it is important to cut
the spectrum at energies well below the *°Fe calibration lines in whose vicinity a
higher and decaying background rate has to be expected 3.

The second and third parts of the energy spectrum are the higher and lower
energy regions of the LEE itself, which are separated by an artificial limit at 40 eV.
For clarity, this work will refer to the higher energy region as standard LEE region
for several reasons. First of all, this higher energy contribution of the LEE is above
the threshold for all five detectors investigated in this work and second, apart
from some additional Gaussian features (cf. Sec. 5.3.1), it also looks similar in all
of them. Its spectral shape appears by eye to match an exponential function or
a power-law, but combinations of two such functions have also been tested, to
investigate how many components are preferred by the fit.

In contrast, the additional steeper rising very low energy contribution can only
be measured by two of the considered detectors, namely Si2-1 and Sapp2-1, which
both have exceptionally low thresholds (cf. Sec. 3.5). Furthermore, this part of the
LEE exhibits a more inconsistent behavior over time, which was the main reason to
investigate the two regions separately, with the very low LEE region being investi-
gated in Section 5.5. For the comparison of all detectors in Section 5.3, Section 5.4
and the rest of this section, the wafer detectors are restricted to energies above
the cut at 40 eV.

As for the energy spectra, the investigation of the LEE's time-dependence in
this section will be limited to the standard energy region that is accessible by all
the detectors, while the region below 40 eV is discussed separately in Sec. 5.5.

Since physical relaxation processes are often described as exponential func-
tions, it was natural to assume that the decaying time behavior of the LEE can also
be described by one or a superposition of several exponentials. However, some
time into the investigation, the question was raised if a power-law would also fit
the time domain of the LEE data. Therefore, a single power-law was also tested but,
similar to the case of the exponential functions, without restricting the parameter
space to a specific theoretical prediction.

3 The upper limit for the fit at 2.0 keV is rather arbitrary. Choosing other values should not
make much of a difference, as long as they stay well above the LEE and well below the °°Fe lines.
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Time Behavior of Si2-1, 40 eV to 2.0 keV, Full Efficiency Correction
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Figure 5.2: The time behavior of the whole efficiency-corrected data set of the
Si2-1 detector above 40 eV. Plotted is the number of counts per day, with one point
per file, against days. The latter is measured from the start of the first valid bck
file (bck_002). The uncertainty bars provide the efficiency-corrected 1o statistical
uncertainty. There are at least two decaying components visible. A slow one,
present from the beginning of the data taking and a fast one, appearing after at
least some of the warm-ups. This plot also serves as an example of how the time
behavior of the detectors will be presented in the following.

Two contributions to the time-dependence of the LEE can be distinguished by eye
(cf.Fig. 5.2). One is a slow decay of very roughly a few hundred days exponential
decay time that is present from the very beginning of the bck data taking period.
The other is a faster decay of roughly a few dozen days decay time which seems
to be initialized by warming up the detectors and can be identified by eye after
the thermal cycles to 60K, 30K and 130K. For the cryostat warm-ups to lower
temperatures, an appearance of the fast decaying component can neither be ex-
cluded nor confirmed without a detailed investigation that will be presented in
Section 6.1.3.2. Furthermore, in Section 5.4.2 it will be discussed if there are more
than these two decaying components present.

The component that is constant in energy and time is not visually distinguish-
able in the time-dependence plot since it is only represented by comparatively few
events and during almost the whole duration of the data set covered by the two
decaying components (cf. Fig. 5.17).
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The selected set of candidate models for the description of the LEE is summarized
in Table 5.1. For simplicity, it is assumed in the table that there is only one energy
component for each time component present, meaning that it is not expected to
find two describing functions for the energy spectrum that share the same decay
time. It has to be noted, that the correctness of this assumption is not clear yet,
but will be shown by the investigation of the energy spectra in Section 5.3.

However, despite this simplification, it is obvious that there are too many func-
tion combinations possible to test all of them with reasonable effort. Fortunately,
in practice, the set could be significantly reduced by fixing the model function for
the energy domain first (cf. Sec. 5.3).

Table 5.1: Summary of the set of candidate models for the description of the LEE.
It is assumed for this table that there is only one energy component needed per
time component. In the formulas, e is the energy and ¢ is the time variable *. The
prefactors 2l are written in Gothic type to distinguish them from the fit parameter
A (cf.Sec.4.2.2 and Sec. 5.4.1).

The models are created from the component functions as follows: The constant C
is present in all possible models, but there is either a linear combination of the
exponential components S, F, Zi Xj (with j € Ny) or a single power-law P used
per data period for the time domain. Furthermore, for each component except
the constant, one of the two functions to describe the energy spectrum has to be
chosen. Here, the first (red) option always uses the exponential function and the
second (blue) one the power-law.

ID Energy Time Function Comment

C Constant Constant A

g Exponential Exponential gexp(—e/&s)exp(—t/Tg) Slow time decay
Power-law  Exponential 2ge’(—es)exp(—t/7s) Ts ~ O(100d)

” Exponential Exponential g -exp(—e/&g)exp(—t/7¢) Fast time decay
Power-law  Exponential 2pe’(—ef) exp(—t/r) T~ O(10d)

x Exponential Exponential 2k exp(—e/&xj) exp(—t/7x;) Maybe add. decays

" Power-law  Exponential RUxj ' (—exj) exp(—t/7x;) mxj ~ O(?)

P Exponential Power-law  2pexp(—e/ép) t"(—vp)

Power-law  Power-law  2p e’ (—ep) t'(—vs)
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5.2 Proof of Concept

Now that it is clear which models will be tested on the data, it should be made sure
that the fitting program built around emcee can obtain meaningful results under
the conditions at hand. For this purpose, different test cases have been created
where a data set is drawn randomly from a distribution with known parameters
and then fitted, to compare the fit result with the true parameter values.

The artificial test data used, on the one hand, have to be complex enough to
provide information on how the fit will behave under non-ideal conditions. On the
other hand, to obtain a statistical basis for evaluating the abilities and limitations
of the fitting program, the different tests have to be repeated many times and
having big sample sizes and a lot of free parameters would consequently result in
unpractical long computation times.

The compromise made here was to generate one-dimensional artificial data
similar to the time domain of roughly the first 500 days of the measured data,
meaning from the start of the bck period to the beginning of the second cryostat
warm-up to 600 mK. The test data was created from two exponential distributions
where one, with a decay time of 75 = 500d, is present from the beginning of the
looked-at interval while the second, with 7+ = 20 d, only starts after approximately
400 d. The constant component has not been included in the test data. In addition,
all test fits were run with only 50 walkers instead of the usual 200 to further reduce
the computation time.

Including just one dimension in the fit reduces the complexity significantly,
while if anything, making it only harder for the fit to tell the different components
apart. If the program can recover the parameters of the superimposed exponential
functions, it can be safely assumed that it can also handle the comparatively
simple energy domain of the data. To fit the for-now ignored constant component
should also not be an issue with the real data, since this contribution can be
unambiguously identified via the flat part of the energy spectrum. The only
exception in this regard is the Sapp2-1 detector, for which the upper limit of the

4 Considering the units in the case of the power-laws, the variable e corresponds to the energy
given in keV, while the variable ¢ corresponds to the time given in days. For simplicity of notation,
this will not be written out explicitly in this work.
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fit region does not extend beyond the tail of the LEE (cf. Sec. 3.3.4.4), which will
be discussed in Section 5.3.2.

5.2.1 Parameter Recovery Under Idealized Conditions

The testing was split into two parts. The first task was to see if the given parameters
can be retrieved under idealized conditions, meaning the test data were generated
continuously without any of the gaps that are created for instance by the cryostat
refills or the neutron calibration. This enables a later investigation of how much
impact these interruptions have on the robustness of the fits, even though this
question is more one of curiosity, as the gaps can in practice not be avoided. The
number of samples for this test was chosen to be of the same order of magnitude
as the number of events in the detector data sets if they had no interruptions as
well.

There were 100 such data sets generated and fitted. An example, along with
the corresponding fit result, is shown in Figure 5.3. The comparison between the
true parameters and the fit results for all 100 iterations of the test is summarized
in Table 5.2 and Table 5.3. To be conservative, uncertainties are always given as
95 % credible intervals (cf. Sec. 4.3.4.2) and are always rounded up.

Histogram and Fit of Artificial Test Data

Artificial Data
60 —— Best Fit
------- Slow Component
o) --- Fast Component
20 -
0 T i \ I I
0 100 200 300 400

Days since start of data taking

Figure 5.3: Example of a fit to an artificially generated continuous data set of
two superimposed exponential functions. The parameter values for the plotted fit
result are determined via the modes, the decay parameters being 75 = 48152 d
and 7 = 197 d.
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Table 5.2: Results for 100 fits to different artificial data sets. Shown are the
averages and standard deviations of the mode and the median results for the free
parameters. The small numbers in the last four columns are correspondingly the
average or standard deviation of the upper and lower fit result uncertainties, not
the uncertainties of the standard deviation or average itself. All quantities are
given in the same units as the respective true parameter value, which is provided
in the second column.

ID True Value Av. Mode Std. Mode Av. Median Std. Median
Ag 3085 events 3086 ‘112 17 3 3088 18 17 2
rs 500 days 498 9% 35 A+ 503 % 36ty
Ap 343 events 342 17 P2 342 3% 17 P2
77 20 days 20 *¢ 3 H 21 ¢ 3 2

-1

Table 5.3: This table uses the same results as Tab. 5.2, but shows the average
and standard deviation of the difference between the fitted parameters and the
true values. The small numbers in the last four columns are again the average or
standard deviation of the upper and lower fit result uncertainties, meaning the
same values as in Tab. 5.2. However, here all quantities are given as percentages
of the respective true parameter value.

Av. Mode Std. Mode Av. Median Std. Median
ID True Value (% of true) (% of true) (% of true) (% of true)
As 3085 events 045 38 032 010 045 f382 32 004
rs 500 days 573 t1864 39y 296 5g5 1904 491 +300
Ap 343 events 4.05 {290 290 g 399 *t82 290 O3
w20 days 941 TS5 718 A9 ggq 426 g6 452

The most important information that can be extracted from the tables is that the
fits on average return a value very close to the true one, while the mode and the
median results are quite similar to each other in this case. However, already in this
idealized test, the standard deviations for all parameters are not negligible, which
is important to remember when later evaluating the results of fits to measured data.
On the other hand, it can also be seen that the uncertainties behave as expected
by being significantly larger than the variations of the medians and modes, such
that the intervals usually contain the true value (cf. Fig. 5.4a).
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An interesting detail to mention about the behavior of the mode and the median
in the example at hand, is that for both time decay parameters, the mode value
is not only lower on average but lower for almost every one of the hundred fits
(cf. Fig. 5.4). This is a good example of how the different methods can get biased
by the shape of the sampled distribution (cf. Sec. 4.3.4).
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(a) Results for the slow decaying component of (b) Walker positions for the slow com-
the 100 fits of artificial data sets. The values ponent of the fit that is also shown in
obtained with the mode (orange) are almost Fig.5.3. The mode (solid, orange) for
always lower than the ones obtained with the this specific distribution of 7g is 480.5d,
median (blue). The uncertainties are given as the median (dotted, lime) 482.9d.
defined in Sec. 4.3.4.2.

Figure 5.4: Illustration of how an asymmetry in the walkers’ exploration of the
parameter space can lead to a noticeable difference in the behavior of the mode
and the median, as has also been discussed in Sec. 4.3.4.

Finally, it has to be noted that the variance of the fitting results summarized in
Table 5.2 and Table 5.3 has two origins. One is the variance due to the different
data sets and the other is the one of the fitting process itself. Since the sampling of
the posterior probability distribution with emcee is to some degree a randomized
process, fitting a single data set multiple times is not expected to give the exact
same results for all the iterations.

To provide a qualitative estimate of how large this uncertainty intrinsic to the
fitting process is, three groups of 50 fits have been performed, each on a fixed set
of artificial data, generated as described above. The corresponding results for the
mode are shown in Table 5.4, with the more interesting values for the present



106 CHAPTER 5. DESCRIPTION OF THE LEE

question being the standard deviations of the fitted parameters. Since the median
is more robust than the mode, it is not shown here. It can be observed that the
influence of the data set on the fit result is significantly larger than the variance
due to the randomness of the fitting process.

Table 5.4: Results of 50 iterations of fits to fixed test data sets. Each of the last
three columns provides the average and standard deviation of the modes for one
of the data sets. All quantities are given in the same units as the respective true
parameter value, which is provided in the second column.

Data Set 1 Data Set 2 Data Set 3
ID True Value Av. Std. Av. Std. Av. Std.
As 3085 events 3100 2.46 3066 1.80 3099 1.79
TS 500 days 512 1.32 481 1.55 509 1.37
Ap 343 events 327 0.87 361 0.96 329 0.97
TF 20 days 18 0.09 19 0.07 17 0.07

5.2.2 The Influence of Gaps in the Data

Up to now, the artificial data sets for the test fits have been significantly idealized
by ignoring the gaps in the data stream that can be caused by the cryostat refills,
long-lasting issues or calibration periods. For instance, the Si2-1 data shown in
Figure 5.2, have two comparatively large gaps between the start of the data taking
and the start of the first warm-up. One is an unwanted interruption after roughly
t = 200d and the other is the neutron calibration.

It is important to realize, that gaps during the bck period reduce the amount of
data that can unambiguously distinguish the slow decaying component from the
fast decaying one. This is especially true for detectors where the postcal period
after the neutron calibration is not available, since in this case, the data is missing
at the very end of this unambiguous period, directly before the first warm-up.
Therefore, it is not surprising that adding comparable gaps to the artificial test
data reduces the overall robustness of the fits while increasing the interdependence
of the parameters (cf. Fig. 5.5).
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(a) Parameter correlations of a fit to a test (b) Parameter correlations of a fit to a test
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time domain of the Si2-1 data.

Figure 5.5: Parameter correlations of fits to artificially generated data as described
in Sec. 5.2.1. The correlations get more pronounced if gaps are created in the data
stream (b).

In addition to investigating the influence of interruptions in the data taking on
the fits, this section tries to answer the question of how much the information
loss through gaps in the bck period can be mitigated by extending the data set by
the later warm-up tests.

Both discussions use the results presented in Table 5.5, where the averaged fit
parameters and standard deviations for two different groups of 100 fits each are
compared with the results obtained with the continuous data from Section 5.2.1.
The first one of these two groups uses artificial data sets almost identical to the con-
tinuous ones, except that the data are now split into files with small gaps between
them, using the start and stop information of the Si2-1 detector. Furthermore, the
postcal period is left empty for these test data sets.

The second group is mostly identical to the first one but introduces an addi-
tional fast decaying component that also has the decay time 7¢, however starting
later and with a much lower rate, to resemble the measured data after the warm-up
to 30 K. It is thereby extending the total timespan of the data by roughly 350 days.
An example of a fit to the extended data set can be seen in Figure 5.6.
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The careful reader might have noticed, that none of the test cases presented so
far includes a simulation of the detector efficiency. Although not discussed in
detail here, tests with a file-wise constant efficiency have been performed. They
showed that the fit handles the efficiency very well if the corresponding correction
is applied to the fit function (cf. Sec. 3.3.4), meaning that the relevant uncertainty
originates only from the precision with which the efficiency is described. In Sec-
tion 5.3.3.1 an estimate for the magnitude of this uncertainty will be provided.

Table 5.5: Comparison of averages and standard deviations of fitted decay times,
determined via the mode, for three different types of data. The continuous data
are the results from Tab. 5.2, the short cut data are similar but with gaps cut in,
while the extended cut data are extended to resemble data including an additional
cryostat warm-up (see text for details). The fast decaying components that are
initialized after the cryostat warm-ups are labeled F'1 and F'2, respectively. They
share the same exponential decay time 7¢. The true values of the decay times are
73 = 500d and 7+ = 20d.

Continuous Data Short Cut Data Ext. Cut Data
ID Av. Std. Av. Std. Av. Std.
s (days) 498 122 35 10 506 I3 81 *3F 510 T3 49 T
77 (days) 20 *8 3 *l 20 o4 *2 20 * 3 2

There are several interesting points to mention about the results presented in Ta-
ble 5.5. First, neither the average of the mode nor the standard deviation changes
much for the fast decay parameter when gaps are created in the data stream, show-
ing that the small interruptions caused between files by the cryostat maintenance
only have a negligible impact on the fit.

Furthermore, there is also no significant change observed in the fit results for
the fast decay time when extending the data set by the additional warm-up cycle.
This suggests that, at least if there is no other superimposed component present,
all information needed to determine 7+ as good as possible is already contained in
the data period after the first cryostat warm-up.

For the slow decaying component, however, the situation is different. The
data taking after each cryostat warm-up lasts several times the fast decay time of
7 = 20d. In contrast, it passes only half a slow decay time of 75 = 500 d until the
large gap before the neutron calibration and except for the extended cut data, the
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test data sets as a whole are not even 500 d long. The therefore significant loss of
information due to introducing the larger gaps causes the standard deviation and
uncertainties of 75 to jump to more than double their previous value. On the other
hand, both quantities drop again when the data set is extended by the additional
warm-up period.

This observation shows how important especially the first and last measure-
ments of a data taking campaign are to precisely determine the duration of a time
decay. It thereby also supports the decision to include the training set in the
fits (cf. Sec. 3.3.2.2) since this starts roughly two weeks before the bck blind data
measurements.

Fit of an Extended Test Data Set

—— Best Fit

------ Slow Component, 7s =520 d

--- Fast Component, Tr=18d
Test Data

Counts per day
= N N
w o w

o
o
L

w
L

’ ® Days since start of data taking |
Figure 5.6: Example of a fit to an extended test data set that is created to resemble
the measured data for the bck and the periods after the 60 K and 30 K warm-up
of the Si2-1 detector. The obtained decay parameters for this specific fit are
7s = 520 732% d and 77 = 18 5 d.

Although very informative, the tests so far did not definitively answer the question
of how much the fit can be improved by including the postcal data. Therefore, a
fourth group of 100 fits has been performed, on test data identical to the group of
the extended data in Table 5.5, except that this time the interval corresponding to
the postcal period in the measured data was not cut away.

The averaged decay parameter resulting from this test is 75 = 495 '35 d for the
slow decaying component with a standard deviation of 44 *}3, using the identical
notation as in Table 5.5. The comparison shows that a small set of files positioned
within a large gap can stabilize the fit to some extent, but the possible improvement

is limited in comparison to an extension at the very end of the measurement.
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5.2.3 An Intuition for the Model Selection Criterion

It has been shown so far that the fitting with emcee in principle works well and
also where its limitations are. However, there is one last detail that has so far only
been theoretically discussed but not demonstrated, namely the model selection
via the Akaike Information Criterion (cf. Sec. 4.4).

This section aims to provide an intuition for the AIC before it is used to evaluate
fits on real data in Section 5.3 and Section 5.4. To achieve this, different sets of
exponentially decaying test data are generated. Each set is then fitted two times,
first with an exponential function and second with a power-law, as illustrated in
Figure 5.7. The corresponding AIC values, differences and weights are collected in
Table 5.6.

The data for this test do not start at zero, as the behavior of an exponential
distribution near zero and far up in the tail clearly distinguishes it from a power-
law, while for demonstrating the AIC in a meaningful way, the fit results for the
two utilized model functions need to be rather similar.

When interpreting the results presented in Table 5.6, a few things should be kept
in mind. First of all, the AIC value A is an indicator of how much information
is lost with the fit compared to the raw data, so a fit with a smaller .4 would be
preferred. Furthermore, the AIC depends on the specific data set, so the values can
not be compared between different detectors (cf. Sec. 4.4). Instead, the relevant
information is obtained from the difference of the A values between fits to the
same data. This difference can then also be used to compare the detectors between
each other.

Second, the Akaike weight « (cf. Sec. 4.4) for a fit result with itself would be
one, so in the example discussed here, where the exponential function describes
the data better by design, o will be close to one when the two fits agree well and
close to zero if they do not. The example shows that the Akaike weights a4 tend
to become unintuitively small very fast. Therefore, in the rest of this work, only
the Akaike difference A 4 will be quoted, but the exponential enhancement has to
be considered when interpreting the results of the fits to the measured data later.

Finally, it is important to remember that the AIC does not provide any informa-
tion on whether the fit in question was valid in the first place, which is illustrated
in Figure 5.8.
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Exponential Test Data With £ =400, Agc =2 Exponential Test Data With £ =100, Apgc =91

350 4

300 -

250 4

200 4

150 4

100 -

Exponential Test Data 100 Exponential Test Data
50 —— Exponential —— Exponential
--- Powerlaw --- Powerlaw
0 T T T T T 0 T T T T T
40 60 80 100 120 40 60 80 100 120
Arbitrary Units Arbitrary Units

(a) This figure shows the first pair of fits (b) This figure shows the third pair of fits
from Tab. 5.6. The data set was created with from Tab. 5.6. The data set was created with
an exponential decay parameter of £ = 400. an exponential decay parameter of £ = 100.
The AIC difference between the power-law The AIC difference between the power-law
and the exponential fit is Ape = 2. and the exponential fit is Ape = 91.

Figure 5.7: Illustration of the behavior of the AIC difference for two exemplary
data sets. For details on the data and the fits, refer to the text and Tab. 5.6. It can
be observed that if the fit interval is larger compared to the exponential decay
parameter, the distinction in A, between the two models gets larger. This work
will refer to this example when discussing the spectral shape of the LEE in Sec. 5.3.

Table 5.6: Summary of the fits performed to demonstrate the model selection
strategy via the AIC. All data sets are generated with a decaying exponential
Aexp(—z/E), truncated at x < 30 and = > 130. The first column provides the
respective true value for the parameter £ while the second and third contain the
AIC A for the exponential and the power-law fit respectively. The column A
contains the difference (A, — Ae) and finally oy, is the corresponding Akaike
weight (cf. Sec. 4.4).

§ Ae Ap Ape Qlpe
400 -282378 -282376 2 3.6e-001
250 -282563 -282535 29 5.8e-007
100 -284727 -284636 91 1.7e-020

20 -321165 -320124 1041 9.1e-227
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Figure 5.8: Example of the behavior of walkers in a special case of an invalid fit.
Shown is a fit to a data set as is illustrated in Fig. 5.6. However, the fitting model
contains a second, redundant slow decaying component. Only the parameters
of the two slow components are shown here. The dark blue dash-dotted lines
and the teal dashed lines mark the mode of the respective parameter and the
corresponding uncertainty, respectively. The vertical black dotted line shows the
burn-in cut. Despite not having converged, the fit has a rather small AIC difference
of 4 compared to the data generation model, due to good initial guesses.

This fit also illustrates how a redundant component would be treated by the walkers,
which is a quite common situation when testing models in practice. Especially
for the prefactors A in the first and third row, it can be seen that the fit can not
decide to which component the events should be attributed. Furthermore, due to
the unusual shape of the probability distribution, this fit also provides an example
of the mode being not part of the HPD interval (cf. Sec. 4.3.4.2).
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5.3 Energy Spectra Above 40 eV

After the discussion of the models that should be tested (cf. Sec. 5.1) and the proof
of concept (cf. Sec. 5.2), this and the following sections will present fits of the
measured data. As has been mentioned before, the energy region below 40 eV can
only be investigated in two of the five detectors and appears to behave differently
than the standard energy region of the LEE. Therefore, the discussion will start
with the description of the energy spectra above 40 eV in this section, continue
with the time-dependence of the LEE above 40eV in Section 5.4 and conclude
with a separate study of the time and energy domain of the data below 40 eV in
Section 5.5.

When this investigation began, it was hoped that the LEE would turn out to be
a single phenomenon and not a superposition of several effects. For CRESST
as a dark matter search, this would imply that there is only a single unknown
background to handle, while from the purely descriptive point of view, one simple
analytical function could be enough in this case to describe the data, consequently
making the comparison between different detectors rather simple.

Also apart from these considerations, starting with the simplest possible model,
meaning the one that uses the fewest parameters, is a reasonable approach, since
the number of descriptions that have to be tested grows significantly with each
additional function in the model. Furthermore, an increasing number of free
parameters also slows down the testing process due to longer computation times.

As has been discussed in Section 5.1 the natural choice for a single function to
fit the LEE in the energy region above 40 eV is either an exponential or a power-
law. Both models will be investigated in Section 5.3.2, followed by a discussion
on whether a second component might be needed to describe the LEE's energy
spectrum in Section 5.3.4. However before, it should be addressed that for at least
one of the five detectors, there are additional features present in the standard
energy region of the LEE, that have to be included in the description.



114 CHAPTER 5. DESCRIPTION OF THE LEE

5.3.1 Gaussian Shaped Features

Already before this work started, the detectors Sapp2-0 and TUM93A-0 were known
to exhibit Gaussian-shaped features in their energy spectra, in the region relevant
to the LEE description. Both cases and their possible influence on the fits will be
investigated in the following.

It should be noted, that with the origin of both features in question being
unknown, it is not sure that they really follow a Gaussian distribution. However,
this work will still use this formulation for simplicity, to indicate that a Gaussian
function seems to be a suitable description.

5.3.1.1 Debatable Bump in the TUM93A-0 Data

When looking at the energy spectrum of the TUM93A-0 detector as shown in
Figure 5.9, one might get the impression that there is a Gaussian-shaped struc-
ture present with a mean value of around 0.15 keV. This feature was observed in
different data periods in Run36 and also in the first data set of this detector taken
during the new measurement campaign Run37. As a consequence, its existence
was considered certain within CRESST, even though the origin remained unclear.

Regarding the other detectors, it could be tempting to draw a relation to the
unexpected sharp cutoff in the Si2-1 spectrum at roughly 0.19keV (cf.Fig.5.1), as
such a drop in the event rate could theoretically be due to a feature comparable to
what might be observed in TUM93A-0. However, not only is it debatable whether
the visual impression of this cutoff is more than statistical fluctuation, but also a
direct comparison between the spectra of the TUM93A-0 and the Si2-1 as shown
in Figure 5.10a does not support this idea.

Noticeably, there is also no hint of a Gaussian-shaped feature present in the
data of the other CaWO, detector Comm2-0. On the contrary, the Comm2-0
spectrum appears to be remarkably free from any features in the energy region in
question, except for the LEE itself (cf. Fig. 5.10b and Fig. 5.13b). This discrepancy
made it even more difficult to find a convincing explanation for the feature in the
TUM93A-0 spectrum.

The discussion took a new turn when this work started to closely investigate the
energy spectra of the detectors. Starting from the assumption that the Gaussian
structure in TUM93A-0 existed, it was tried several times to include such a Gaussian
function in the model for this detector. Multiple tests have been performed in this
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regard, mostly but not exclusively on the bck data period, which is the one shown
in Figure 5.9.

However, none of the fits was able to confirm the presence of the feature in
question. If the mean was left free, it was usually positioned very close to the
threshold, while a fixed mean with free standard deviation either led to a nearly
flat or an unreasonably thin contribution. Allowing the Gaussian to decay in time
also did not significantly change the results.

Energy Spectrum for TUM93A-0, bck Data

bck Data, without Efficiency Correction

25 [ bck Data, with Efficiency Correction
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Figure 5.9: Energy spectrum of the bck region of the TUM93A-0 detector. The
filled red histogram shows the spectrum before the efficiency correction was
applied, the black step histogram contains the same data after the correction. Both
histograms are normalized such that their area integrates to one. In CRESST it
is debated if there is a Gaussian-shaped feature present in the spectrum with a
mean value of roughly 0.15 keV.

Regarding the current state of knowledge, the only consequent treatment of
the TUM93A-0 data, which was also applied in this work, is to ignore the possible
presence of a Gaussian-shaped feature in the spectrum.

If the structure is indeed there but not included in the fitting model, it would
mimic a significant extension of the LEE's tail and thereby influence the fit results
for the spectral shape as well as the time behavior. If the feature is constant it
would prolong the estimated LEE decay time, while a fast decaying feature would
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make the LEE decay time shorter. This has to be kept in mind when comparing
the fit parameters for the different detectors in Section 6.1.

In the case of a later confirmation of the Gaussian feature by some other
investigation, it might be reasonable to force the structure into the fit. However,
this would require that the mean and standard deviation of the Gaussian function
can be defined by either fits on other data sets or via knowledge of its origin.

Energy Spectra, bck Data, Full Efficiency Correction Energy Spectra, bck Data, Full Efficiency Correction
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(a) Comparison between the bck energy
spectra of TUM93A-0 (black, line) and Si2-1
(blue, filled). For Si2-1, no Gaussian-shaped
feature is visible on the left side of the cutoff
that would match the suspected structure
in the TUM93A-0 data.

(b) Comparison between the bck energy
spectra of TUM93A-0 (black, line) and
Commz2-0 (blue, filled). The spectrum of
Comm2-0 does not show any features in the
energy region around the suspected struc-
ture in the TUM93A-0 data.

Figure 5.10: Comparison between the bck energy spectra of the TUM93A-0, Si2-1
and Comm2-0 detector. The spectra of the latter two are cut at low energies to
match the threshold of the TUM93A-0 detector. All spectra are normalized such
that they integrate to one.

5.3.1.2 Gaussian Pattern in the Sapp2-0 Data

In contrast to the structure in the TUM93A-0 spectrum, the existence of Gaussian-
shaped features in the data of the Sapp2-0 detector is not debatable, simply due to
their rate being clearly above the level of the LEE. The phenomenon is suspected to
appear in a pattern with one peak every 0.2 keV, but only the two highest peaks at
roughly 0.2 keV and 0.4 keV can be reasonably investigated, due to the significantly
lower rates in the higher energy peaks (cf. [70] and Fig. 5.11).
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There was a close investigation of these structures conducted by [70] which
concludes that the two peaks are positioned at ; = 187 "1 eV and o = 392 *2 eV
and have the same width of ¢ = 20.1 eV, with respective uncertainties of +0.6 eV
and +4.9eV. The same work also performed binned time-dependence fits of
the peaks, with a result that could agree with the half-life of the detector's **Fe
calibration source, which according to [70] would be in line with other analysis
observations.

Energy Spectra for Sapp2-0, Full Efficiency Correction
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Figure 5.11: Energy spectra of the bck (red, filled) and awu30K (teal, step) periods
of the Sapp2-0 detector. Both histograms are normalized such that their area inte-
grates to one. There are two Gaussian features observed, which appear at roughly
0.2keV and 0.4 keV. The mean positions of the peaks change with time. The effi-
ciency correction for the Sapp2-0 detector is constant in energy (cf. Sec. 3.3.4.3),
so the shape of the spectrum is not influenced by the correction.

With that much information, including the two verified peaks in the fit might
seem easy. However, in practice, there are two issues to consider. The first one
is, that the half-life of °°Fe of 2.737 yr [92] would correspond to an exponential
decay time of roughly 1441 d, which is longer than the available measurement time
of approximately 1179 d. Since this decay would also be superimposed with the
slow component of the LEE, it is expected that the corresponding fit uncertainty
is rather high, if such a long decay time can be verified at all.



118 CHAPTER 5. DESCRIPTION OF THE LEE

The second issue is illustrated in Figure 5.11, namely that the position of the
Gaussian features changes over time, which is unlikely to be a physical process but
probably due to a lack of precision in the energy calibration at these low energies.
This energy shift makes the fitted values for the mean and width of the Gaussian
structures less reliable and as a consequence, this is also true for the description of
their time behavior. Furthermore, any uncertainty in fitting the Gaussian features
might also translate into the uncertainty of the LEE's spectral shape and time
behavior, similar to what has been discussed for the case of the TUM93A-0 detector
in Section 5.3.1.1.

To address this as far as possible, the fits performed in this work do not force
the two Gaussian features to have the same width, expecting that the fit might to
some extent absorb the energy shifts by making the peaks broader. However, even
with this adjustment, it was not possible to confirm the decay time for the peaks
obtained by [70].

For instance, there was a test fit performed on the whole data set, using the
complex model described in Section 5.4.3° to fit the time domain of the LEE. In
this fit, an upper limit of 5000 d was set for the time decay of the Gaussian features.
Even with this relatively strict limit, the parameter value estimated by the fit was
with 3849 115} d significantly higher than the one of *°Fe and since the distribution
was cut by the upper limit, it is likely that the value would further increase when
using a more generous limit.

As a consequence of this result, it was decided to include the two Gaussian
features in the fit as constant in time. This might slightly shift the fit result for
the LEE's slow time decay parameter to higher values if the peaks truly decay, but
on the other hand makes the fit more robust by removing a parameter that can
not be well estimated.

Lastly, it has to be mentioned that, although it is quite certain that the peak
at roughly 0.4keV exists, it does not contain many events. As a consequence,
if the priors for its parameters are set too loose, the fit might use the Gaussian
function to describe some other feature or statistical fluctuation of the spectrum

% More precisely, the model in Sec. 5.4.3 was slightly simplified for this test, by allowing re-
excitations of the two LEE time domain components only after warm-ups to 11 K and above. To
explain this comment here would lead too far, but it will become clear in Sec. 5.4.3.



5.3. ENERGY SPECTRA ABOVE 40EV 119

instead. Depending on the data set used, the posterior probability distribution
might therefore be slightly cut for the parameters of this smaller peak. However,
this should not affect the resulting fit values and uncertainties when determined
via the mode and the HPD respectively °.

Even with the comparatively strict priors used for the fits presented in the
following, it has to be kept in mind that there is a chance for some events belonging
to the peak with ;1 =~ 0.4keV to get attributed by the fit to the constant component
or the tail of the LEE instead. Furthermore, the same is certainly true for the
hypothetical additional peaks of the pattern at higher energies. Consequently,
an overestimation of the rate of the constant component of this detector would
not be unexpected. If additional events are attributed to the LEE itself, this might
again influence the corresponding spectral shape parameter and time decay as
discussed before.

5.3.2 Exponential versus Power-law

To answer the question if a single exponential function or a single power-law fits
the energy domain of the LEE better, two tests have been performed. First, it was
investigated which of the two models works better on the data of the bck period,
without taking the warm-up cycles into account. This has the advantage, that in
the bck data, there is no significant presence of the fast decaying LEE component
expected. In case the energy spectrum of the LEE changes through the warm-up
tests, this effect can then be treated separately. Furthermore, by only looking
at a shorter time interval, issues with the long-term consistency of the detector
response and energy calibration (cf. e.g. Sec. 5.3.1.2) can be avoided or at least
mitigated. The results of the fits on the bck period are presented in the following.

The second test performed was to fit the whole timespan available and check if
the energy model for the bck data also fits the spectra after the cryostat warm-ups,
meaning in the presence of the fast decaying component. The corresponding
results are presented in Section 5.3.3, together with a discussion of some system-
atical uncertainties.

¢ In one exceptional case presented in Sec. 5.3.2, even the HPD gets restricted by the priors.
However, this will be discussed in the respective paragraph.
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The fits on the bck data sets were as usual performed in the energy and time domain
simultaneously, for the latter assuming a single exponential time decay, which
corresponds to the slow decaying component (cf. Sec. 5.1).

The results from the single exponential and single power-law fits of the bck
periods are compared in Table 5.7 via their corresponding AIC values. Shown are
the shape parameters of the functions as determined by using the mode’. The
term shape parameters is used here to summarize the parameters £, when writing
the exponential function as in Equation 5.1, and ¢, when writing the power-law as
in Equation 5.2 (cf. Tab. 5.1).

The unitless prefactors 2 in the expressions are not relevant here and are
discussed in more detail in Section 5.4.1. However, it should be mentioned that 2l
symbolizes the component that is constant in energy and time, which is present
in all the models tested in this work (cf. Sec. 5.1). The variable ¢ is as usual the
energy in units of keV.

Single exponential energy model: 2 + As exp(—e/¢) (5.1)
Single power-law energy model: 2¢ + s e"(—¢) (5.2)

Table 5.7: Comparison of the fit results for the energy spectra, determined via the
mode. For each detector, the fit results for the exponential (2 exp(—e/¢)) and the
power-law (2 ¢"(—¢)) shape parameter (¢ and ¢, respectively) are listed together
with the corresponding AIC value A. Furthermore, the last column provides the
AIC difference (Ape = A, — Ae). Note, that in the model functions e is the energy
variable in units of keV, while in the indices of the AIC and AIC difference, it is
short for exponential.

Exponential Power-law
Detector ¢ (e in keV) Ae e (einkeV) A, Ape
Comm2-0  0.030 000 -16380.3 2.79 009 -16585.5 -205.2
TUM93A-0  0.041 *J90%  -2915.4 2.75 058 -3003.8 -88.3
Sapp2-0 0.029 THoo;  -38145.4 2.54 1013 -38246.3 -100.9
Sapp2-1 0.030 9055 -5008.4 2.14 1938 -5004.0 4.5
Si2-1 0.038 TH002  -11904.6 2.65 o0 -11995.1 -90.6

7 As the median is very close to the mode in this case, it is only provided for the better of the
two models in Tab. 5.8.
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Figure 5.12: Parameter correlations for the power-law model fits of the bck data
of the Si2-1 (a) and the Sapp2-1 detector (b). It can be seen that the correlations
are comparatively pronounced in the case of the Sapp2-1 detector. This is due to
the upper energy limit for the corresponding fit cutting significantly into the tail of
the LEE, such that the constant component can not be unambiguously identified.

The comparison between the single exponential and the single power-law model
clearly favors the power-law to describe the energy spectrum of the LEE during
the bck period. This becomes evident through the large negative AIC differences
Ape, which imply that there is significantly less information lost when using the
power-law compared to the exponential.

The only exception regarding these results is the Sapp2-1 detector for which
the exponential would be preferred. However, the AIC difference of 4.5 is rather
small in this case, indicating that the two models fit almost equally well. This is
probably due to the upper energy limit for the Sapp2-1 detector (cf. Sec. 3.3.4.4)
cutting significantly into the tail of the LEE. This generally makes it harder for
the fit to decide which function fits better (cf. Sec. 5.2.3) and also prevents an
unambiguous identification of the constant component, resulting in stronger
parameter correlations for this detector, as shown in Figure 5.12, and higher fit
uncertainties. This being considered, the power-law model still can be considered
a valid description of the Sapp2-1 energy spectrum.
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On a less abstract level, the significant superiority of the power-law over the
exponential can also be verified by eye for the four detectors with unambiguous
results. This is illustrated in Figure 5.13 where two of the fitted spectra are shown
together with both of the fitted models.

Energy Spectrum for Si2-1, bck Data, Full Efficiency Correction Energy Spectrum for Comm2-0, bck Data, Full Efficiency Correction

Comm?2-0 Data
--=- Best Fit With Exponential
—— Best Fit With Powerlaw

Si2-1 Data 300
--=- Best Fit With Exponential
—— Best Fit With Powerlaw
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(a) Energy spectrum of the Si2-1 detector.

The AIC difference between the two fits is
Ape == _90.6-

(b) Energy spectrum of the Comm2-0 detec-
tor. The AIC difference between the two fits
iS Ape == _205.2.

Figure 5.13: Energy spectra of two detectors for the bck period. The red lines
show the respective fits with the power-law model while the dashed black lines
show the fits with the exponential model. The fitting region exceeds the upper
energy limit of the plot. The power-law model fits noticeably better in both cases.

Regarding the fit results for the two Gaussian features in the spectrum of the
Sapp2-0 detector, it has to be noted that for the more prominent one, a fit with the
exponential model results in a width of o, = 43 *2 eV, which is significantly larger
than the estimate of 0 = 20.1 eV obtained by [70]. The values agree much better
when the power-law model is used, where a width of o, = 257/ eV is obtained.

The smaller of the two peaks is not found well at all by the exponential fit, but
the estimated width of o, = 18 *1° eV when using the power-law model is again
comparable to what was found by [70].

The results for the mean positions of the Gaussian structures should be treated
with caution, since using a different data period would probably produce different
values, due to the shift discussed in Section 5.3.1.2. The power-law fit estimates
the positions to be p; = 186 ™3 eV and p, = 389 1) eV, which agrees with the re-
sults from [70] reasonably well (cf. Tab. 5.10). The agreement holds even when
considering that the lower uncertainty of the smaller peak touches the lower limit
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for this parameter, so the uncut uncertainty interval would probably be shifted to
slightly lower energies compared to the one quoted here.

Lastly, a comment should be made on the behavior of the component that is
constant in energy and time. From the shape of the exponential function and the
power-law alone, it is expected that the exponential fits attribute more events to
the constant background than the power-law, since the latter already has a rather
flat tail on its own.

The fit results confirm this expectation with noticeable clarity, as the number
of events attributed to the constant component by the power-law fits is only
between 40% and 75% of those of the exponential fits for four of the five detectors.
This shows again how important the knowledge of the flattening tail region is to
distinguish the power-law from an exponential function (cf. Sec. 5.2.3).

The only exception of this observation is again the Sapp2-1 detector, where
the rate estimate for the constant component by the exponential fit is roughly
200 times as high as the one by the power-law fit, while on the other hand, the
uncertainties in both cases are large enough to include the respective other case
as well as zero.

5.3.3 Final Values and Some Uncertainty Estimates

In Section 5.3.2 it has been discussed if the power-law or the exponential function
fit the energy spectra of the bck period better and the investigation found the
power-law to be more suitable. However, to obtain a full description of the data
at hand, it has to be tested if the model also fits the spectra recorded after the
cryostat warm-ups.

If a detector was reasonably stable and has a consistent energy calibration for
the whole measurement campaign, the addition of more data should be beneficial
for the robustness of the fit results. However, the opposite is also true, which can
be made clear by using again the example of the energy shifts in the data of the
Sapp2-0 detector (cf. Sec. 5.3.1.2).

If for each of the data periods different mean values are obtained for the
Gaussian features (cf. Fig. 5.11), then their resulting final position when fitting
all the data simultaneously will likely be close to a weighted average, with the
weights depending on how many events belong to which data period.
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With the above consideration in mind, the results collected in Table 5.8 can be
discussed. There, the parameter modes of three different fits are summarized for
each detector, while the corresponding median values are shown in Table 5.9. The
first type of fits presented in the tables are the ones on the bck data period, which
have been already shown in Section 5.3.2.

The second type uses the same time- and energy-dependent efficiency correc-
tion as the first one, but the fits were performed on the whole available timespan
of the data, meaning all warm-up periods have been included. The results from
these fits will be quoted as the final ones for the energy parameters from now
on, since they also used the best fitting model for the time domain, which will be
presented in Section 5.4.5. The time domain parameters obtained by these fits can
be found in Section 5.4.3.

Finally, the third type of fits uses the same data and model as the second one.
However, the efficiency correction applied in this case was only time- but not
energy-dependent. This test was conducted to allow an estimate of the influence
of the efficiency description on the fit results.

Table 5.8: Results for the shape parameter ¢ (e in keV) for three different sets
of fits, obtained via the mode. All fits use a single power-law to describe the
spectrum of the LEE. The bck Only results are identical to what has been shown in
Tab. 5.7. The third column With Warm-ups extends the fits to all available data
periods by using the best found model for the time domain. The Constant Efficiency
fits in the fourth column use the same data as the fits in the third but apply an
efficiency correction that is constant in energy. This last result is not provided for
Sapp2-0, as the efficiency treatment of this detector is always constant in energy
(cf. Sec. 3.3.4.3), so the fourth column would be identical to the third in this case.

Detector bck Only With Warm-ups  Constant Efficiency
Comm2-0 2.79 2.83 009 2.70 008
TUM93A-0 275 192 291 048 2.65 04
Sapp2-0 2.54 T3 2.44 TN

Sapp2-1 2.14 34 213 07 2.0 918

Si2-1 2.65 010 2.80 008 2.80 o8
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Table 5.9: Results for the shape parameter ¢ (e in keV) for the three different sets
of fits presented in Tab. 5.8, but obtained via the median.

Detector bck Only With Warm-ups  Constant Efficiency
Comm2-0 2.78 010 2.83 08 270 TOo8
TUM93A-0 2.77 192l 291  *94d 2.67 033
Sapp2-0 2.54 013 243 02

Sapp2-1 2.16  *o30 2.15  t998 211 *998

Si2-1 2.65 00 2.80 o8 2.80 o8

Energy Spectra for Comm2-0, Full Efficiency Correction
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Figure 5.14: Energy spectra of the bck (black, step), awu60K (light blue) and
awu30K (dark blue) period of the Comm2-0 detector, together with the final fit of
the power-law model (cf. Tab. 5.8, red lines). Importantly, all three red lines are
obtained with the same fit.

When comparing the shape parameter values from the bck Only and the With
Warm-ups fits presented in Table 5.8, it can be observed that the latter is often
within the uncertainty interval of the bck Only fit. This alone would be enough to
state that the power-law model is a valid description of the LEE's energy spectrum
across all data periods.



126 CHAPTER 5. DESCRIPTION OF THE LEE

Nevertheless, in the following, a few additional, systematic uncertainties will
be discussed, which are not included in the statistical uncertainty intervals given
in the tables. Furthermore, the possibility of using a more complex model to
describe the energy domain of the LEE is discussed in Section 5.3.4 and revisited
in Section 5.5.1. A summary of all relevant uncertainties can also be found in
Section6.1.1.

An example plot of the power-law model fit to different data periods of the
Comm2-0 detector is shown in Figure 5.14. The usual example of the Si2-1 detector
can be found in Figure 5.20b, where this detector will be discussed in more detail.
The corresponding plots of all detectors are made available in Appendix A.1.

5.3.3.1 The Influence of the Efficiency Correction

To interpret the results of the last column in Table 5.8, it might be helpful to recall
the analysis thresholds and specialties of the detectors, which have been discussed
in Section 3.3.4. The Comm2-0, the TUM93A-0 and the Sapp2-0 detector use
analysis thresholds that are as low as possible, while the spectra of the Sapp2-1
and the Si2-1 detector are cut significantly above the respective threshold for the
present investigation.

Consequently, for the first two detectors the efficiency shows a significant
energy dependence at the beginning of the energy region of interest, while for the
last two, the relevant part of the efficiency is mostly flat (cf. Sec. 3.3.4). Therefore,
a change from an energy-dependent to an energy-independent efficiency treat-
ment, as it happens between the With Warm-ups and the Constant Efficiency fits in
Table 5.8, is expected to affect mostly Comm2-0 and TUM93A-0.

For Sapp2-0, an energy-dependent efficiency correction was not possible in
the first place (cf. Sec. 3.3.4.3), so it is not included in the comparison, but it can be
seen that all the other detectors meet the above expectation quite well. The largest
difference with |A.| = 0.26 is observed for the TUM93A-0 detector, followed by the
Comm2-0 detector with |A.| = 0.13.

When looking at what is quoted as the final values in this work, it should be
noted that the application of an efficiency correction is never perfect, but always a
compromise between computation speed and precision. Furthermore, since the
present investigation relies on the simulations provided by the standard analysis,
the precision is inherently limited by the statistics of these simulations.
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The comparison between the final values of this work (With Warm-ups) and the
ones obtained with a minimal efficiency correction (Constant Efficiency) should
allow for setting an upper limit on what can be expected for the efficiency-related
systematic uncertainty of the shape parameter. Slight variations in how the ef-
ficiency correction is applied should not exceed the difference observed in this
comparison for each detector. In addition, it should be safe to assume, that the
uncertainties for the Sapp2-0 detector are not higher than the ones for TUM93A-0.

5.3.3.2 Uncertainty in the Energy Calibration

A systematic uncertainty that has been mentioned several times already is the one
regarding the energy calibration. Unfortunately, this can only be investigated for
the Sapp2-0 detector, under the assumption that the Gaussian-shaped features
discussed in Section 5.3.1.2 have a fixed true energy.

The effect of a shifting energy scale due to inconsistencies in the calibration
is not included in the statistical uncertainty. The statistical uncertainty only in-
creases if there are several viable parameter value combinations to describe the
data, such as in the case of the Sapp2-1, where it is unclear how many events be-
long to the constant component. However, when using a data set for the fit where
the preceding data treatment itself had uncertainties, there might nevertheless
exist only one good description of these data and consequently, the statistical
uncertainty would be small, regardless of how the data set was produced.

Providing reliable values for the systematic uncertainty of the fit parameters
caused by the energy calibration is difficult for several reasons. First of all, the
uncertainty of the energy calibration itself at low energies is not known within
CRESST. This is simply due to the fact, that there is no feature of known energy
available at these energies to cross-check the calibration. Second, the shifts in the
energy scale caused by inconsistencies in the calibration are not necessarily linear.
Finally, as aforementioned, it is not possible to determine if such shifts appear in
all detectors equally.

However, by using some assumptions, at least the approximate order of mag-
nitude of this uncertainty can be estimated. Therefore, it is first necessary to
take a look at how the values of the Gaussian features in the Sapp2-0 detector
behave when data sets from single cryostat warm-up cycles are used instead of the
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one from the bck period. The corresponding values are summarized in Table 5.10,
together with the results from a fit containing the whole available timespan.

It can be observed, that the width of both of the Gaussian features does only
change within the limits of the statistical uncertainty between the fits. The vari-
ation in the mean value of the more prominent feature is used to estimate how
much the energy scale shifts, assuming that this shift is linear. The largest ob-
served difference in the corresponding mean parameter is A, ; = 157} eV.

Table 5.10: Results for the fitted parameters of the Gaussian features in the Sapp2-
0 detector. The first column shows the reference values from [70] (cf. Sec. 5.3.1.2),
while the values in the columns named bck Only and Complete are obtained by the
same fits as the results for ¢ in Tab. 5.8, where they are labeled bck Only and With
Warm-ups respectively. The values for bck Only also have been discussed before in
Sec. 5.3.2. The results in the columns 60 K Only and 30 K Only are obtained with
fits of the data taken after the corresponding cryostat warm-up. The values for
the less prominent feature and the fit of the 130 K warm-up data are not shown,
because they did not converge well. All parameters are provided in eV.

Param.  Reference bck Only 60K Only 30K Only Complete

p (€V) 187 1 186 3 186 9, 201 *1 193 12
o1 (eV)  20.1 *9¢ 25 1 33 fi! 21 ¢ 26 3
pg (€V) 392 *2 389 9 400 5
oy (eV) 201 *49 18 10 18 7

For simplicity, it will be assumed in the following that the true spectral shape of
the LEE is indeed a power-law. Then the measured spectral shape follows, apart
from the resolution effects discussed in Section 5.3.3.3, also a power-law with an
onset? e, of zero, as written in Eq. 5.3. Consequently, the fit function, which is
again of the form shown in Eq. 5.3, with 2( and ¢ as free parameters, can potentially

8 Mathematically, what is called the onset of a function throughout this work simply is its
x-axis displacement.
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recover the true values of the spectrum, if there are no disturbing fluctuations or
superimposed features present.

Power-law with zero onset: Ae* (5.3)

On the other hand, if the energy scale is shifted during the calibration by a fixed
amount of ¢,, keV, then the measured and calibrated spectrum no longer has
an onset of zero, but instead has to be written as shown in Eq. 5.4, while the
fit function does not change. It has to be noted, that unlike in the case of an
exponential function, which only changes its prefactor when the variable is shifted
(cf. Eq. 5.6), it is not possible to perfectly fit Eq. 5.3 with Eq. 5.4, if the true onset is
unknown but fixed in the fit with eon true # €on,fit-

Power-law with non-zero onset: 2A(e—eon) © (5.4)

Based on this, the best way to estimate the resulting uncertainty is to perform a
simple test to see which true spectral shape parameter is needed to produce fit
parameters as observed for the Sapp2-0 detector. The constant component can be
ignored here, as it should be unaffected by the shift in the energy scale. For the
test, a power-law spectrum with a known spectral shape parameter is shifted by a
fixed eqy (cf. Eq. 5.4) and then fitted with a power-law with e,, = 0 (cf. Eq. 5.3).

In Table 5.11 the results of such fits are collected for different combinations of
true spectral shape parameters, upper and lower limits for the fitting region and
shifts of the energy scale. The values are chosen to resemble the observations made
for the Sapp2-0 detector, with the position changes of the Gaussian features being
used to estimate realistic values for e,,. The investigation shows that uncertainties
in the spectral shape parameter due to linear shifts of the energy scale could
significantly exceed the statistical uncertainties, reaching values in the test cases
of 1345 for shifts of ey = 0.015keV.
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Table 5.11: Test results to estimate the calibration-related systematic uncertainty
of the spectral shape parameter ¢ of the power-law model for the energy domain
of the LEE. Shown are from left to right the true value of ¢ used for the test, the
assumed shift in the energy scale, the threshold, which in this case is identical to
the lower limit of the fitted energy region, the corresponding upper limit of the
fitted region and finally the fitted result for ¢ and the therefrom derived uncertainty
of ¢, which is simply the difference between the true and the fitted value. The
various input values for the test iterations are colored to enhance readability. The
units of all values are either given in keV or, in the case of the ¢, refer to an energy
scale with units of keV. More details on the test can be found in the text.

True Shift  Threshold  Upper Limit  Fitted  Uncertainty
2.22 0.010 0.061 1.2 2.52 +0.30
2.22 0.010 0.061 2.0 2.49 +0.27
2.22 0.010 0.040 1.2 2.48 +0.26
2.22 0.010 0.040 2.0 2.52 +0.30
2.22 0.015 0.040 2.0 2.68 +0.46
2.22 —0.015 0.040 2.0 1.85 —0.37
2.22 —0.010 0.040 2.0 1.95 —0.27
2.22 0.010 0.040 2.0 2.52 +0.30
2.22 0.005 0.040 2.0 2.37 +0.15
2.22 0.001 0.040 2.0 2.25 +0.03
2.44 0.001 0.040 2.0 2.47 +0.03
2.44 0.010 0.040 2.0 2.70 +0.26

5.3.3.3 Uncertainty due to the Detector Resolution

From a mathematical point of view, the energy resolution of a detector convolves
the true spectrum with a Gaussian function, with the resolution corresponding to
the standard deviation of the Gaussian. This effect can in practice not be avoided
and therefore has to be taken into account for all fits performed in this work.

In theory, this is also an issue when fitting the time domain of the data. How-
ever, the time resolution of the detectors is of the order of milliseconds, while the
timescales relevant for this work are of the order of days, so the corresponding
uncertainties are negligible.
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The theoretically correct way to consider the resolution in the energy domain
would be to directly use the convolved model function for the fit, while also taking
into account that the resolution is in principle energy-dependent. In addition,
it would be necessary to include potential changes in the resolution over time,
especially after cryostat warm-ups, just like they are observed for the threshold in
several cases (cf. Sec. 3.3.4).

A simplified version of this treatment, assuming a constant resolution in energy
and time, has indeed been tried for the exponential case. However, since the effect
of the convolution is rather small, including the resolution as a free parameter in
the fit significantly decreased its robustness, as this additional parameter would
usually not converge. On the other hand, providing the resolution as a fixed value
was also not possible with reasonable effort, since the corresponding numbers
are not well documented within CRESST and often only estimated or preliminary
versions were available.

Therefore, for the results presented in this work, the resolution of the detectors
has not been accounted for directly during the fitting process. However, similar
to what has been shown in Section 5.3.3.2, a test was performed to estimate the
corresponding systematic uncertainty of the power-law shape parameter. In this
test, a convolved power-law function was fitted with an unaltered single power-law
for different value combinations of the true shape parameter, the resolution, the
detector threshold and the limits of the fitting region. The results are collected in
Table 5.12.

It can be observed that the systematic uncertainty in question mostly depends
on the relation between the steepness of the power-law, the resolution and the
threshold, meaning here the lower limit of the energy region used for the fit.
Especially a low threshold combined with a bad resolution results in comparatively
high uncertainties. However, in practice, detectors with lower thresholds also have
better resolutions, leading to expected resolution-related systematic uncertainties
for the spectral shape parameter of around ' .

Note, that the convolution with a Gaussian function will always make the initial
power-law shape steeper, so the uncertainty due to the detector resolution is not
symmetric but one-sided.
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Table 5.12: Test results to estimate the resolution-related systematic uncertainty
of the spectral shape parameter ¢ of the power-law model for the energy domain
of the LEE. Shown are from left to right the true value of ¢ used for the test, the
assumed resolution, the threshold, which in this case is identical to the lower limit
of the fitted energy region, the corresponding upper limit of the fitted region and
finally the fitted result for ¢ and the therefrom derived uncertainty of ¢, which is
simply the difference between the true and the fitted value. The various input
values for the test iterations are colored to enhance readability. The units of all
values are either given in keV or, in the case of the ¢, refer to an energy scale with
units of keV. More details on the test can be found in the text.

True Resolution = Threshold  Upper Limit  Fitted  Uncertainty

2.50 0.005 0.040 2.0 2.58 —0.08
2.70 0.005 0.040 2.0 2.80 —0.10
2.90 0.005 0.040 2.0 3.02 —0.12
2.70 0.001 0.040 2.0 2.72 —0.02
2.70 0.008 0.040 2.0 3.04 —-0.34
2.70 0.008 0.060 2.0 2.81 —-0.11
2.70 0.008 0.060 1.2 2.80 —0.10

5.3.4 Investigation of a Second Component

So far, it has been investigated that a single power-law fits the energy spectrum
of the LEE better than a single exponential and that the single power-law model
can in principle describe the LEE spectrum over the whole available timespan,
especially also in the data periods after the cryostat warm-ups. However, one very
relevant question has been ignored so far, namely if the single power-law is the
objectively best model. Up to now, no models with more than one component in
the energy domain have been discussed, so this gap in the argumentation will be
filled in the following.

To understand why this part of the discussion has been postponed until the
final results have been shown in Table 5.8, it has to be kept in mind that the presen-
tation of all the fit results follows a didactically motivated and not a chronological
order. The tests on how complex the energy model should be to fit the LEE spec-
trum best have been performed almost simultaneously with testing the single
power-law and exponential functions. However, the information presented in
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Section 5.3.3 can be used here to save the reader some of the detours made in the
practical investigation.

For all of the five detectors under investigation, several combinations of power-law
and exponential functions have been tested on the bck data period and compared
via the AIC value, leading to a variety of results. For the Comm2-0 detector, the
best model found is indeed the single power-law as presented before, and also for
the Sapp2-1 detector, no better model has been found for the energy region above
40 eV than what has already been shown.

However, for the other three detectors, the best model found based on the AIC
is a linear combination of an exponential function and a power-law (combined
model), while for the Sapp2-0 detector, a combination of two exponential functions
achieves equally good results. Furthermore, the ratio of how much of the spectrum
is explained by which of the two functions varies significantly. For the TUM93A-0
detector, the exponential contribution is very flat and seems almost negligible,
while in the cases of the Sapp2-0 and the Si2-1 detector, both functions contribute
significantly to the overall spectral shape.

Noticeably, the results for the Sapp2-0 detector qualitatively agree with the re-
sults of [70] where the time behavior of the LEE is investigated based on a combined
model of an exponential function and a power-law to describe the energy spectrum.

In the following, the example of the Si2-1 detector will be used to explain why this
work still quotes the single power-law model as the final result for all detectors,
despite the combined models reaching better AIC values with differences up to
|A4| =~ 22. First, it is useful to take a look at the spectrum of this detector as
shown in Figure 5.15a, where the fit result obtained with the combined model
is also drawn in. There, as aforementioned, it is illustrated that for this model
both, the exponential function and the power-law contribute significantly to the
spectral shape of the LEE.

This already rules out the tempting idea that one of the components belongs
to the slow and one to the fast decaying time component, since the fast decaying
component should be almost negligible at the time the bck data set is taken.
Furthermore, the consistency of the single power-law description across all data
periods (cf. Sec. 5.3.3) implies that the spectral shape does not significantly change
due to the activation of the fast decaying component after the cryostat warm-ups.
However, if one of the components in the combined model would be noticeably
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enhanced more due to these warm-ups, a change in the spectral shape should be
clearly visible.

As a consequence of these considerations, it has to be assumed that the com-
ponents appearing in the combined model behave the same in the time domain,
meaning they get re-enhanced during the warm-up cycles by the same factor and
decay afterwards with the same decay time. This almost certainly excludes that
the power-law and the exponential contribution have their origin in two separate
physical processes, as it is very unlikely that two such processes would produce
very different spectral shapes but with identical time decays and temperature
dependencies.

Taking all of this into account, two possible explanations for the inconsistent
results of the combined model testing remain. The first is, that the combination
of a power-law and an exponential simply is very flexible and therefore comes
forward as the best model whenever the spectrum in question is not completely
clean. In this case, the power-law, although being more of an approximation than
the combined model, would be the more useful description of the data, as it allows
for comparing the detectors between each other and is probably also closer to
what a theory on the LEE's origin would provide as a prediction.

The second remaining explanation would be, that the spectral shape of the LEE
does not follow a simple analytical description at all, or at least not of the type
considered here. This would mean that all the models tested, the simple as well
as the combined ones are only approximations of the true more complex shape.
That the single power-law model still came out to be the best model in some cases
would then be purely due to chance. However, also in this case it would still make
sense to stick with the approximation of a single power-law as the model of choice,
following the same arguments as before.

Finally, it should be noted that such a non-analytical spectrum could for ex-
ample be produced by a superposition of the main LEE spectrum with some other
phenomenon of also unknown origin. In Section 5.5 it will be shown that there can
be hints for such additional phenomena found in the energy region below 40 eV,
with spectra that could potentially leak into the energy region considered here.
However, to disentangle these contributions from the above 40 eV LEE investigated
so far, a more thorough understanding of the very low energy region would first
be necessary.
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(a) Spectrum of the bck data period. The
black dotted line shows the exponential
component of the combined fit, while the
teal dashed line marks the power-law com-
ponent. The solid red line shows the com-
plete best fit, also including the constant
component which is not drawn separately.
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(b) Energy spectra of three different data

periods, to illustrate that the spectral shape

does not change significantly. The solid

black line shows the bck period (same data

as (a)). The orange and blue histograms con-

tain the awu60K and awu 130K data, respec-
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Figure 5.15: Different energy spectra of the Si2-1 detector, to illustrate the
discrepancy between the best fit on the bck period (a) and the consistency in the
spectral shape across different data sets (b). The combined fit and therefore both

plots are for historical reasons created with a slightly different efficiency treatment

than the others shown in this work.

5.4 Time Dependence Above 40 eV

This section presents the different models that have been tested to describe the
time behavior of the LEE above an energy of 40 eV and selects the best one among

them in Section 5.4.5. All the fits discussed in the following were performed on the

energy and time domain of the data simultaneously, using the single power-law

description for the LEE's energy spectrum, as presented in Section 5.3.
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5.4.1 The Simple Exponential Model

As was discussed in Section 5.1, the simplest model using exponential functions to
explain the time behavior of the LEE requires two decaying components, namely a
slow decaying one, which is present already in the bck data set and a fast decaying
one, which seems to be activated by warming up the cryostat (cf. Fig. 5.2). The
rough expectations for the corresponding decay times are of the order of 100d for
the slow and 10 d for the fast component.

The model for the time domain that uses only these two decaying components
plus the usual constant needed to describe the approximately flat part of the
energy spectrum (cf. Tab. 5.1) will in the following be shortly called the Simple
Model. Its mathematical description is shown in Equation 5.5, together with the
power-law model used for the energy spectrum.

QLS exp (_t - ton,O) + Z Q(F’i exp (_t - ton,i)] ¢ (5.5)
73 TF

i=1

e +

It should be noted, that the prefactors 20 in Equation 5.5 are a short notation
that summarizes the normalization factor and the fit parameter A, which is the
number of samples the fit attributes to the respective term of the model function
(cf. Sec.4.2.2). Since the A are the free parameters in the fit, the tables presenting
the fit results will always quote them, but the therefrom derived 2 will later be
used when comparing the rates of different detectors in Section 6.1.3.

Apart from the A and the spectral shape parameter ¢, the other free parameters
of the fits are the decay times 7, while e is the energy and ¢ is the time variable.
Furthermore, the decay time for the fast component ¢ is always assumed to be
identical after all warm-ups, so that only the prefactors differ. This is indicated by
the sum where the index i counts the warm-up cycles.

The ¢,, are the onsets of the exponential functions. They are fixed to match
the start of data taking of the respective measurement period. In Section 5.4.5
this choice will be discussed a bit more in detail, but it should be noted here that
for an exponential function, an uncertainty in the onset will only translate into
an uncertainty of the prefactor and not affect the estimated decay times. This is
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because the onset term can be factorized and absorbed into 2(, while the shape
parameter of the function remains unchanged, as is demonstrated in Equation 5.6.

Aexp(—(t — ton)/T)
= Aexp(—t/7)exp(ton/T) (5.6)
= A" exp(—t/7) with A" = A exp(ton/T)

Before looking at the results of this section, a comment should be made about
the expected behavior of the fast decaying component. The aforementioned as-
sumption that this component is activated at certain temperatures, which will be
discussed in more detail in Section 6.1.3.2, implies that it is also present directly
after the cryostat was cooled down the first time, at the beginning of the data
taking campaign.

However, as can be seen from Table 2.4, there are about 70 d between the start
of the campaign as a whole and the actual first bck data file that was used for analy-
sis. Considering the expected decay time of a few tens of days, the fast component
will almost not contribute to the time behavior of the bck data, which is the reason
why it is not included in the fit for this measurement period.

The parameters resulting from the fits with the Simple Model are summarized in
Table 5.13. An example plot of such a fit in comparison with the corresponding
measured data is shown in Figure 5.16. In addition, the respective plots for all de-
tectors can be found in Section A.2.1. It can be seen that the Simple Model overall
fits the data well. However, especially for the data periods after the three warm-
ups to 30K and above, the rate is noticeably underestimated. This is a systematic
issue that can be observed in four of the five detectors. The only exception is the
Comm?2-0 detector, whose data points are comparatively scattered in general.

Two main theories have been tested on how to solve this underestimation of
the rates. The first was to introduce a third, even faster decaying component and
the second was to allow for a re-enhancement of the slow decaying component
after the cryostat warm-ups as well. The results of these two tests can be found in
Section 5.4.2 and Section 5.4.3 respectively.
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Table 5.13: Results of the Simple Model fits when determined via the mode. The
first segment contains the decay times 7 in units of days, while the second one
contains the number of events the fit attributes to the respective term A. Since
this parameter therefore strongly depends on the specific data set used, a direct
comparison between the detectors is not possible. The indices follow the notation
introduced in Tab. 5.1, with G corresponding to the Gaussian features in the spec-
trum of the Sapp2-0 detector. The fitted decay times for the Comm2-0 detector

when including the postcal data period are 75 = 326.1 1,30 dand 7 = 7.1 755 d.

Param. Comm?2-0 TUM93A-0  Sapp2-0 Sapp2-1 Si2-1
s (days) 315.1 330 368.9 T2 5200 T190 510.0 207 2356 t27
¢ (days) 83 22 229 59 21.3 19 24.5 125 29.5 33
61 60 111 125 28
Ac 681 1% 641 *97 837 o 44 T2 111 3
As pek 3026 133 1141 *IET 0 7133 RS 1006 T3 2135 T2
Af 60K 109 *+3¢ 172 HS 1res il 604 82 421 *5°
Ar 6K 14 27 133 46 g 12+
AF0.2K 0o 11 ¢ 0 16 e
AF4x 11 e 1 3 1 iy
Af 30K 29 +2 67 T35 669 5 61 12
Ap 11k 19 *2 14 71 1 2 16 "3
AF 130K 339 T 4360 149 1060 T2 515 42
Agi 2282 1%
Agp 172 38

Table 5.14: Results of the Simple Model fits when determined via the median.
For details see Tab. 5.13. The fitted decay times for the Comm2-0 detector when
including the postcal data period are 75 = 323.8 75,5 d and 7= = 7.5 32 d.

Param. Comm2-0 TUM93A-0  Sapp2-0 Sapp2-1 Si2-1

s (days) 314.3 332 3725 *80 5306 T2 508.3 3T 2356 133
77 (days) 88 3% 230 *08 213 il 245 30 297 20
Ac 682 TS 637 T 842 08 66 ‘tet 112 *28
As ek 3029 T390 1148 TS 7109 308 991 13 2135 ti42
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Af 60K 109 *37 172 8 1765 12 604 HO3 420 3¢
AF,0.6K 14 22 27 1% 46+ 15 3
Ap02K 6 T4l 12 3 11 ™ 10 18
A 12 B 6 B w0 5
Af 30K 31+ 70 *38 674 153 63 2
AR 11K 21+ 15 +1 77 150 16 +% 17t
Ap 130K 344 AL 4367 M2 1063 T 514 AT
A1 2271 117

Ag, 174 14

Time Behavior of Si2-1, 40 eV to 2.0 keV, Full Efficiency Correction
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Figure 5.16: Fit of the Simple Model to the data of the Si2-1 detector. The red
solid line shows the complete fit. The dash-dotted orange line marks the constant
component, while the dotted blue and the dashed teal line represent the slow and
fast decaying component, respectively.

When looking at the Simple Model fit of the Si2-1 data in Figure 5.16, it is noticeable
that the re-enhancement of the fast component seems to be almost negligible for
some of the warm-up cycles. In addition, Table 5.13 contains two truly vanishing
re-enhancements for the 0.2 K warm-up cycle, namely for the Comm2-0 and the
Sapp2-0 detector. This seems to imply that there might be a critical temperature
needed to activate the fast decaying component, which will be investigated in
more detail with the results from the best fitting model in Section 6.1.3.2.
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There are two details to mention about these vanishing components for com-
pleteness, which will be discussed in the following, but also hold for the other
models tested for the time domain. First, the AIC of the fits indeed improves if no
re-enhancement is allowed for such warm-up cycles where the corresponding A is
very close to zero, thereby reducing the number of free parameters.

This has been confirmed for several detectors and warm-up cycles. However,
thoroughly testing each warm-up temperature for each detector was not possible
due to time constraints, so the discussion of a potential critical temperature in
Section 6.1.3.2 has to rely on the fitted A values and their uncertainties.

The second detail concerns the accuracy of the fitted A parameters and their
uncertainties. The careful reader might have noticed, that some uncertainty inter-
vals include negative values for these parameters, even though this should not be
possible when using the HPD and a lower parameter limit of zero (cf. Sec. 4.3.3).

This is due to a combination of two factors. First, the posterior probability distri-
butions for these parameters are very asymmetric, as can be seen when comparing
the results obtained with the mode (Tab. 5.13) with the median ones (Tab. 5.14).
Second, all the uncertainties in this work are rounded up °, which is mostly done
to be more conservative about the available precision of the parameters, but for
the A, it is indeed necessary.

To explain this, it has to be noted that the lower parameter limit of the A was
not set exactly to zero in the fitting program, but to 0.1, to prevent divisions by
zero during the normalization of the model. The accuracy of the fit would theoret-
ically have profited from correcting this limit to be lower, however, regarding the
statistical uncertainties of the fit, it would anyway not be reasonable to quote the
values of the A with a precision of 0.1.

Also, it has to be kept in mind, that the A are the number of events attributed to
the respective model, meaning a term with the factor A being significantly below
one is almost not represented by the data and can be safely assumed as vanishing.
Rounding the uncertainties up ensures, that all intervals that originally include
0.1 reach down to zero when provided without decimals.

9 As an example, assume that the parameter value itself is 0.4 with a symmetric uncertainty of
+0.3. The parameter value will be rounded to the next integer, which is zero, but the uncertainty
will still be rounded up to 4= 1.
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5.4.2 Tests With a Very Fast Component

Since the Simple Model underestimates the rates measured directly after the
cryostat warm-ups, it seems reasonable to extend the model by a component
that is also activated by temperature increases, but decays within only a few
days. Thereby, it could cover the up to now unexplained events, without much
influencing the rest of the fit. This additional decaying exponential in the model
is called the very fast component and denoted in the mathematical expression of
this model in Equation 5.7 with X, to follow the notation in Table 5.1.

t—1t
e + As exp (——"“0) e ® (5.7)

73

t — ton,i U —ton,i —
+) {le,i exp <— TFO ’ > + 2Ax i €XP <— TXO ’ ﬂ e

i=1

The existence of a very fast component has been ruled out by the tests, since
the corresponding decay parameter did not converge in the fits to the data from
the Comm2-0, TUM93A-0 and Si2-1 detector. Furthermore, also in the cases of
the two other detectors, where the model produced valid results, these do not
convincingly support the hypothesis of a second fast decaying exponential, as will
become clear in the following.

For the Sapp2-1 detector, the resulting parameter values for the two fast decay-
ing re-enhanced components are x ~ 10d and 7+ =~ 155 d, which is qualitatively
spoken at least as close to a model with a re-enhanced slow component as it is to
the model in question.

The fitted decay times for the Sapp2-0 detector, on the other hand, are closest
to what would be expected for the very fast component with 7x ~ 6d and 7+ ~ 55 d.
However, this result alone is not enough reason to keep this model, especially since
it will be shown in Section 5.4.3 that there are more convincing options available
to solve the underestimation of the re-enhancement rates.
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5.4.3 The Complex Exponential Model

In contrast to the Simple Model, where only the fast decaying component can
get re-enhanced by the cryostat warm-ups, the Complex Model, allows the re-
enhancement for both of the decaying components. The mathematical expression
for this model is written in Equation 5.8. There the sum over j counts all available
measurement periods including the bck data set, in contrast to the one over i which
only counts the data periods after warm-up cycles (awu, cf. Tab. 2.4).

Ac +

t — tons t—to
ZQLSJ exp <—¢) + ZQ[F,i exp (— On’l) e * (5.8)
Ts 1 TF

=0

The motivation for the Complex Model is not only that it can potentially im-
prove the fitting of the re-enhancement rates compared to the Simple Model, but
it is also closer to solving a consistency issue.

As has been shown in Section 5.3 the spectral shape of the LEE is not signifi-
cantly changed by the cryostat warm-ups, suggesting a single physics origin of the
slow and the fast decaying component. Having only one of the components re-
enhanced would contradict this hypothesis and instead require two processes with
different temperature dependencies but the same spectral shape, which seems
rather unlikely.

Of course, having two decaying components with the same spectral shape and
similar temperature dependence, as suggested by the Complex Model, still is a
questionable coincidence, but there might be an explanation for this, which will
be discussed in Section 5.4.5.

The results of the fits with the Complex Model can be found in Table 5.15. Since the
relation between the results obtained via the median and the results obtained via
mode behave analogously to the case of the Simple Model (cf. Sec. 5.4.1), the corre-
sponding table has been moved to Appendix B, where it can be found as Table B.20.
Furthermore, an example plot for the Complex Model is shown in Figure 5.17,
while the respective plots for all detectors are provided in Section A.2.2.

When comparing the plots showing the Complex Model to the ones created
with the Simple Model (cf. Fig. 5.16 and App. A.2.1) it can be observed that the
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rate re-enhancements of the LEE !° after cryostat warm-ups to comparatively high
temperatures are described noticeably better with the Complex Model, while the
re-enhancements after cryostat warm-ups to lower temperatures still seem to
vanish. A comparison of the AIC values of the different models will be provided in
Table 5.17 in Section 5.4.5.

Table 5.15: Results of the fits with the Complex Model when determined via
the mode. The notation and structure follow the ones of Tab. 5.13. The fitted
decay times for the Comm2-0 detector when including the postcal data period are
75 =272.1 7352 dand 7= = 7.5 31 d.

Param. Comm2-0 TUM93A-0  Sapp2-0 Sapp2-1 Si2-1
s (days) 230.8 392 2356 thyi 2749 313 o712 301 2289 H205
75 (days) 9.0 32 83 t3i 122 T2 113 20 157 i
+59 +60 +104 +129 +28
Ac 682 129 635 159 839 104 3 Tl 1o *2
As bek 2684 196 958 T4 5371 3 ggg 4B 9919 127
As 6ok 0 194 89 1951 *26 381 *I7 99 o3
As .6 (O 35 15 0 0 32
As .2k 46 T8 0 ot 0 o7 0 12
Asax 72 18 0 162 1 0
As 30K 1A 69 F55 427 g 0 P
Asiik 41 38 0 2 & 0 *33 0 *22
Asg 130K 174 T2 1718 1333 497 % 285t
Ag 60K 142+ 116 *35 1257 2% 348 *B2 340 T8¢
AF0.6K 23 120 5 118 0 * g 2
App.2K 0o * 0o 0 1
AFax +20 o *9 0 *8 o *9
Af 30K 18 22 18 +18 433 +19 37 19
Ap 1k 0 T30 I 14 T3 0 0 0o !
AF 130K 175 49 2r25 2% 571 L6 225 *ES
Ag 2254 *172
Ag 173 198

10 Here, the term rate re-enhancement refers to the counts per day during the first one or two
files taken in the respective measurement period.
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Time Behavior of Si2-1, 40 eV to 2.0 keV, Full Efficiency Correction

50 4 —— Best Fit

Constant
------ Slow Com. s =229 d
-=-= Fast Com. 1r=16d

40
Si2-1 Data

w
o

Counts per day
N
o

104

(I) Z(I)O 4(I)O 6(I)0 860 10I00
Days since start of bck data taking
Figure 5.17: Fit of the Complex Model to the data of the Si2-1 detector. The red
solid line shows the complete fit. The dash-dotted orange line marks the constant
component, while the dotted blue and the dashed teal line represent the slow and
fast decaying component, respectively.

544 The Power-law Model

As has been indicated before, a single Power-law Model to fit the time domain of the
LEE would be more elegant than the Complex Model, in the sense that it assigns
the single describing function in the energy domain also only one function in the
time domain, instead of two. However, when plotting the fit results provided in
Table 5.16 !1, like it is done for example in Figure 5.18 2, it is evident, even without
the comparison of the AIC values in Table 5.17, that the Power-law Model, as it is
written in Equation 5.9, does not fit the data well.

Ac+ Y Apj (£ — tonj) e (5.9)
=0

On the other hand, it is important to remember that in this fitting campaign, the
onset t,, of the individual power-law terms is fixed. In contrast to an exponential

11 The corresponding median results can be found as Tab. B.22 in Ch. B.
12 The corresponding plots of all detectors can be found in Sec. A.2.3.
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function (cf. Eq. 5.6) the fit result for the time decay parameter v of the power-law
will change if the onset is changed. Consequently, the Power-law Model as used
here can only possibly fit the data if the times of the first initialization and re-
enhancements of the LEE are relatively precisely known.

Table 5.16: Results of the fits with the Power-law Model when determined via the
mode. The notation and structure follow the ones of Tab. 5.13. The fitted decay
parameter for the Comm2-0 detector when including the postcal data period is
v =1.19 135, Remember that v was determined with the time information being

provided in units of days, but has no unit itself.

Param. Comm2-0 TUM93A-0 Sapp2-0 Sapp2-1 Si2-1

vp 122 *00T 060 30 056 992 o051 F00% o071 003

Ac 676 52 618 8 689 i3 0o % 110 *%

Appac 3097 123 1285 8 7193 280 1050 ST 2435 FLI°

Apgox 93 *34 200 53 2887 I8 716 *O2 347 39
APO 6K 21 +§(1] 0 +(2]2 0 +(1)2 0 +8
Appak o 0 *? 0 *p? 0 Jjg
Apax o *3 0 2 o P o *g
Ap3ok o *3 32 132 358 186 4 T2
Ap11k 3 0 = 0 o *7 o *o
Ap130K 275 T 3964 131 954 t83 32 i
Ag,1 2073 199

Ag 143 3

In other words, the observation that the Power-law Model does not fit the
data only means that the true onsets do not agree with the restart of the data
taking after the cryostat warm-ups, which usually more or less coincides with the
detectors reaching their working temperature again. This is indeed expected since
the results obtained with the Simple and the Complex Model would support a
threshold temperature needed for the re-enhancement of the LEE that is higher
than the working temperature of the detectors (cf. Sec. 6.1.3.2).

Nevertheless, this discrepancy between the fit and the data imposes a serious
challenge for the investigation. As has been discussed in Section 2.4, the tem-
peratures in the cryostat fluctuate during the cryostat warm-ups and the precise
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temperature of the detector crystals can not be measured at all. Furthermore, the
aforementioned re-enhancement threshold temperature can also not be precisely
determined with the information at hand.

Consequently, the only way to correctly fit the Power-law model to the data
would be to treat the function onsets ¢,, in Equation 5.9 as free parameters. Un-
fortunately, such a test could not be performed within the scope of this work due
to time constraints. On the other hand, regarding the long timespans without
measurements, especially before the bck and the awu130K data period, it is not
certain that a fit with free onsets would even converge. As will be discussed in
Section 5.4.5, there might be a more robust workaround for the free onset fits

available.

Time Behavior of Si2-1, 40 eV to 2.0 keV, Full Efficiency Correction
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Figure 5.18: Fit of the Power-law Model to the data of the Si2-1 detector. The red
solid line shows the complete fit. The dash-dotted orange line marks the constant
component, while the dotted blue line represents the power-law itself. For this
plot, the zero point of the x-axis is set earlier compared to the previous figures, as
the onset of the first power-law term was defined to roughly match the end of the
cool-down process of the cryostat, not the beginning of the bck data taking period.
Furthermore, due to the sharply rising behavior of the power-laws, the y-axis had
to be cut to ensure readability.
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5.4.5 Selecting the Best Model

To allow for a comparison between the detectors in this work and also between the
present results and theoretical predictions, it is necessary to choose one of the
tested models as the one to work with. Therefore, the AIC values of the different
fits have been collected in Table 5.17.

For completeness, the table also contains the number of free parameters for
each fit, even though the AIC values A already contain a penalty for each additional
free parameter in the model (cf. Sec. 4.4). It should be noted, that the number of
parameters is always lower for the Comm2-0 and the Sapp2-1 detector compared
to the others, as their data sets contain fewer warm-up cycles and therefore fewer
re-enhancement prefactors. In contrast, the Sapp2-0 detector has six additional
parameters for all the models due to the two Gaussian features in the energy
spectrum (cf. Sec. 5.3.1.2).

Table 5.17: Summary of the AIC values A and numbers of free parameters (in
brackets) for the Simple Model, the Complex Model and the Power-law Model.
Refer to the text for more details.

Detector Simple Model Complex Model Power-law Model
Comm2-0 -23052.6 (11) -23069.0 (17) -23021.1  (10)
TUM93A-0 -7191.1 (12) -7239.4 (19) -7164.3  (11)
Sapp2-0 -141717.7 (18) -141894.9 (25) -140755.0 (17)
Sapp2-1 -22812.0  (8) -22865.0 (11) -22686.3  (7)
Si2-1 -20882.8 (12) -20893.8 (19) -20490.5  (11)

According to the AIC values, the Complex Model is the best one among the three
compared here, with an average AIC difference (Acs = Acomplex — Asimple) Of —61.18
compared to the Simple Model, where the smallest and largest Acs are the ones for
the Si2-1 detector with —11.0 and the Sapp2-0 detector with —177.2, respectively.
The Power-law Model turns out to be the weakest, with an average Aps compared
to the Simple Model of 307.8, a smallest difference of 26.8 for the TUM93A-0 and a
largest difference of 962.7 for the Sapp2-0 detector.
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Two Exponential Functions Approximating a Power-law
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Figure 5.19: Illustration of how two exponential functions approximate a power-
law. The example was created by fitting the power-law (solid red) to the sum of
the exponential functions (dash-dotted black). It is designed to resemble a 90 d
measurement after a cryostat warm-up under the assumption that the power-law
was initialized 10 d before the start of the data taking. The chosen decay times
for the exponential functions are 7, = 250 (dotted blue) and 7, = 12 (teal dashed),
similar to the decay times of the Complex Model. The fitted decay parameter for
the power-law is v = 0.65, which is comparable to the Power-law Model fit results.
Note, that the more information is lost from the rise towards the threshold or the
tail of the functions, the more difficult it is to distinguish the two exponentials
from the power-law. For instance, in Sec. 5.2.3 and Sec. 5.3.2, it has been shown
that even a single exponential can mimic a power-law if the looked-at interval is
short in relation to the decay behavior of the functions.

Furthermore, there is another argument that can be made in favor of the Complex
Model, which requires a closer look at its relation with the Power-law model.
First of all, it should be noted that the shape invariance of an exponential
function against a displacement in time also reflects itself in the free parameters
needed for the models. If the onsets of the Power-law Model were left free, which
seems to be the only viable option for this model as discussed in Section 5.4.4, then
it would need only one parameter less than the Complex Model. This significantly
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reduces the practical advantage of the Power-law Model for detector comparison,
where few variables would be favored to obtain a clearer picture.

In addition, even if the Power-law Model would be the best one when using the
correct onsets, the Complex Model with its two decaying exponentials would still
be a reasonable approximation within the measured time interval, as is illustrated
in Figure 5.19. This interpretation would indeed also solve the inconsistency issue
of needing only one function to describe the energy but two for the time domain.

In this case, a thorough simulation of how two exponential functions approxi-
mate a power-law could also provide the most likely value for the power-law decay
parameter without requiring a fit campaign with free onsets. Even though such a
simulation was beyond the time limitations of this work, the rough test presented
in Figure 5.19 suggests that the decay parameter values obtained with the fixed
onset Power-law fits (cf. Tab. 5.16) might still be a reasonable first estimation.

Therefore, this work will quote the results of the Complex Model in the further
comparison of the detectors in Chapter 6, while taking into consideration that the
two exponential decay functions might but not have to be an approximation for a
single power-law function with unknown onset when comparing with theory and
other observations in Section 6.2.

5.5 The LEE Below 40 eV

Due to the time constraints for this work and a limited number of detector modules,
it was not possible to investigate the LEE in the region below 40 eV (very low
energy region) as thoroughly as the region above 40 eV (standard LEE region).
However, as in the future increasingly many CRESST detectors will likely reach
thresholds of only a few tens of eV, it still seems worthwhile to also summarize
the accumulated knowledge about the sub 40 eV region, to provide a starting point
for future investigations.
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5.5.1 Change of the Spectral Shape

First, it should be discussed why the distinction between the two energy regions
was introduced in the first place. This can be best explained by taking a closer
look at the energy spectra of different data periods of the Si2-1 detector, which
are shown in Figure 5.20a. When the histograms of the different periods are
normalized such that they all integrate to one, it becomes evident that the shape
of the spectrum changes significantly for the very low energies after the first
warm-up cycle, which is the one to 60 K.

At the time when the cutoff at 40 eV was set, the analyzed detector with the
lowest threshold apart from Si2-1 was Comm2-0 with an analysis threshold of
37eV. Since Comm2-0 does not exhibit a change in the spectral shape over time
(cf.Fig. 5.14) and so does none of the other higher threshold detectors, it was
reasonable at the time to define the cutoff for the description of the Si2-1 data
conservatively a few eV above the Comm2-0 threshold. This decision was sup-
ported by the fact, that the change in the spectral shape of the Si2-1 detector can
also not be observed above 40 eV (cf. Fig. 5.20b).

When the analyzed data of the Sapp2-1 detector became available and also
exhibited a change in the spectral shape, the cutoff at 40 eV was applied to this
detector as well for consistency, even though it might have been possible to place
it lower in this case.

Despite both detectors, Si2-1 and Sapp2-1, have in common that the changes
in the spectral shape are restricted to the very low energy region, it should be
noted that the exact nature of the spectral shape change seems different between
them. This becomes clear when comparing the spectra of different data periods
of the Sapp2-1 detector in Figure 5.21 with the corresponding plot of the Si2-1
detector in Figure 5.20a.

For the Si2-1 detector, a prominent convex feature seems to appear directly after
the first cryostat warm-up on the otherwise steep and more concave spectrum.
For the Sapp2-1 on the other hand, the presence of such a feature can not be
confirmed. Instead, the spectrum is flattened directly above the threshold and
the effect seems to increase over time, being more prominent after the very last
cryostat warm-up to 130 K, compared to the data period after the first warm-up
cycle to 60 K.
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Energy Spectra for Si2-1, Full Efficiency Correction
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(a) Energy spectra of several data periods of the Si2-1 detector. The histograms are
normalized such that they integrate to one, with the light blue corresponding to the
awu60K and the dark blue to the awu30K period. The histogram of the awu130K data
looks very similar to the one of the awu60K and is therefore not shown here to improve
readability. The black step histogram shows the bck data, including the postcal period.
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(b) Same data as in (a), but without the normalization of the histograms. The red lines
show the fitted description for the standard LEE energy region (cf. Sec. 5.3).

Figure 5.20: Illustration of the change in the spectral shape of the Si2-1 detector.
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Energy Spectra for Sapp2-1, Full Efficiency Correction
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Figure 5.21: Energy spectra of several data periods of the Sapp2-1 detector. The
histograms are normalized such that they integrate to one, with the orange one
corresponding to the awu60K and the blue one to the awu130K period. The black
step histogram shows the bck data 3. Note that in contrast to Fig. 5.20, there is no
logscale used here, to increase the visibility of the flattening at the threshold.

To explain the difficulties in modeling the energy region below 40 eV of the two
available detectors in a consistent way, a few conceivable explanations for the
observations will be discussed in the following. However, first of all, it has to be
noted, that verifying any hypothesis on the time behavior of the spectral features
in this very low energy region can not be done without also including the descrip-
tion of the standard LEE energy region, as its power-law component contributes
significantly to the spectral shape across the whole energy range (cf. Fig. 5.20b).
As a consequence, most possible fitting models for the very low energy region
contain around 30 or more free parameters when including also the warm-up
cycles. In addition, they have to deal with the possibility of at least three super-
imposed decaying components in the time domain. Furthermore, if the convex
shape observed in the Si2-1 detector is treated separately from the steeply rising
spectrum below, this increases the number of decay times in the fit to a minimum

13 The awu30K and the postcal data periods are not available for this detector (cf. Sec. 3.3.2.1).
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of four, while at the same time also noticeably increasing the number of possible
models that have to be tested.

The following list contains a few hypotheses on the origin of the observations in
the very low energy region of the Si2-1 and the Sapp2-1 detector. However, as
will be shown, most of them can be ruled out by a closer examination of the data,
without requiring any model testing.

On the other hand, the approach of first defining a descriptive model without
any theory, as it was done for the standard LEE energy region, was not successful
for the very low energy region, due to the aforementioned complexity of these
tests in combination with time constraints.

Possible Explanations for the Observations at Very Low Energies

« Inconsistent Data Treatment — The first question to always ask when con-
fronted with an unexplained phenomenon is if it could be due to an incon-
sistent data treatment. Theoretically, applying energy-dependent cuts could
mimic the flattening of the spectrum in the Sapp2-1, the convex feature in
the Si2-1 and even the potential Gaussian in the TUM93A-0 detector that
was investigated in Sec. 5.3.1.1.

However, in all the named cases, it is quite unlikely that such cuts would be
applied consistently across several data sets, especially since all detectors
except Sapp2-1 have been looked at by several analysts for cross-checking 4.

» No Consistent Time Behavior — Based on the information presented up to now,
it is viable to assume that the convex feature in the Si2-1 is produced by some
inconsistently present source and therefore neither follows a simple time
decay nor the re-enhancement pattern of the LEE, which otherwise would
be the two default assumptions. This can indeed not be fully excluded, but it
should be noted that the rate of this detector does not fluctuate much over
time, as is shown in Fig. 5.22, contrary to what would probably be expected
in this case.

14 The cross-checks were only done for what was considered the standard analysis at the time,
which did not include the new calibration method for the Sapp2-1 that was discovered later into
the analysis campaign (see [135], cf. Sec. 3.2.5.3).
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» Feature Excited by Neutrons — Under the assumption that there is a convex

feature present on the spectrum that is unrelated to the standard LEE, it is
tempting to think about whether the feature could be excited by the neutron
calibration. However, this can be safely excluded, since the change of the
spectral shape is not visible in the post-neutron-calibration (postcal) data of
this detector, but only in the data taken after the first cryostat warm-up.

Steep Component Decaying Below — The appearance of the convex feature in
the Si2-1 detector could potentially be explained by a very steep component
rising towards the threshold that is decaying over time. In this hypothesis,
the rate of this very steep component would have to be high enough to cover
the feature completely at the beginning of the data taking before decaying.
In the simplest scenario, it would not get re-enhanced by the cryostat warm-
ups, while the convex feature itself would have to exhibit a similar time
behavior as the LEE above 40 eV, which will become clear in the following.
The arguments supporting such a hypothesis are, that when looking at the
time-behavior of the Si2-1 detector in Fig. 5.22, it seems like there could be
an additional decaying component present in the bck period. This is due
to the rate being significantly higher when compared to after the cryostat
warm-ups than it is when plotting only the standard LEE region (cf. Fig. 5.2).
Furthermore, if it is assumed that the convex feature does appear at lower
energies in the Sapp2-1 detector than it does in the Si2-1, such that it is
cut in by the analysis threshold, it might even be possible to explain the
flattening of the Sapp2-1 spectrum with a decaying steep component.

On the other hand, the present hypothesis would predict that the convex
feature should become visible over time and one would probably expect to
see it at least in the postcal data period. That this is not the case could be
solved by the convex feature getting re-enhanced in the warm-ups.

With this adjustment, this hypothesis could then also solve another issue
with the Sapp2-1 data, namely that the disproportionately high rate in the
bck period seen in the Si2-1 data, can not be observed for this detector,
indicating that the steep component would have to be less pronounced.

Decaying Convex Feature — A final approach to describe the change in the
spectral shape could be to explain the observations with only the time be-
havior of the convex feature itself. According to this, the feature would have
to decay fast enough to be almost vanished at the start of the bck data taking,
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meaning roughly 80 d after the cryostat reached its working temperature for
the first time in this measurement campaign. In the following, it would then
be re-enhanced by the cryostat warm-ups, similar to the LEE above 40 eV.
Like the steep decaying component hypothesis, this one could explain the
observations in both detectors assuming the convex feature is located at
lower energies in the Sapp2-1 data.

Note that in the present hypothesis, the time behavior of the steep compo-
nent is not fixed, meaning it could either simply decay with an unknown
decay time or also get re-enhanced by the cryostat warm-ups.

Time Behavior of Si2-1, 14 eV to 2.0 keV, Full Efficiency Correction
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Figure 5.22: Time behavior of the whole efficiency-corrected data set of the Si2-1
detector above the analysis threshold of 14 eV. Qualitatively, the time behavior
appears to be comparable to what is observed when plotting the above 40 eV region
only (cf. Sec. 5.4.3). However, the rate in the bck period seems to be significantly
enhanced when the very low energy region is included. The identical plot for the
Sapp2-1 detector can be found in Sec. A.2.4. However, for Sapp2-1 there is no such
significant rate enhancement observed for the bck period.

As a part of this work, several tests have been performed to confirm the presence
and suspected time behavior of the convex and the steep component. The fits
have been mostly performed on the data of the Si2-1 detector, but without the
bck and postcal periods, thereby only including data periods where the convex
shape was visible by eye. The convex feature was always included via a Gaussian
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function, while the steep component was sometimes described with a power-law
and sometimes with an exponential.

Noticeably, none of the fits so far unambiguously confirmed the presence of a
Gaussian shaped structure in the very low energy region in the first place, as the
corresponding parameters did not converge. As this especially affects the mean
value, it can not be excluded that the convex feature suffers from similar shifts in
the energy calibration as the Gaussian peaks in the Sapp2-0 data (cf. Sec. 5.3.1.2).

Such calibration shifts would make any investigation of the energy spectra
below 40 eV significantly more complicated, as fitting the data periods individually
might render it almost impossible to distinguish the different superimposed time
decays. On the other hand, repeated issues with the energy calibration could
explain why the suspected convex feature appears at different energies in the two
investigated detectors.

As a consequence of the fits not being able to describe the convex shape, none
of the tests led to conclusive results, so neither of the hypotheses presented here
could be confirmed. At the same time, the testing was not thorough enough to
make any exclusions additional to the ones that have been already discussed above.

Finally, regarding the single power-law model that is used in this work to de-
scribe the energy spectrum of the LEE above 40 eV, it has to be noted that if there
is a convex feature present at very low energies, it would, at least in case of the
Si2-1 detector, overlap with the above 40 eV region (cf. Fig. 5.20). Thereby, it would
change the results for the corresponding spectral shape parameter and potentially
the decay times. Furthermore, since the three detectors with higher thresholds
can not access the relevant energies, it is impossible to decide if the results for
these would be affected by the confirmation of such a feature as well.

5.5.2 Potential Feature Near the Threshold

This final section on describing the LEE is a side remark, regarding an observation
that can be made closely above the official threshold of the bck data (cf. Tab. 3.5) of
the Si2-1 and the Sapp2-1 detector. When closely investigating the energy region
between 10 eV and 30 eV, it seems that the component of the spectrum that rises
steeply towards the threshold exhibits a convex shape, which is not to be confused
with the convex feature discussed in Section 5.5.1. The curvature is only small
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and would have probably been dismissed as a statistical effect. However, since it is
present in both detectors, this potential feature seems at least worth mentioning.

In Figure 5.23 the bck spectra of both detectors are shown in the relevant energy
region. For the Sapp2-1 detector, this is unfortunately below the LEE analysis
threshold of 14 eV, where no efficiency correction is available. Furthermore, the
potential curvature can only be observed in the bck data period, due to the changes
in the spectral shape, which have been discussed in Section 5.5.1.
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Figure 5.23: Energy spectra for the bck data period (black, step) of the Si2-1 (a)
and the Sapp2-1 detector (b). The slight convex shape of the steep component
can only be seen in the bck spectrum and would be covered by the changes in the
spectral shape afterwards, as illustrated by the underlying spectra of the awu130K
data period (blue, filled).






CHAPTER 6

Conclusions and Outlook

After establishing a model to describe the LEE consistently among all detectors in
Chapter 5, this chapter will use the found model to compare the LEE between the
detectors in Section 6.1 and with different hypotheses on its origin in Section 6.2. A
final summary of the results of the LEE fits and their implications is then provided
in Section 6.3.

6.1 Parameter Comparison

Regarding the comparison between the detectors, it is especially interesting to
investigate correlations between the detector properties and the characteristics
of the LEE. Such a correlation would not only give hints towards the origin of the
phenomenon, but it could also provide a solution on how to mitigate the LEE as a
background for dark matter searches. Therefore, this section will start by recapitu-
lating the properties of the detectors used in this work in Table 6.1, although some
of the information has also been already provided earlier, for instance in Table 2.2.

The first detail to notice about the properties listed in Table 6.1, is the variety of
combinations in which they appear. To investigate a potential dependence of the
LEE on one of these properties, it would be ideal to have a set of similar detectors
that differ in only one of the variables. However, although in the case at hand most
property values are shared by multiple detectors, it is hard to find groups or even
pairs that can be easily compared. Furthermore, the general lack of statistics is

159
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an additional problem for the comparison, as observations based on such a small
group of detectors are anyway limited in their significance.

Considering this, it has to be kept in mind in the following, that finding similari-
ties in the LEE characteristics across several detectors might indeed be more useful
than discovering differences. For instance, a similar LEE behavior in all five of the
detectors could reveal that none of the listed properties has a significant influence.
On the other hand, a varying LEE behavior between the detectors could in most
cases not be traced back to one specific detector property, thereby making it harder
to use this knowledge for finding the origin of the LEE or for improvements of the
detector design.

Table 6.1: Properties of the detectors used in this work. Property values that are
identical for at least two detectors are color-coded. Note that the shape of the
detector implicitly contains the information about its volume as well as its surface
area, with bulk detectors being (20 x 20 x 10) mm? in size, while the wafer detectors
are smaller with (20 x 20 x 0.4) mm?. The rows material, weight and polished refer
to the detector crystal. The weight is the approximate weight of the crystal only,
without the holding, and polished provides information on whether its surface has
been polished. The row foil refers to the presence of the reflective and scintillating
foil within the module, while holding describes the structure holding the crystal
in place, with B and C being abbreviations for bronze and copper, respectively.
Details on the detector modules and the TES can be found in Sec. 2.3 and Tab. 2.1,
respectively. The row interface contains information on the material on which the
TES is applied. Lastly, the °°Fe calibration source is not explicitly mentioned in
the table, as it is present in all the detectors.

Property Comm2-0 TUM93A-0 Sapp2-0 Sapp2-1 Si2-1

Shape Bulk Bulk Bulk Wafer Wafer

Material |CaWO, CaWoO, Al,O5 Si on Al,bO3 Si

Weight 24.5¢g 245g 15.92g 06g 0.35¢

Polished Yes No Yes Yes Yes

Foil No Yes No No No

Holding  Clamps (B) Sticks (C) Sticks (C) Sticks (C) Sticks (C)
+iStick

TES PD Medium PD Medium PD Medium LD LD

Interface | CaWO4 CaWO, Al,O3 Si Si



6.1. PARAMETER COMPARISON 161

6.1.1 Spectral Shape Parameters

The comparison between the detectors starts with the spectral shape parameters
of the single power-law model used to describe the energy domain of the LEE
(cf. Sec.5.3.3). The plot in Figure 6.1 illustrates that the shape parameters of all
detectors agree quite well. Although only three of them fall within each others
drawn-in uncertainty intervals, it has to be kept in mind that the plotted intervals
only provide the statistical uncertainty of the fit itself. Additional uncertainties
that have to be considered are listed below.

Spectral Shape Parameter
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Figure 6.1: Summary of the spectral shape parameters ¢ used to describe the en-
ergy spectrum of the LEE, obtained with the single power-law model (cf. Sec. 5.3.3).
The uncertainty bars provide the statistical uncertainty via the HPD intervals with
a credibility of 95%.

Systematic Uncertainties of the Spectral Shape Parameter

» Energy Resolution — As has been discussed in Sec. 5.3.3.3, the resolution of a
detector will always change an initial power-law shape of the spectrum to
become steeper, leading to roughly estimated uncertainty of around — 0.10.

e Uncertainties in the Calibration — As shown in Sec. 5.3.1.2, there are inconsis-
tencies present in the energy calibration at least for the Sapp2-0 detector,
but it has to be assumed that this is not the only case. Furthermore, it
has been discussed in Sec. 5.3.3.2, that any uncertainty in the calibration
will propagate into the uncertainty of the spectral shape parameter of the
power-law model, with values up to around *§:3% not being unrealistic.

« Efficiency Correction — Also, the exact way the efficiency is described influ-
ences the fitted spectral shape parameter as investigated in Sec. 5.3.3.1. This
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is especially true if the lower end of the energy region used for the fit is close
to the detector threshold, which in the present case applies to the Comm2-0,
TUM93A-0 and Sapp2-0 detectors. To quantify this uncertainty is difficult,
for details refer to the respective section.

Secondary Spectral Shape Contributions — Apart from the standard LEE, there
might be additional components contributing to the spectral shape in the
relevant energy region that are due to a different origin than the LEE itself,
but can not be distinguished from it with the available information and tests.
Examples for such subdominant contributions would be:

- Leakage from components mainly present below the analysis threshold
(cf.Sec.5.5.1).

- Features in the spectrum that are not included in the fitting model,
such as the debated peak in the TUM93A-0 or the smaller peaks of the
Gaussian pattern in the Sapp2-0 detector (cf. Sec. 5.3.1).

- Unwanted event classes that are known but can not be cut away. This
includes events happening in CaWO, holding sticks of a detector, as
those can leak into the main crystal. Such leakage is usually accounted
for by applying a veto cut using the information of a TES operated on
these sticks (iSticks, [136]). From the detectors investigated in this work,
only the TUM93A-0 has a CaWQ, stick as part of its holding, which is
indeed an iStick. However, since this was not working well for most of
the data taking campaign, the mentioned veto cut was not applied.
Another unwanted event class would be due to the foil present in some
of the modules [96, 137], but since these events can be cut away by
using the corresponding light detector, this is not expected to be an
issue for this work. Note, that again the TUM93A-0 detector is the only
one investigated here with foil inside the respective module.
Furthermore, based on simulations, it is assumed that the °°Fe source
present in each detector module also contributes events in the LEE
energy region.

- Energy deposition in different detector components. As will be dis-
cussed in Sec. 6.2 the LEE might be partially due to energy deposited
directly in the TES due to some relaxation process. When this work was
finalized, there were no results available to reliably judge how much
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and what kind of impact such an effect would have on the observed
spectral shapes of the LEE. Theoretically, it would be also possible that
the direct energy deposition in the TES is indeed what is observed as
the standard LEE, accompanied by only a subdominant contribution
coming from the crystal itself.

When looking only at the plot of the fitted shape parameters in Figure 6.1, one
could get the impression that there is a material dependence observed, due to both
of the outliers being detectors that contain sapphire (Al,053). However, considering
all the aforementioned uncertainties on these parameters, such a statement can
not possibly be made based on the available data. On the contrary, it is rather
noteworthy that apparently none of the detector properties listed in Table 6.1
influences the spectral shape parameter significantly compared to its uncertainty.

For practical reasons, it might therefore be reasonable to extract a single value
out of this investigation that can then be considered to at least approximately
describe the spectral shape of the LEE for all the considered detectors. Unfor-
tunately, the systematic uncertainties for this final result can not be reasonably
quantified within the scope of this work. To account at least for the statistical
ones, the combined parameter value is derived by using the weighted mean, with
the weights being one over the width of the statistical uncertainty intervals. The
spectral shape parameter for the LEE obtained this way is ¢ = 2.61.

6.1.2 Time Decay Parameters

Similar to the spectral shape parameter in the energy domain, the comparison of
the time decay parameters resulting from the fits with the Complex Exponential
Model (cf. Sec. 5.4.3) reveals a remarkable consistency among all five detectors
used in this work. In fact, the obtained decay times for both decaying time com-
ponents agree between the detectors within the given uncertainty intervals of
95% credibility. The corresponding plots of the parameter values are provided in
Figure 6.2, the corresponding weighted averages are 75 = 245.5 d for the slow and
7¢ = 11.4d for the fast component.

Again similar to what has been discussed for the spectral shape parameters in
Section 6.1.1, also the decay times seem to form groups corresponding to the
detector material. However, if such a dependency exists, it is rather weak and since



164 CHAPTER 6. CONCLUSIONS AND OUTLOOK

the grouping still is within the uncertainties of the parameters, such an effect
could not possibly be confirmed within the scope of this work.

Nevertheless, with regard to the hypothesis that the LEE is caused by stress
in the interface between the crystal and the TES, which will be discussed in Sec-
tion 6.2, it should be noted that the speculative grouping of the parameters would
pair the silicon-on-sapphire wafer detector (Sapp2-1) together with the sapphire
bulk detector (Sapp2-0) and not with the silicon wafer detector (Si2-1), despite
both wafer detectors having their TES applied on silicon (cf. Sec. 6.1).
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Figure 6.2: Summary of the decay times 75 and 7+ used to describe the time
behavior of the LEE, obtained with the Complex Exponential Model (cf. Sec. 5.4.3).
The uncertainty bars provide the statistical uncertainty via the HPD intervals with
a credibility of 95%.

Finally, a comment has to be made about the systematic uncertainties of the time
decay parameters presented here. First, the detectors in principle have a time
resolution, which is not included in the fits. However, since this resolution is of
the order of milliseconds, while the decay times of interest are of the order of days,
the corresponding uncertainty is negligible.

Second, every systematic uncertainty that influences the spectral shape in the
energy domain (cf. Sec. 6.1.1) automatically also causes a systematic uncertainty
on the event rate in the region of interest and thereby potentially also on the
estimated decay times. This is especially true for uncertainties like the one in
the energy calibration, which can cause the event rate in the region of interest to
shift significantly in both directions (cf. Sec. 5.3.3.2). The resulting impact on the
estimated decay times then depends on whether the shift in the energy scale is
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consistent over time, in which case the decay times will not be affected, or whether
the amount and direction of the shift fluctuate. Unfortunately, since the initial
systematic uncertainties on the spectral shape are already difficult to quantify,
a reasonable estimate for the resulting time decay uncertainties is not possible
within the scope of this work.

6.1.3 Event Rates and Their Temperature Dependence

6.1.3.1 The Absolute Rates

The last fitted parameters to compare between the detectors are the rates. This
comparison could potentially confirm a dependence of the LEE's initial or re-en-
hancement rates on any detector property. However, if no such dependence is
found, this is unfortunately not enough to definitely exclude it, since the tempera-
ture or point in time at which the initialization of the LEE happens is not known
and does not necessarily have to be the same for all the detectors.

Table 6.2: Absolute rates given in units of 107 - counts/(d - keV), refer to the
text for details. The enhancement with 10* was used to increase the readability of
the small rates. The first row provides the rate of the constant component, the
second the initial rate of the LEE at the start of the bck period. The other rows
provide the re-enhancement rate of the LEE, measured at the restart of the data
taking of the respective cryostat warm-up cycle. The color coding is discussed in
Sec. 6.1.3.2. In short, the red-marked components vanish according to the best
fit while the grey-marked ones include the vanishing case in their uncertainty
interval (cf. Sec. 5.4.3).

Comm2-0 TUM93A-0 Sapp2-0 Sapp2-1 Si2-1
Period Slow Fast Slow Fast Slow Fast Slow Fast Slow Fast
const. 12555 10155 19750 1318 1649
bck 2144 1296 14055 3156 1266
130K 677 4177 12282 90740 5624 30713 543 1472
60K 0 1152 239 1936 4728 43578 2958 18780 65 1972
30K 1 168 152 798 1339 16500 1 293
11K 80 6 0 32 14 472 4 36 0 2
4K 59 22 1 4 5 13 0 1
0.6K 52 273 63 134 1 11 0 43
0.2K 35 3 0 11 0 3 0 6
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Figure 6.3: Illustration of the LEE re-enhancement rates for the cryostat warm-
ups to 30K, 60K and 130K. All plots use a logarithmic scale for the y-axis, to
increase readability.

The absolute re-enhancement rates for all detectors and data periods are listed
in Table 6.2, with the table entries corresponding to the 2( in Equation 5.8. This
has two implications. First, the table entries provide only the rate that is due
to the re-enhancement of the LEE at the start of the respective data period, not
the overall LEE rate at the respective point in time, which would be the sum of
the re-enhancement and the rest of the decaying rate that was initialized during
earlier warm-up cycles.

Second, the given numbers correspond to the rate at ¢ = t,,, of the respective
data period and at an energy of ¢ = 1keV, which are the natural choices where
the exponential functions describing the time and the power-law describing the
energy domain become one. Since 1keV is quite far up in the tail of the LEE, the
resulting rates are rather small.
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For a better intuition, the absolute rates for the cryostat warm-ups to 30 K, 60 K
and 130K are plotted in Figure 6.3. The possible dependencies of the rates on the
different detector properties shown in Table 6.1 are discussed below.

Possible Dependencies of the Re-enhancement Rates from Detector Properties

» Crystal Material — As can be seen from Fig. 6.3c, a rough clustering of the
rate values according to the crystal material could be imagined for the sum
of the slow and the fast decaying components. However, like for the spectral
shape parameters and the decay times, the picture is not clear enough for
this to be considered a confirmed hypothesis.

 Crystal Volume and Surface — A scaling of the LEE rate with the detector crystal
volume or surface area would require much lower rates for the Sapp2-1 and
Si2-1 detectors compared to the other three. This can not be observed.

 Crystal Weight — To illustrate how the LEE rates behave with regard to the
crystal mass, the correspondingly scaled values are shown in Fig. 6.3d. It can
be seen that scaling the rates with the crystal weights does not result in a
greater similarity, confirming the statement published by CRESST in [74].

 Crystal Polishing and Foil — The only detector that differs from the others
regarding the polishing of the crystal and the presence of reflective and scin-
tillating foil inside the module is TUM93A-0. However, the rates measured
by TUM93A-0 behave reasonably similar to those of the other detectors.

» Holding Structure — Evaluating a possible dependency between the holding
structure and the LEE rates is generally not easy. The motivation behind
this comparison is the theory that the LEE is caused by stress imposed by
the holding onto the crystal (cf. Sec. 6.2). However, there is no possibility to
determine the exact amount of stress that is present in each of the crystals.
Also using similar holding structures does not guarantee to result in the
same level of stress, due to the way the detectors are mounted.

Therefore, the holding scheme using bronze clamps was specifically designed
to reduce the resulting stress in the crystal compared to the standard holding
with sticks. That the detector supposedly subjected to the least amount
of stress indeed has the lowest LEE rates might be a hint that the holding
structure indeed has an influence. On the other hand, such a statement is very
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difficult to make with only one detector to test it with, especially considering
that the rates of the different detectors are generally very scattered.

o TES Type and Interface — As for the crystal volume and surface area, a depen-
dency on the TES type or interface would require a similarity between the
Sapp2-1 and the Si2-1 detector which can not be observed.

6.1.3.2 Investigation of a Critical Lower Temperature

As has been discussed in Section 5.4.1 the fits of the time domain can be improved
by allowing re-enhancements of the LEE only for temperatures above a certain
threshold. This has been tested for several example cases using different detectors,
temperatures and the Simple (cf. Sec. 5.4.1) as well as the Complex Exponential
Model (cf. Sec. 5.4.3). Unfortunately, thorough testing for every detector and
every cryostat warm-up temperature was not possible due to time constraints.
Nevertheless, an estimate of the expected threshold temperature above which a
re-enhancement would be preferred by the fit (critical lower temperature) can still
be provided.

For this estimate, one can either refer to Table 5.15 or, more conveniently
to Table 6.2. Both tables contain information on which of the re-enhancements
vanish in the fit and for which warm-up temperatures the vanishing case is included
in the uncertainty intervals. In Table 6.2, this is done through color-coding, where
the red boxes mark the vanishing cases and the grey boxes mark the ones where
the zero is within the respective uncertainty interval.

It can be extracted from the tables that the critical lower temperature would
be expected between 11 K and 30 K. However, this estimate has to be taken with
care, since the exact temperatures of the detectors during the warm-up cycles are
not known, as has been illustrated in Figure 2.8.

For a direct comparison between Table 5.15 and Table 6.2 it should be kept in
mind that the first table provides the number of events in the data set attributed
to the respective component, while the latter contains the combination of these
values with the corresponding normalization factor, meaning 2 (cf. Eq. 5.8).
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6.1.3.3 The Ratio of the Rates and the Rate-Temperature Dependence

Finally, this section will try to answer two questions that frequently came up when
discussing the temperature-related behavior of the re-enhancement rates in the
past. The first one concerns the ratio of the rates between the slow and the fast
decaying component of the Complex Exponential Model (cf. Sec. 5.4.3), which are
collected in Table 6.3.

For the following, it is important to remember the hypothesis that the two
exponential components of the Complex Model for the time domain are either an
approximation of a single power-law or at least somehow related to each other
since they produce the same spectral shape. This might lead to the expectation
that the rate ratio 2s/2 of these two components has to be consistent across
detectors and warm-up cycles, as a different ratio of the two exponential compo-
nents would result in a different shape parameter of an approximated power-law.
Such a consistency can not be observed (cf. Tab. 6.3). However, as will be discussed
here, this expectation is indeed only valid under very specific conditions.

Table 6.3: Rate ratios of the LEE re-enhancements, calculated based on the non-
rounded versions of the numbers provided in Tab. 6.2. The ratios are provided as
the division of the absolute rate of the slow component, divided by the absolute
rate of the fast component (s /2g).

Period Comm2-0 TUM93A-0  Sapp2-0  Sapp2-1 Si2-1
130K 16.21 13.53 18.31 36.91
60K 0.01 12.37 10.85 15.75 3.30
30K 0.53 19.03 8.11 0.18
11K 1326.27 1.20 2.97 11.70 14.14
4K 269.62 23.97 34.42 10.50
0.6K 18.94 47.13 4.95 0.22
0.2K 1379.06 2.08 9.50 2.35

For the re-enhancement ratios to be consistent across the warm-up cycles of a
single detector, it is necessary to use the correct function onsets for each compo-
nent. This in turn requires precise knowledge of the critical lower temperature
(cf. Sec. 6.1.3.2) and the detector's temperature at each point in time during the
cryostat warm-up. Neither of these information is available. Especially, there is
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no temperature measurement conducted at the exact positions of the detectors at
all, but only one for the whole cryostat (cf. Sec. 2.4).

On the other hand, one could expect a rate ratio consistency across all the

detectors for a given warm-up cycle. This would not require the knowledge of
the critical lower temperature, but only for all detectors to have the same critical
temperature and for this to be reached at the same point in time. However, again,
the fulfillment of neither of these requirements can be confirmed, due to lacking
information on the temperature curves at the positions of the detectors.
The second question that has not been answered so far is if there is any clear
dependence between the re-enhancement rates and the cryostat warm-up temper-
atures observed. It has been implicitly shown in Figure 6.3 that the rates seem to
be higher after warm-ups to higher temperatures and unfortunately, this indeed
is the most precise statement that can be made.

The reasons for this have been named multiple times already. Without knowing
the precise temperatures of the detectors, the relevant uncertainties are simply
too high to make any reliable statement about for instance a possible linear de-
pendence. Nevertheless, for completeness, the sum of the re-enhancement rates
of both exponential time components are plotted against the estimated cryostat
warm-up temperature in Figure 6.4.

Sum of Both Components
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Figure 6.4: Re-enhancement rates plotted against the corresponding estimated
cryostat warm-up temperature. The rates show a tendency to increase with tem-
perature. However, due to uncertainties, a more precise statement is not possible.
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6.2 Hypotheses on the Origin of the LEE

The final step in the investigation of the Low-Energy Excess is the comparison of

the descriptive results with predictions from theory, as far as these are available.

For a theory to be considered a viable candidate for explaining the origin of the

LEE, it has to fulfill a few requirements that are listed below (cf. [74]), before some
of such theories are briefly discussed.

Criteria for LEE Origin Theories

Event Type — It has not been explicitly discussed so far, but the events be-
longing to the LEE can not be distinguished from nuclear recoil events and
therefore not cut away by the standard analysis. Any phenomenon used to
explain the LEE therefore has to result in a particle-like signature in the
detectors (cf. Fig. 2.3b) [74].

Decay Times and Energy Scale — Any viable prediction from theory has to
match the decay times, energy scales and spectral shape of the LEE presented
in this work. Ideally, it should furthermore be able to explain the rough order
of magnitude of the rates.

Temperature Dependent Re-enhancement — Apart from the decay over time
and the corresponding decay parameters, any LEE origin theory also has to
explain the temperature dependent re-enhancement of the LEE. This alone
rules out dark matter and external as well as internal radioactive sources as
the main contribution, including the *°Fe calibration source.

Holding and Foil Events — The statistics available in this work regarding events
happening in the holding or due to the scintillating and reflective foil are
limited. Nevertheless, both sources can be ruled out as the main origin of
the LEE, based on comparisons done in other investigations such as [70] or
[88]. On the other hand, as discussed in Sec. 6.1.1, they could potentially be
subdominant contributions to the LEE.

Other Parameter Dependencies — Ideally, theoretical predictions on the LEE's
origin should be in line with the observation that none of the detector
characteristics investigated in this work was verified to have a significant
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impact on the appearance and behavior of the LEE. Importantly, this includes
the crystal material, volume and surface area.

o Scintillation Light — Scintillation light coming from the detector crystal can
also be ruled out as an origin of the LEE, since the phenomenon also appears
in detectors made from non-scintillating material, such as the ones of the
Si2 module.

Considering all the above criteria, the probably most favored hypothesis on the
origin of the LEE is that the phenomenon is caused by some type of relaxation
process. Two examples of this would be the relaxation of stress in some interface,
for instance between the crystal and the TES, or the release of energy stored in
crystal defects. The possibility of multiple such origins contributing to the LEE
makes the broadly formulated relaxation hypothesis very flexible in explaining
the various observations. Furthermore, its popularity is enhanced by the fact that
LEE-like backgrounds due to different types of stress and subsequent relaxation
have been reported multiple times at this point (see [71, 138]).

The following list briefly discusses some publications that have been considered
to possibly be relevant for understanding the LEE. Most of them are related to
some type of relaxation process and even though not always explicitly mentioned
here, energy releases in the form of bursts are also a recurring theme that should
be kept in mind for future investigations (see[71, 138, 139, 140])).

It should be noted, that this list is certainly not complete, but merely tries
to provide an insight on the current line of discussion within the community of
experiments affected by LEE-like phenomena. Also, this work does not claim a
general validation or disproof of any of the mentioned hypotheses, although an
attempt is made to compare the results presented in the publications with the
ones obtained in this work.

A Small Journal Club Regarding LEE Origin Theories

o LEE-like background caused by holding induced stress — In [138], the back-
ground spectra of two functionally identical TES-based silicon calorimeters
are compared, where one is mounted with a very low-stress technique while
the other is glued to a holding structure. It is shown that the glued detector
has a much higher background event rate in the region below 38 eV, where
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the corresponding spectrum also exhibits a much more convex shape com-
pared to the one of the low-stress detector.

This example already shows the importance of the energy scales when dis-
cussing theoretical predictions. The mentioned convex shape, at least qual-
itatively, reminds of what can be observed in the very low energy region
of the CRESST LEE, including a similarity in the relevant energy regions
(cf. Sec. 5.5). On the other hand, these results do not provide much additional
information for the standard LEE region above 40 eV.

The LEE-like background events reported in [138] apparently decay with
a time constant of 6-10d, which is also not too far off of what would be
expected for the steep component of the LEE in the very low energy region
(cf. Fig. 5.22). However, since the CRESST detector modules investigated in
this work do not use any glue on the detector crystal, the question remains
if the results would be similar for other relaxation processes.

o LEE-like background caused by crystal cracks — As has been briefly discussed
in Section 1.3, CRESST reported in 2006 in [71] about a LEE-like background
that was due to macroscopic cracks in the detector crystal caused by the
crystal's holding system which applied too much pressure. The relevant
background energies observed in [71] start at roughly 5keV (cf. Fig. 1.7a)
and are therefore much higher than the energy region relevant for the LEE.
However, the energy spectrum of the crack events matches a power-law with
an exponent of ¢ ~ 1.9, which is at least in the same order of magnitude as
the power-law parameter of ¢ &~ 2.6 found in this work for the LEE spectrum
(cf.Sec.6.1.1).

This similarity supports the idea that the LEE might be due to microscopic
cracks in the detector crystals, which consequently could be mitigated by
further reducing the pressure used by the holding system. As the amount
of stress introduced by the holding can in principle be different for every
detector, this could also explain the inconsistent rates. In addition, the one
detector using a holding system which applies less pressure indeed shows
the lowest overall rate (cf. Sec. 6.1.3.1). For the future, further tests with even
more optimized holding systems are planned by the CRESST collaboration.
In any case, the resemblance between the LEE, the crack event spectrum and
earthquakes that is pointed out in [71], is certainly worth keeping in mind.
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« Distinguishing bulk from TES contributions — As mentioned before, relaxation

processes can either take place inside the detector crystal or directly in the
TES itself, the latter including relaxation of stress in the TES-crystal inter-
face. Although effects that scale with the volume or the mass of the crystal
are strongly disfavored by observation, there are still viable representatives
of both types of hypotheses around, making the possibility of distinguishing
between crystal and TES-based contributions to the LEE very promising.
Therefore, a new type of detector has been tested by the CRESST collabo-
ration, with two TES on the absorber crystal instead of one. This enables
distinguishing between so-called shared events that happen in the crystal
and are consequently observed by both TES and single events that take place
within or very close to one of them.

The first results from these detectors presented in [141] suggest that indeed
both event types contribute to the LEE. However, since these measurements
have only been taken above ground and the first operation of the detectors
in the CRESST underground set-up is still ongoing, it is not possible to draw
reliable conclusions in this regard yet.

Simulation of aluminum relaxation — As discussed in Sec. 2.2.1.1 every CRESST
TES also contains a layer of aluminum that partially covers a tungsten film.
In [140] the deformation of a thin aluminum layer through temperature
changes and the resulting stress between the aluminum and the underlying
substrate is discussed. In addition, it is shown that during the relaxation of
this stress, phonons can be emitted into the aluminum-substrate interface
and the aluminum layer itself. The resulting phonon energies are directly
compared to experimental data, including data on the CRESST LEE published
in 2017 in [73], and according to [140], they match reasonably well. Also,
uncertainties allow for scaling the simulation results to similar rates as the
measured LEE.

Nevertheless, these agreements between the simulation and the data have
to be taken with care, as for the comparison several parameters of the model
and the data set have to be estimated. These estimates are not easy to make,
which on the one hand, allows choosing them in such a way that the results
match, but on the other hand, complicates confirming or rejecting the mech-
anism in question as the main LEE origin.

Noticeably, the comparison in [140] relies among other things on an estimate
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of how long the aluminum was cold at the time of the measurement, infor-
mation that is in principle not available for CRESST (cf. Sec. 2.4), which has
also negatively affected the investigation in this work at several occasions,
for example when testing the Power-law Model on the time domain of the
LEE data (cf. Sec. 5.4.4). For the same reasons it is not possible to directly
verify a power-law time behavior of the LEE, it would be also difficult to test
the prediction by [140], where the LEE rates are approximately proportional
to 1/t, at least before the start of the warm-up cycles.

« Simulation of defect recombination — Another approach to explaining the LEE

and LEE-like backgrounds from the simulation point of view can be found in
[142]. There it is stated that defects created by nuclear recoils in semicon-
ductor materials could recombine at cryogenic temperatures, exhibiting an
avalanche-like behavior. The energy spectrum resulting from simulations of
this process is shown to agree well with data from the SuperCDMS experi-
ment presented in [143].
However, a first rough comparison with the results obtained in this work
raises questions. First, the relevant energy scale investigated in [142] would
again rather match the very low energy region of the LEE, while the reported
exponential decay parameters seem to match neither the overall shape of
the steep component nor the LEE's spectral shape above 40 eV. Second, the
recombination process is investigated in [142] on time scales of the order
of nanoseconds, while a meaningful comparison with the LEE data would
require predictions for the phenomenon's behavior over the course of at
least several days.

» Phenomena with comparable behavior — With enough acquired knowledge
about the LEE data, it is possible to not only wait for predictions on the origin
of the phenomenon but to actively search for observations from other fields
that show some resemblance regarding the energy scale, time behavior or
temperature dependence. Two such examples will be named here to illustrate
the point, but it should be noted that this work has not investigated if they
are indeed related to the LEE.

The first example is [139], where quasiparticles in a superconductor are
measured via the tunneling of single electrons from this superconductor to
a metal contact. It is reported that this tunneling happens in bursts, with
the burst rate decreasing over time, following a power-law with a decay
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parameter of ¢ = 0.9 and an onset at 77 K. This decay behavior could be
consistent with the LEE when taking the fit results with the Power-law Model
as the basis of comparison (cf.Sec. 5.4.4).

The second example refers to observations made in CaWO, crystals that have
been doped with Er** ions. For those, [144] reports that the echo decay after
exciting the Er*" can be described by a linear combination of two exponential
functions, with the decay times increasing for lower sample temperatures.
At 10 mK, the larger decay parameter amounts to roughly a month, which is
approximately a factor of ten smaller than what is observed for the LEE.

6.5 Summary and Outlook

Finally, it is time to conclude this work by summarizing the most important results
and outlining the next steps that will be taken in the investigation of the LEE. A
short overview is also provided in Figure 6.5 via a flowchart containing the central
statements and future challenges that can be derived from them.

It has been shown in this work that the LEE can, above energies of 40eV, be
well described across all investigated detectors and data periods with a rather
simple model, consisting of a single power-law for the energy (cf. Sec. 5.3.3) and a
linear combination of two decaying exponential functions for the time domain
(cf. Sec. 5.4.3). The resulting fit parameters also agree very well between the detec-
tors, leading to an averaged power-law parameter of ¢ = 2.61 (cf. Sec. 6.1.1) and
exponential decay times of 75 = 245.5d and 7z = 11.4d (cf. Sec. 6.1.2). In addition,
it has been discussed that the two exponential functions describing the time do-
main might rather be an approximation for a single power-law with unknown
onset (cf. Sec. 5.4.5).

Regarding the rates of the LEE and their temperature dependence, the found
model supports a re-enhancement of all components after cryostat warm-ups to
above a threshold temperature that has been estimated to be roughly between
11K and 30K (cf. Sec. 6.1.3.2). The re-enhancement rates tend to increase with
the warm-up temperature, however, due to a lack of exact information on the
temperature curves directly at the detector positions, a more precise statement
can not be made (cf. Sec. 6.1.3.3).
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evaluated with two-dimensional unbinned fits [4].
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Figure 6.5: Brief graphical summary of this work, including references to the
relevant sections.

Finally, neither for the rates nor for any other LEE parameters, a clear de-
pendence on any detector characteristic could be found. On the other hand, it
has to be noted that this investigation would have significantly profited from
a larger statistic or dedicated pairs of detectors with almost similar properties
(cf. Sec. 6.1). Unfortunately, such detector combinations were in principle present
in the data taking campaign but could not be included in this work for various
reasons (cf. Tab. 2.2).
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The following list contains further steps on the way to understanding the LEE and
eventually pinning down its origin. Some of them are already taken as this work is
finalized and their possible influence on the results presented here will be briefly
examined. Others are merely ideas on what information might be beneficial to
gather when moving forward. However, any follow-up on this work should certainly
re-evaluate this list as some of the points might become redundant eventually.

Next Steps in Investigating the LEE

e Results from New Detector Types — With the next data taking campaign (Run37)
CRESST expects results from new types of detectors. Data obtained with a
very low-stress holding scheme will test the hypothesis that stress applied
by the holding of the detector crystal contributes to the LEE without being
the only main origin. In addition, it will be interesting to see in which energy
region the expected reduction of the LEE appears.

Second, measurements taken with the Double TES Modules which feature
two TES per detector crystal, should provide information on how much of
the LEE arises from the detector crystal compared to what comes from the
TES itself. Also here, one could in principle imagine that the suspected two
components of the LEE cover different parts of the energy spectrum.
Finally, both, the verification of a LEE component due to holding stress or
the splitting of the LEE in a TES and a bulk component might require a re-
evaluation of the results regarding the spectral shape and time-dependence
as presented in this work.

 Calibration at Very Low Energies — The observed uncertainty in the calibration
at very low energies (cf. Sec. 5.3.3.2) not only propagates into the systematic
uncertainties of the LEE description but also into the ones for the dark matter
search results themselves. The example of the new calibration method for
the Sapp2-1 detector (cf. Sec. 3.2.5.3) has shown that an understanding of
existing features in the energy spectra can at least sometimes also help the
calibration. This encourages further investigation of especially the peaks in
the Sapp2-0 detector (cf. Sec. 5.3.1.2).

o LEE Below 40 eV — This work has briefly shown that the LEE below 40 eV
seems to behave differently than above this limit and exhibits some inter-
esting features. Unfortunately, the sample size of only two detectors and
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the partially inconsistent behavior between the data periods made a more
detailed investigation difficult (cf. Sec. 5.5). However, especially since there
are LEE origin theories around that make predictions for this very low energy
region (cf. Sec. 6.2), it might be worthwhile to further investigate this as soon
as more data is available.

 Increase Number of Detectors — As aforementioned, the lack of statistics when
comparing the LEE properties with detector characteristics does in principle
prevent robust statements on this topic. Naturally, the number of available
detectors does increase with future data taking campaigns, as more and more
detectors are likely to reach the low thresholds required for a meaningful LEE
investigation. However, disciplined and effective documentation (cf. Sec. 3.1)
of these future results will be crucial for making them usable not only for
the LEE but for any secondary analysis.
Furthermore, in the prospect of upcoming new results it should not be
forgotten that there is some potential to gain information on the LEE by
analyzing data from past data taking campaigns. Viable candidates in this
regard could for example be the Sappl-1 detector from Run36, the bck data
of those detectors from Run36 that were not used in this work due to a lack
of data from the warm-up periods (see Tab. 2.2), the detectors named F-0
and J-0 in Run35, which are in fact the Sapp1-0 and Sapp2-0 detector in
Run36 (see[70]) or detector A-O from Run34 (see [88, 96]).

e Comparison With LEE Origin Theories — With an increasing understanding
of the LEE's behavior, comparisons with theory also become increasingly
interesting. As a consequence, dedicated publications discussing possible
origins of the phenomenon are coming up, with relaxation processes and
burst-like behavior of the respective signals being recurring themes. Since
the LEE is widely considered to be the result of several parallel processes,
keeping track of these theories concerning their predicted energy scales and
event rates might become a vital strategy for effective research.






APPENDIX A

Plots of the Data and Fits

In the following, plots showing the energy region of the LEE (cf. Sec. A.1) and its
time behavior (cf. Sec. A.2) are collected for all investigated detectors, including
the respective fits obtained in this work.

A.1 Energy Domain

The following plots show the energy spectra of some selected data periods for
the respective detector together with the corresponding best fit of this detector's
energy domain. The fits shown are the ones presented in Section 5.3.3 that were
performed on the complete data set including all warm-up cycles. Consequently,
the red lines for the different data periods show the same fit, only with different
prefactors to account for the number of events within the respective spectrum.
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Figure A.1: Energy spectra for the bck, awu60K and awu30K data periods of
the Comm2-0 detector including the respective plots of the best overall fit. The
awul30K period has not been investigated for this detector.
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Figure A.2: Energy spectra for the bck, awu60K, awu30K and awu130K data periods
of the TUM93A-0 detector including the respective plots of the best overall fit.
The fit is not plotted for the awu30K period to improve readability. For the same
reason, the x-axis does not start at zero.
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Figure A.3: Energy spectra for the bck, awu60K, awu30K and awu 130K data periods
of the Sapp2-0 detector including the respective plots of the best overall fit. The fit
is not plotted for the awu130K period to improve readability. For the same reason,
the x-axis does not start at zero.
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(a) Presentation with linear scale. (b) Presentation with logarithmic scale.

Figure A.4: Energy spectra for the bck, awu60K and awu130K data periods of the
Sapp2-1 detector including the respective plots of the best overall fit. The awu30K
period was not available for this detector.
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Figure A.5: Energy spectra for the bck, awu60K, awu30K and awu130K data periods
of the Si2-1 detector including the respective plots of the best overall fit. The fit is
not plotted for the awu 130K period to improve readability.

A.2 Time Domain

The following sections contain plots showing the time dependence of the LEE
for all detectors and three different fitting models. The results obtained with the
Simple Model (cf. Sec. 5.4.1) are presented in Section A.2.1, the Complex Model
(cf. Sec. 5.4.3) is shown in Section A.2.2 and the plots of the Power-law Model
(cf.Sec. 5.4.4) can be found in Section A.2.3. In addition, time domain plots for
the energy region below 40 eV can be found in Section A.2.4 for the two available
detectors.

All figures show the data points ! and the 1o statistical uncertainty in light
grey, the complete fit in solid red, the constant component in dash-dotted orange,
the slow decaying LEE component in dotted dark blue and the fast decaying LEE
component in dashed teal.

I Remember that the fit itself is performed on unbinned data. The binning is only used for
presentation purposes.
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A.2.1 Simple Model
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Figure A.6: Time dependence of the LEE observed in the Comm2-0 detector
including the fit results obtained with the Simple Model.
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Figure A.7: Time dependence of the LEE observed in the TUM93A-0 detector
including the fit results obtained with the Simple Model.
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Time Behavior of Sapp2-0, 61 eV to 1.2 keV, Full Efficiency Correction
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Figure A.8: Time dependence of the LEE observed in the Sapp2-0 detector in-
cluding the fit results obtained with the Simple Model. The dash-dotted grey line
shows the contribution of the Gaussian features (cf. Sec. 5.3.1.2) in the investigated

energy region. They have been assumed to be constant in time.
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Figure A.9: Time dependence of the LEE above 40 eV observed in the Sapp2-1

detector including the fit results obtained with the Simple Model.
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Time Behavior of Si2-1, 40 eV to 2.0 keV, Full Efficiency Correction
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Figure A.10: Time dependence of the LEE above 40 eV observed in the Si2-1
detector including the fit results obtained with the Simple Model.

A.2.2 Complex Model
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Figure A.11: Time dependence of the LEE observed in the Comm2-0 detector
including the fit results obtained with the Complex Model.
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Time Behavior of TUM93A-0, 63 eV to 2.0 keV, Full Efficiency Correction
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Figure A.12: Time dependence of the LEE observed in the TUM93A-0 detector
including the fit results obtained with the Complex Model.
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Figure A.13: Time dependence of the LEE observed in the Sapp2-0 detector
including the fit results obtained with the Complex Model. The dash-dotted
grey line shows the contribution of the Gaussian features (cf. Sec. 5.3.1.2) in the
investigated energy region. They have been assumed to be constant in time.
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Time Behavior of Sapp2-1, 40 eV to 0.12 keV, Full Efficiency Correction
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Figure A.14: Time dependence of the LEE above 40 eV observed in the Sapp2-1
detector including the fit results obtained with the Complex Model.
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Figure A.15: Time dependence of the LEE above 40 eV observed in the Si2-1
detector including the fit results obtained with the Complex Model.
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A.2.3 Power-law Model
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Figure A.16: Time dependence of the LEE observed in the Comm2-0 detector
including the fit results obtained with the Power-law Model.

Time Behavior of TUM93A-0, 63 eV to 2.0 keV, Full Efficiency Correction

60
—— Best Fit

Constant
------ Power-Law, v=0.6
TUM93A-0 Data

50 1

N
o

Counts per day
w
o

N
o
!

10 A

0 200 400 600 800 1000 1200
Days since start of bck data taking

Figure A.17: Time dependence of the LEE observed in the TUM93A-0 detector
including the fit results obtained with the Power-law Model.
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Time Behavior of Sapp2-0, 61 eV to 1.2 keV, Full Efficiency Correction
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Figure A.18: Time dependence of the LEE observed in the Sapp2-0 detector
including the fit results obtained with the Power-law Model. The dash-dotted
grey line shows the contribution of the Gaussian features (cf. Sec. 5.3.1.2) in the
investigated energy region. They have been assumed to be constant in time.
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Figure A.19: Time dependence of the LEE above 40 eV observed in the Sapp2-1
detector including the fit results obtained with the Power-law Model.
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Figure A.20: Time dependence of the LEE above 40 eV observed in the Si2-1
detector including the fit results obtained with the Complex Model.
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A.2.4 Below 40eV
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Figure A.21: Time dependence of the LEE observed in the Sapp2-1 detector.
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Figure A.22: Time dependence of the LEE observed in the Si2-1 detector.






APPENDIX B

Table Overview

This appendix summarizes the important tables of the present work to provide a
better overview and a simpler way of comparing the numbers.

B.1 TES Types

Table B.1: Measures of the different CRESST-III TES types. The tungsten film
(W) and the aluminum layer (Al) are given in terms of their area sizes. The given
numbers for tungsten refer only to the area that is not covered by aluminum. The
thermal link (TL) is given by the length of the gold wire. The rest of this work will
stick to the names of the TES types given in the left column.

Name W (mm?) Al(mm?) TL(mm) Comment

PD-L 5.69 30.53 0.15 Large TES for phonon detectors (PD)
PD-M 2.60 15.96 0.60 Medium TES for phonon detectors (PD)
PD-S 1.41 7.60 0.98 Small TES for phonon detectors (PD)
LD 0.072 1.01 1.50 TES for light detectors (LD)
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B.2 Detector Properties

APPENDIX B. TABLE OVERVIEW

Table B.2: Complete list of all detectors mounted for Run36. A detailed expla-

nation of the columns can be found in Sec. 2.3.3. Remember that bulk detectors

have a size of (20x20x 10) mm? and wafer detectors one of (20x20x0.4) mm?. For
a faster overview, the detectors this work will focus on are marked with blue. The

reasons why these have been chosen are given in Sec. 3.3.1.

Name Type Material Func. Ana. Comments

Comm1-0 PD-bulk CawWo, Yes Yes

Comml-1 LD-wafer  SOS Yes Yes
PD-bulk CaWO, Yes  Yes

Comm2-1 LD-wafer  SOS Yes Yes

TUM93A-0 PD-bulk CaWO, Yes Yes 1i-Stick (often unstable)

Produced at TUM

TUM93A-1 LD-wafer  SOS Yes Yes

TUM93B-0 PD-bulk CaWo0, Yes  Yes 1i-Stick (not functional)

Produced at TUM

TUM93B-1 LD-wafer SOS Yes Yes

TUM93C-0 PD-bulk CaWO, Yes Yes Produced at TUM
TUM93C-1 LD-wafer  SOS Yes Yes

Sapp1-0 PD-bulk Al;,03 Yes  Yes

Sappl-1 LD-wafer  SOS Yes  Yes

Sapp2-0 PD-bulk Al;03 Yes  Yes

Sapp2-1 LD-wafer  SOS Yes  Yes

Sapp3-0 PD-bulk Al50g3 No No Very small TES transition
Sapp3-1 LD-wafer  SOS No No Very small TES transition
Li1-0 PD-bulk LiAlO, Yes Yes

Lil-1 LD-wafer  SOS Yes Yes

Li2-0 PD-bulk LiAlO9 Yes Yes

Lil-1 LD-wafer  SOS No No TES has no transition
Si1-0 PD-bulk Si No No Double module, left

Heats carousel
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Sil-1 PD-wafer  Si No No TES has no transition
Si2-0 PD-bulk Si Yes  Yes Double module, right

PD-wafer  Si Yes  Yes

Godel-0 PD-C CaWO, Yes No Difficult to operate

High threshold

Std. pulse shape doesn't fit
Godel-1 PD-R CaWO0y Yes No C has high threshold
Godel-2 LD-B Si Yes No High threshold
Gode2-0 PD-C CaWO4 Yes No R could not be operated
Gode2-1 PD-R CaWOy4 No No No TES trans. overlap w. C
Gode2-2 LD-B Si Yes No R could not be operated
Gode3-0 PD-C CaWO4 Yes No  Difficult to operate

High threshold
Gode3-1 PD-R CaWO4 Yes No C has high threshold
Gode3-2 LD-B Si Yes No High threshold
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Table B.3: List of all detectors that have been (at least roughly) analyzed in Run36.
For a faster overview, the detectors this work will focus on are marked with blue.
The reasons why these have been chosen are given in Sec. 3.3.1. For details on
the given types of TES refer to Tab. B.1. All light detectors are equipped with TES
of type LD which are placed on the silicon side. The column holding provides
details on the holding structure of the TES, while foil indicates if the housing was
equipped with reflective foil. Finally, the last column tells if the crystal surface

APPENDIX B. TABLE OVERVIEW

has been polished.
Name TES Holding Foil Polished
Comm1-0 PD-L.  Clamps - Bronze No Yes
Comml1-1 LD Sticks - Copper No Yes
PD-M  Clamps - Bronze No Yes
Commz2-1 LD Sticks - Copper No Yes
TUM93A-0 PD-M  Sticks - Copper (2) +iStick (1) Yes No
TUM93A-1 LD Sticks - CaWO, Yes Yes
TUM93B-0 PD-M  Sticks - Copper (2) +iStick (1) Yes No
TUM93B-1 LD Sticks - CaWO,4 Yes Yes
TUM93C-0 PD-M  Sticks - Copper Yes No
TUM93C-1 LD Sticks - CaWOy4 Yes Yes
Sapp1-0 PD-M  Sticks - Copper No Yes
Sappl-1 LD Sticks - Copper No Yes
Sapp2-0 PD-M  Sticks - Copper No Yes
Sapp2-1 LD Sticks - Copper No Yes
Lil-0 PD-M  Sticks - Copper Yes No
Lil-1 LD Sticks - Copper Yes Yes
Li2-0 PD-M  Sticks - Copper Yes No
Si2-0 PD-S Sticks - Copper No Yes
LD Sticks - Copper No Yes
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Table B.4: Overview on how detectors have been chosen for this work. The
selected ones are marked with blue. The second column provides the threshold of
the respective detector for the bck data. The column awu indicates the principal
availability of the warm-up data sets (cf. Tab. B.6). For most detectors unusable
for LEE analysis, the data taking has been stopped before the warm-up cycle to
130K, they are marked with Part. Finally, Comments contains the arguments why a
detector was used or discarded. The thresholds are taken from [74] where possible
and from internal documentation otherwise.

Name Thr. (eV) awu Comment

Comm1-0 --- True No reliable calibration for awu data possible.
Comml-1 --- True No light only analysis available.
29 True

Comm2-1 --- True No light only analysis available.

TUM93A-0 54 True

TUM93A-1 13 True Pulse shape changes significantly with energy

so calibration is very difficult.

TUM93B-0 --- Part. Thermal link is probably broken.

TUM93B-1 --- Part. No light only analysis available.

TUM93C-0 74 Part. High threshold, bad performance.

TUM93C-1 --- Part. No light only analysis available.

Sapp1-0 157 Part. High threshold, unresolved artifacts in analysis.
Sappl-1 5 Part. No light only analysis available.

Sapp2-0 52 True

Sapp2-1 7 True Con: Warm-ups only partially analyzed.

Pro: Information on low-energy range of LEE.

Li1-0 84 Part. Bad performance in warm-up data.

Lil-1 13 Part. No light only ana. available for warm-up data.
Li2-0 94 Part. LEE can not be distinguished from foil induced

background due to the missing light detector.

Si2-0 17 True 5°Fe lines appear doubled for unknown reason.
NVAS 10 True Information on low-energy range of LEE.
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Table B.5: Properties of the detectors used in this work. Property values that are
identical for at least two detectors are color-coded. Note that the shape of the
detector implicitly contains the information about its volume as well as its surface
area, with bulk detectors being (20x20x 10) mm? in size, while the wafer detectors
are smaller with (20 x 20 x 0.4) mm?. The rows material, weight and polished refer
to the detector crystal. The weight is the approximate weight of the crystal only,
without the holding, and polished provides information on whether its surface has
been polished. The row foil refers to the presence of the reflective and scintillating
foil within the module, while holding describes the structure holding the crystal
in place, with B and C being abbreviations for bronze and copper, respectively.
Details on the detector modules and the TES can be found in Sec. 2.3 and Tab. 2.1,
respectively. The row interface contains information on the material on which the
TES is applied. Lastly, the °°Fe calibration source is not explicitly mentioned in
the table, as it is present in all the detectors.

Property Comm2-0 TUM93A-0 Sapp2-0 Sapp2-1 Si2-1

Shape Bulk Bulk Bulk Wafer Wafer

Material |CaWO, CaWoO, Al,O3 Si on Al,O3 Si

Weight  [2455g 24.5¢ 15.92g 0.6¢ 0.35¢

Polished Yes No Yes Yes Yes

Foil No Yes No No No

Holding  Clamps (B) Sticks (C) Sticks (C) Sticks (C) Sticks (C)
+iStick

TES PD Medium PD Medium PD Medium LD LD

Interface | CaWO4 CaWO, Al5,O3 Si Si
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B.3 Warm-up Cycles

Table B.6: Overview of the data taking phases of Run36. The column phase yields
a short description of the phase, more details can be found in Sec. 2.4. Each phase
additionally has a short code which is used to name the data files. Furthermore,
start, end and duration provide the start and end date of the respective phase, as
well as its duration.

It has to be noted that the start and end dates of the warm-ups provide the informa-
tion on how long CRESST did not take data, while the corresponding durations are
very rough estimates of how long the cryostat was warm (based on Fig. 2.8 where
available). However, the two statements usually match. Furthermore, the indicated
temperatures themselves are only approximate values for the peak temperatures
reached during the warm phase (cf. Fig. 2.8).

Phase Short Code Start End Duration (days)
Optimization precal 26.08.20 11.09.20 16
Cobalt Calibration cal 12.09.20 03.11.20 52
Std. data taking bck 04.11.20 07.08.21 276
Neutron Calibration ncal 07.08.21 21.09.21 45
Data after ncal postcal 21.09.21 19.10.21 28
Warm-up 60K 20.10.21 17.12.21 <58
Data after warm-up awu (001-035) 17.12.21 25.02.22 70
Warm-up 0.6K 25.02.22 16.03.22 <19
Data after warm-up awu (037-054) 16.03.22 27.04.22 42
Warm-up 0.2K 27.04.22 03.05.22 ~5
Data after warm-up awu (055-077) 03.05.22 06.06.22 34
Warm-up 4K 06.06.22 17.06.22 ~ 10
Data after warm-up awu (078-105) 18.06.22 10.07.22 22
Warm-up 30K 11.07.22 14.08.22 ~ 34
Data after warm-up awu (112-155) 15.08.22 21.11.22 98
Warm-up 11K 21.11.22  09.12.22 ~ 17
Data after warm-up awullK 10.12.22 19.02.23 71
Warm-up 130K 02.03.23 30.11.23 ~ 273

Data after warm-up awul30K 01.12.23 02.02.24 63
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B.4 Detector Information for LEE Analysis

Table B.7: References to the PhD theses describing the details of the respective
standard analysis of the detectors.

Detector Analyst Thesis Comment

Comm2-0 e Shubham Gupta [105]

« Felix Dominsky F.D. continued the work of S. G.
TUM93A-0 e« Angelina Kinast  [91]  The two results are compatible.

 Lena Meyer [106] This work uses the results from L. M.
Sapp2-0 * Dominik Fuchs [70]

« Felix Dominsky F.D. continued the work of D.F.
Sapp2-1 e Dominik Fuchs [70]

» Lena Meyer L. M. continued the work of D.F.
Si2-1 » Margarita [107]

Kaznacheeva

Table B.8: Overview of the official thresholds (Off., cf. Tab. B.4), analysis thresh-
olds (Ana.), upper energy limits (Upper) and the bin sizes (Bins) for the efficiency
correction used in this work. Whenever possible 2.0 keV was used as the upper
limit of the energy range. The precise number is arbitrary but it should stay well
above the tail of the LEE and well below the iron calibration lines (cf. Sec. 5.1). All
numbers are given in eV.

Detector Off. Ana. Upper Bins Comments

Comm2-0 29 37 2,000 18 Without postcal and awu130K.
TUM93A-0 54 63 2,000 27

Sapp2-0 52 61 1,200 10

Sapp2-1 7 14 120 8 Ana. lower if without awu60K.

Si2-1 10 14 2,000 10 Ana. lower if without awu30K & awullK.
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Table B.9: Overview of the available data sets for the detectors used in this work.
The different data sets and comments are explained in detail for each detector in
Sec. 3.3.4. In general, data sets that are usable and for which a complete efficiency
simulation is available, are not colored. On the other hand, the data sets colored
in grey (None) were not available or usable at all. The periods that are marked with
orange have usable data, but the corresponding simulation does not contain the
reconstructed height of the simulated pulses. These data sets can be used with
some limitations, as will be discussed in Sec. 3.3.4.

Data Set Comm2-0 TUM93A-0  Sapp2-0 Sapp2-1 Si2-1

Training None True None < 0.12keV < 0.29keV
bck Short True <1.2keV < 0.12keV < 0.29keV
postcal Higher Thr. True < 1.2keV None < 0.23keV
awu60K True True <15keV < 0.19keV < 0.29keV
awu600mK True True < 1.5keV None < 0.29keV
awu200mK True True < 1.5keV None < 0.29keV
awu4K True True < 1.5keV None < 0.29keV
awu30K True True < 1.5keV None < 0.29keV

Dip at 0.21 keV

awullK True True <15keV < 0.12keV < 0.29keV
awul30K Higher Thr. True <1.5keV < 0.50keV < 0.29keV
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B.5 Fit Results

B.5.1 Energy Domain

Table B.10: Comparison of the fit results for the energy spectra, determined via
the mode. For each detector, the fit results for the exponential (2 exp(—e/¢)) and
the power-law (2( ¢’(—¢)) shape parameter (£ and ¢, respectively) are listed together
with the corresponding AIC value A. Furthermore, the last column provides the
AIC difference (Ape = A, — Ae). Note, that in the model functions e is the energy
variable in units of keV, while in the indices of the AIC and AIC difference, it is
short for exponential.

Exponential Power-law
Detector ¢ (e inkeV) Ae e(einkeV) Ay Ape
Comm2-0  0.030 350 -16380.3 2.79 199 -16585.5 -205.2
TUM93A-0 0.041 005  -2915.4 2.75 1033 -3003.8 -88.3
Sapp2-0 0.020 0001 -38145.4 254 T913 -38246.3 -100.9
Sapp2-1 0.030 *O60S  -5008.4 2.14 T3¢ -5004.0 4.5
Si2-1 0.038 *0005  -11904.6 2.65 009 -11995.1 -90.6

Table B.11: Results for the shape parameter ¢ (e in keV) for three different sets
of fits, obtained via the mode. All fits use a single power-law to describe the
spectrum of the LEE. The bck Only results are identical to what has been shown in
Tab. B.10. The third column With Warm-ups extends the fits to all available data
periods by using the best found model for the time domain. The Constant Efficiency
fits in the fourth column use the same data as the fits in the third but apply an
efficiency correction that is constant in energy. This last result is not provided for
Sapp2-0, as the efficiency treatment of this detector is always constant in energy
(cf. Sec. 3.3.4.3), so the fourth column would be identical to the third in this case.

Detector bck Only With Warm-ups  Constant Efficiency
Comm2-0 2.79 N 283 1008 270 1908
TUM93A-0 2.75 T3 291 T8 2.65 01
Sapp2-0 2.54 O3 244 162

Sapp2-1 2.14 ) 213 t07 210 T8

Si2-1 2.65 1000 280 o8 280 o8
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Table B.12: Results for the shape parameter ¢ (e in keV) for the three different
sets of fits presented in Tab. B.11, but obtained via the median.

Detector bck Only With Warm-ups  Constant Efficiency
Comm2-0 278 T8 283 OO 270 T8
TUM93A-0 277 03 291 014 267 O3
Sapp2-0 254  TO3 243 1008
Sapp2-1 2.16 T30 215 018 211 18

i +0.09 +0.08 +0.08
Si2-1 2.65 009 280  TOO8 2.80 )8

Table B.13: Results for the fitted parameters of the Gaussian features in the Sapp2-
0 detector. The first column shows the reference values from [70] (cf. Sec. 5.3.1.2),
while the values in the columns named bck Only and Complete are obtained by the
same fits as the results for ¢ in Tab. 5.8, where they are labeled bck Only and With
Warm-ups respectively. The values for bck Only also have been discussed before in
Sec. 5.3.2. The results in the columns 60 K Only and 30 K Only are obtained with
fits of the data taken after the corresponding cryostat warm-up. The values for
the less prominent feature and the fit of the 130 K warm-up data are not shown,
because they did not converge well. All parameters are provided in eV.

Param.  Reference bck Only 60K Only 30K Only Complete

g1 (€V) 187 T 186 3 186 9, 201 7 193 2
o1 (eV) 201 8 25 *1 33 *U 21 8 26 13
g2 (€V) 392 T2 389 13 400 *9

o2 (eV) 201 T4 18 10 18 T
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B.5.2 Uncertainty Estimates

Table B.14: Test results to estimate the calibration-related systematic uncertainty
of the spectral shape parameter ¢ of the power-law model for the energy domain
of the LEE. Shown are from left to right the true value of ¢ used for the test, the
assumed shift in the energy scale, the threshold, which in this case is identical to
the lower limit of the fitted energy region, the corresponding upper limit of the
fitted region and finally the fitted result for « and the therefrom derived uncertainty
of ¢, which is simply the difference between the true and the fitted value. The
various input values for the test iterations are colored to enhance readability. The
units of all values are either given in keV or, in the case of the ¢, refer to an energy
scale with units of keV. More details on the test can be found in Sec. 5.3.3.2.

True Shift  Threshold  Upper Limit  Fitted  Uncertainty
2.22 0.010 0.061 1.2 2.52 +0.30
2.22 0.010 0.061 2.0 2.49 +0.27
2.22 0.010 0.040 1.2 2.48 +0.26
2.22 0.010 0.040 2.0 2.52 +0.30
2.22 0.015 0.040 2.0 2.68 +0.46
2.22 —0.015 0.040 2.0 1.85 —0.37
2.22 —0.010 0.040 2.0 1.95 —0.27
2.22 0.010 0.040 2.0 2.52 +0.30
2.22 0.005 0.040 2.0 2.37 +0.15
2.22 0.001 0.040 2.0 2.25 +0.03
2.44 0.001 0.040 2.0 2.47 +0.03

2.44 0.010 0.040 2.0 2.70 +0.26
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Table B.15: Test results to estimate the resolution-related systematic uncertainty
of the spectral shape parameter ¢ of the power-law model for the energy domain
of the LEE. Shown are from left to right the true value of ¢ used for the test, the
assumed resolution, the threshold, which in this case is identical to the lower limit
of the fitted energy region, the corresponding upper limit of the fitted region and
finally the fitted result for ¢ and the therefrom derived uncertainty of ¢, which is
simply the difference between the true and the fitted value. The various input
values for the test iterations are colored to enhance readability. The units of all
values are either given in keV or, in the case of the ¢, refer to an energy scale with
units of keV. More details on the test can be found in Sec. 5.3.3.3.

True Resolution = Threshold  Upper Limit  Fitted  Uncertainty

2.50 0.005 0.040 2.0 2.58 —0.08
2.70 0.005 0.040 2.0 2.80 —0.10
2.90 0.005 0.040 2.0 3.02 —0.12
2.70 0.001 0.040 2.0 2.72 —0.02
2.70 0.008 0.040 2.0 3.04 —0.34
2.70 0.008 0.060 2.0 2.81 —0.11
2.70 0.008 0.060 1.2 2.80 -0.10

B.5.3 Time Domain

Table B.16: Summary of the AIC values A and numbers of free parameters (in
brackets) for the Simple Model, the Complex Model and the Power-law Model.
Refer to Sec. 5.4.5 for more details.

Detector Simple Model Complex Model Power-law Model
Comm2-0 -23052.6 (11) -23069.0 (17) -23021.1  (10)
TUM93A-0 -7191.1  (12) -7239.4 (19) -7164.3  (11)
Sapp2-0 -141717.7 (18)  -141894.9 (25)  -140755.0 (17)
Sapp2-1 -22812.0 (8) -22865.0 (11) -22686.3 )

Si2-1 -20882.8 (12) -20893.8 (19) -20490.5 (11)
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B.5.3.1 Simple Model

Table B.17: Results of the Simple Model fits when determined via the mode. The
first segment contains the decay times 7 in units of days, while the second one
contains the number of events the fit attributes to the respective term A. Since
this parameter therefore strongly depends on the specific data set used, a direct
comparison between the detectors is not possible. The indices follow the notation
introduced in Tab. 5.1, with G corresponding to the Gaussian features in the spec-
trum of the Sapp2-0 detector. The fitted decay times for the Comm2-0 detector
when including the postcal data period are 75 = 326.1 1,30 dand 7 = 7.1 755 d.

Param. Comm2-0 TUM93A-0  Sapp2-0 Sapp2-1 Si2-1
75 (days) 3151 T3%% 3689 T92% 5290 3% 5100 AT 2356 T2
¢ (days) 83 32 229 39 213 T10 245 T29 29.5 33
+61 +60 +111 +125 +28
Ac 681+ 641 +89 837 il 44 T2 1 28
As bek 3026 i 1141 T3 7133t 1006 TN 2135 *iie
AF 60K 109 130 172 45 1765 11 604 102 421 +3
AR 06K 14 *f 27 13 46 i 12 13
Arp.2K 0 ﬂg 11 ﬂ? 0 fi’ﬁ i—glgs
Af 4k 1 *io 1 T I 5
A 30K 29 2 67 3% 669 5% 61 35
Ap 11K 19 *# 14 7 71 T 1 2 16 T3
AF,130K 339t 4360 Ti37 1060 72 515 T
A1 2282 193
Ag 172 5
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Table B.18: Results of the Simple Model fits when determined via the median.
For details see Tab. B.17. The fitted decay times for the Comm2-0 detector when
including the postcal data period are 75 = 323.8 7505 dand 7+ = 7.5 752 d.

Param. Comm2-0 TUM93A-0  Sapp2-0 Sapp2-1 Si2-1

s (days) 314.3 1232 3725 890 5306 U85 5083 I 2356 23
77 (days) 88 3% 230 *80 213 *ll o 245 20 o297 H28

Ac 682 To 637t 842 %8 66 ‘et 112 T3
129 119 308 124 112
As bek 3029 i3 1148 T8 7109 oo 991 i 2135 o8
AF 60K 109 *37 172 % 1mes 2 604 TSR 420 *3¢
AF 06K 14 *2 27 126 46 136 15 T
+16 +18 +31 +18
Ar,0.2K 6 g 12 14 Iy 10 T3
+18 +13 +24 +12
Af,4x 12 Ty 6 s 10 T4y 5 Iy
AF 30K 31 2 0 *3% 674 *53 63 T4
+24 +19 +50 +26 +16
Af,11K 21 Tyg 15 T3 (G 16 Ii5 17 I3
AF 130K 344 T3 4367 T1F 1063 TR0 514 T
+177
Ag1 2271 17
Ag 174 31
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B.5.3.2 Complex Model

Table B.19: Results of the fits with the Complex Model when determined via
the mode. The notation and structure follow the ones of Tab.B.17. The fitted
decay times for the Comm2-0 detector when including the postcal data period are

s =272.1"22dand v = 7.5 751 d.

APPENDIX B. TABLE OVERVIEW

Param. Commz2-0 TUM93A-0  Sapp2-0 Sapp2-1 Si2-1
s (days) 230.8 T390 2356 9% 2749 53 2712 200 2089 300
77 (days) 9.0 152 83 tyi 122 TP 113t 157 il
+59 +60 +104 +129 +28
Ac 682 o9 635 TS0 839 108 3 T 110 *28
As pek 2684 135 958 it 5371 TRl 889 B 2119 AT
As 60K 0t 194 0 1951 *20 381 fT7 99 *oa
As0.6K T 35 132 0 0
As0.2K 46 T8 e 0 0
Asac T2 R 0
As 30K T Uy
As11K 41 *55 0t 2 1 0o P 0
As 130K 174 8B 1ms 2 497 98 985 tI3
Ar 60K 142 3 116 28 1257 126 348 *B2 340 186
Ag0.6K 23 2% 5° 0o I 8 7
Af0.2K o ! e 0 1
Ap 4k 0 0 0o *® 0o 3
AF 30K 18 *22 18 "5 433 70 37 T3
Ap,11k 0 X (S 14 0 * o
Ag 130K 175 99 2725 139 571 18 225 188
+172
Ag,1 2254 *t12
A 173 T8
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Table B.20: Results of the fits with the Complex Model when determined via the
Median. For details see Tab. B.19. The fitted decay times for the Comm2-0 detector
when including the postcal data period are 75 = 272.8 7352 and 77 = 7.6 T3,

Param. Comm2-0 TUM93A-0  Sapp2-0 Sapp2-1 Si2-1
TS 231.8 1205 2369 T80 9778 30 2678 TOT 92293 207
F 9.4 134 8.8 Tt 123 13 17 28 158 23
+61 +65 +107 +108 +28
Ac 680 TS 630 TS5 837 *1o7 44 *19 11+
As bk 2687 150 966 Toi? 5390 1333 890 t85 2126 T3
As,60K 19 *70 179 990 1951 f22 371 A3 g9 T2
As 06K 8o 1% 39 T4 13 22 3
Ag oK 63 1108 15 T 16 T8¢ +25
Asax 8 193 19 % 44 AF
As 30K 28 118 68 2 425 I 14 3
As 11K 41 13 4 *P 31 o 7 T2 8 Ti®
As 130K 171 tgEooaT22 R 492 I 281 fP
Apgox 144 33 118 T 1260 1% 355 T 339 0
Ap 6K 24 139 T8 7 126 12 f2
Af0.2K e 2 4 1 s
Af 4K il 2 5 1 +3
AF 30K 20 22 20 1% 435 +I2 37 120
Ap11k 6 5 4 1 21 13 3 1 3 1
Ap 130K 174 H55 0 2m32 1330 578 TR0 220 T
A1 2254 173
A 173 8



212 APPENDIX B. TABLE OVERVIEW

B.5.3.3 Power-law Model

Table B.21: Results of the fits with the Power-law Model when determined via the
mode. The notation and structure follow the ones of Tab. B.17. The fitted decay
parameter for the Comm2-0 detector when including the postcal data period is
v = 1.19 7005, Remember that v was determined with the time information being

provided in units of days, but has no unit itself.

Param. Comm2-0 TUM93A-0 Sapp2-0 Sapp2-1 Si2-1

+0.07 +0.04 +0.02 +0.03 +0.03
vp 122 997 060 *0%4 o056 992 051 *O08 o071 093

+62 464 +113 +63 +29
Ac 676 *92 618 *81  eg9 TIi3 0 0 10 *+29

Appac 3097 123 1285 S0 7193 282 1050 BT 2435 QL6

Apox 93 TR 200 P assr MY mie U a7 )
Apoex 21 13 0 *3? 0 T2 0o 5
Apo.2K 0o 0 0 0 %5
Apax o 0 o *® 0o *8
Ap3ox o * 32 32 358 188 4 32
Ap11k 3 0 o 0o *it o *I o *o
Ap 130K 275 T3 3964 13T 954 183 372 it
A 2073 T1%9

Ags 143 13
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Table B.22: Results of the fits with the Power-law Model when determined via the
Median. For details see Tab.B.21. The fitted decay parameter for the Comm2-0
detector when including the postcal data period is v = 1.19 1) 07.

Param. Comm2-0 TUM93A-0 Sapp2-0 Sapp2-1 Si2-1

+0.07 +0.04 +0.01 +0.03 +0.03
TP 1.22 Tgor 060 Toos 056 Tggp 051 Tggs 071 T

+61 465 +110 +61 +28
Ac 677 *SL 618 8 93 IO 16 O 112 42

Appac 3101 T2 1277 *0 0 7198 *20 0 q057 TR 2443 00

Apgok 95 T35 204 53 2895 2 715 f85 351 2O
Apo 6K 20 +%g 7 +%9 3 -‘ré? 1 -‘rg
App.2K 1 3 3 T2 3 T2 2 I
Apx 1 3 3 * 4 HIT 2 18
+3 +31 +88 +12
Ap 30k LI 35 1o 357 g3 6 g
Ap11k 10 *2 3 T 3 *i 2 17 1t
Ap 130K 277 39 3963 13 950 *OT 373 8
+164
A1 2080 1%

Ag, 149 *19
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B.5.4 Event Rates

Table B.23: Absolute rates given in units of 10~ counts/(d - keV), refer to
Sec. 6.1.3.1 for details. The enhancement with 10* was used to increase the read-
ability of the small rates. The first row provides the rate of the constant component,
the second the initial rate of the LEE at the start of the bck period. The other rows
provide the re-enhancement rate of the LEE, measured at the restart of the data
taking of the respective cryostat warm-up cycle. The color coding is discussed in
Sec. 6.1.3.2. In short, the red-marked components vanish according to the best
fit while the grey-marked ones include the vanishing case in their uncertainty
interval (cf. Sec. 5.4.3).

Comm2-0 TUM93A-0 Sapp2-0 Sapp2-1 Si2-1
Period Slow Fast Slow Fast Slow Fast Slow Fast Slow Fast
const. 12555 10155 19750 1318 1649
bck 2144 1296 14055 3156 1266
130K 677 4177 12282 90740 5624 30713 543 1472
60K 0 1152 239 1936 4728 43578 2958 18780 65 1972
30K 1 168 152 798 1339 16500 1 293
11K 80 6 0 32 14 472 4 36 0 2
4K 59 22 1 4 5 13 0 1
0.6K 52 273 63 134 1 11 0 43
0.2K 35 3 0 11 0 3 0 6
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Table B.24: Rate ratios of the LEE re-enhancements, calculated based on the non-
rounded versions of the numbers provided in Tab. B.23. The ratios are provided as
the division of the absolute rate of the slow component, divided by the absolute
rate of the fast component (s /2g).

Period Comm2-0 TUM93A-0  Sapp2-0  Sapp2-1 Si2-1
130K 16.21 13.53 18.31 36.91
60 K 0.01 12.37 10.85 15.75 3.30
30K 0.53 19.03 8.11 0.18
11K 1326.27 1.20 2.97 11.70 14.14
4K 269.62 23.97 34.42 10.50
0.6K 18.94 47.13 4.95 0.22

0.2K 1379.06 2.08 9.50 2.35
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