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Time feels differently reckoned after the mine: further deepened,
further folded. My sense of nature feels differently reckoned, too:
further disturbed, further entangled. Somewhere to my east, men are at
work a mile below the moors, half a mile under the sea, cutting tunnels
through the salt-ghost of an ocean to harvest its energy for crops as yet
ungrown. A Time Projection Chamber is waiting for signals from
Cygnus, the Swan, that might tell something of the birth of the universe,
13.8 billion years earlier. A labyrinth of drift is slowly closing up,
lizard-machines and Ford Transits are being sealed into their tombs of
salt— and through it all is passing a particle wind of WIMPs and
neutrinos, to which this world is as mere mist and silk.

Robert Macfarlane, Underland — A Deep Time Journey






Erratum

1st July 2021

A central result of this dissertation is the two-neutrino double-electron capture half-life
TRSIALL of the isotope '**Xe that was determined for captures from the K- and L-shells,
KK-, KL- and LL-capture, using data from the XENONI1T experiment. In this study, a double-
electron capture was detected for the first time with a significance larger than 50. The value
of TIK/I§+KL+LL = (1.13 £ 0.18¢a¢ + 0.054ys) - 10?2 yr was interpreted as the total half-life T2VECEC
of 12*Xe in chapters 4 and 7 as well as in the abstracts. The direct conversion of T} 5 #L to
TIZ/‘;ECEC followed references [1] and [2] where only captures from the K- and L1- shells are
considered. These are the decays that were directly accessible to XENONIT. In a discussion
connected to the doctoral exam and during the preparation of a publication it was found
that captures from the higher M-, N- and O-shells contribute to the decay rate to a small
degree. Due to the high precision of the result, they should be taken into account. With this,
the central value of TIK/I;’“KL’“LL determined in the thesis remains unchanged, but the total
half-life derived from that value by theoretical input is reduced by approximately 6 % to
TZECEC =1.06-10% yr.

Due to the uncertainty associated with the contributions from higher-shell captures,
the total half-life is connected with a larger systematic uncertainty and, after rounding
to the first digit, is given as T2/FCEC = (1.1 £0.254; + 0.15y5) - 10* yr. Equations (1) and (3)
in the English and German abstracts, equation (4.38) and figure 4.13 in section 4.4, and
equation (7.4) in chapter 7 have to be updated with this value. Moreover the relative capture
fractions in section 1.2.4, as well as in table 4.4 and the caption of figure 4.9 in section 4.3
are updated according to the discussion below.

The effect of higher-shell captures is estimated by determining the associated change in
the relative fraction of KK-, KL- and LL-captures fxxikr+LL = fovkk + fovkL + fovir. Consid-
ering only the overlap of the electron wave functions with the nucleus and using the nor-
malised values of the squared radial wave functions of the K- to N5-shells at the nucleus [3],
fKK+KL+LL reduces from 100% to 93.8 % (fZVKK =72.4%, fZVKL = 20.0%, fZVKM =4.3%,
fovikn = 1.0%, fovir = 1.4%, fother = 0.8%). No literature values for the O-shell are avail-
able, but its inclusion is estimated to cause an additional ¢'(0.1) % absolute reduction of
Sfxxixr+rL- It should be noted that considering only wave function overlap is a simplified
approach. For instance, captures from shells with higher orbital angular momenta could be
suppressed as in allowed vs. forbidden single-electron captures [4], so capture rates from
higher shells would be reduced. Taking into account only s-shell electrons with K1-, L1-, M1-
and N1-captures leads to fixxkr+LL = 94.3 %. Accordingly, the updated fxxxr+LL = 93.8%
represents a lower limit.

The changes outlined above do not have an impact on the consistency checks that were
carried out in section 4.5 since these focused on the KK-capture half-lives. Moreover, the
goodness of fit and significance of the 2vECEC signal, discussed in section 4.4, are not
expected to change notably due to the dominance of the KK- and KL-peaks in the fit. A
comprehensive study with a fit of an updated signal model is presently conducted by the

author of this work for a XENON collaboration paper.

[11 M. Doiand T. Kotani, Progress of Theoretical Physics 87, 1207 (1992).

[2]  J. Suhonen, Journal of Physics G40, 075102 (2013).

[3] R.B.Firestone, C. M. Baglin (editor) and S. Y. E Chu (editor), Table of isotopes: 1999
Update, 8th edition, Wiley (1999).

[4] W.Bambynek et al., Review of Modern Physics 49, 77 (1977).
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Abstract

The nature of Dark Matter, the mechanism generating the neutrino masses and the origin of
the matter-antimatter symmetry in the Universe are among the great unanswered questions
of particle physics. The quest for the direct detection of particle Dark Matter has led to the
development of dual-phase xenon time projection chambers with ever increasing target
masses and ever decreasing experimental backgrounds. Among these, XENON1T was the
most sensitive experiment for a multitude of Dark Matter candidate particles to date. It
was also a capable observatory for neutrino physics, especially with regard to neutrinoless
second-order weak decays in xenon. An observation of these hypothetical decays would
indicate that neutrinos are Majorana particles and would give access to the neutrino mass
scale. Moreover, it would demonstrate lepton number violation and help to explain the
matter-antimatter symmetry in the Universe.

The interpretation of neutrinoless double-weak decays in terms of neutrino masses
relies on theoretical nuclear structure calculations. These calculations are informed by
experimental measurements of related Standard Model decays such as the two-neutrino
double-electron capture of '?*Xe. Compared to the widely-measured double-f3~ decays,
indications for double-electron capture only exist in three isotopes — "8Kr, 13°Ba and '**Xe -
and no detection above the 50 discovery threshold has been achieved to date. A measure-
ment of such a decay would provide nuclear theorists with a data point from the proton-rich
side of the nuclide chart.

This work describes the analysis that lead to the first observation of >4Xe double-electron
capture in XENONIT with a significance of 4.4¢. It then presents an improved analysis with
a larger exposure that achieves a significant detection of the decay at 6.80 and measured
the total half-life from KK-, KL- and LL-electron captures at

TEYFOEC = (1,13 + 0,184t  0.055y5) - 10% yr. 1

The isotope 24Xe can undergo two more two-neutrino decay modes, the electron capture
with positron emission and double-positron emission, that have not been measured in
any isotope. The same is true for the neutrinoless counterparts of these decays as well
as for the neutrinoless double-electron capture of 2*Xe. Using simulations and a newly
developed coincidence-based reconstruction algorithm the detection prospects of these
five decay modes in future xenon-based detectors are investigated. The two-neutrino and
neutrinoless electron capture with positron emission emerge as the most promising decays
for future detection.

Due to the more favourable phase-space and the larger natural isotopic abundance of
136Xe compared to 1?*Xe, the neutrinoless double- 3 decay of '36Xe is regarded as the most
promising window to lepton number violation and Majorana neutrinos in xenon-based
detectors. On the grounds of a simulation-based background model that is fitted to data,
the sensitivity of XENONIT to this decay is investigated. The sensitivity for setting a lower
limit on the half-life is found at

TOPP >1.7-10% yr  (90% C.L.). @)

This is the best sensitivity to this process achieved by a xenon-based Dark matter detector
to date.






ix

Zusammenfassung

Die Natur der Dunklen Materie, der physikalische Mechanismus zur Erzeugung der Neu-
trinomassen und der Ursprung der Asymmetrie zwischen Materie und Antimaterie im
Universum gehoren zu den groflen ungeldsten Fragen der Teilchenphysik. Die Suche nach
Dunkler Materie hat zur Entwicklung von Xenon-Zweiphasen-Zeitprojektionskammern mit
stetig wachsenden Detektormassen und dabei abnehmenden experimentellen Untergriin-
den gefiihrt. XENONI1T war in den letzten Jahren das empfindlichste Experiment dieser
Art fiir eine Vielzahl méglicher Kandidaten von Teilchen der Dunklen Materie. Zudem war
es ein sensitives Experiment fiir die Neutrinophysik, speziell im Hinblick auf neutrinolose
schwache Zerfille zweiter Ordnung in Xenon. Eine Beobachtung dieser hypothetischen
Zerfélle wiirde zeigen, dass Neutrinos Majoranateilchen sind, und es wiirde einen Zugang
zur Massenskala der Neutrinos erméglichen. Dariiber hinaus wiirde sie die Verletzung
der Leptonenzahl zeigen, was in Zusammenhang mit der Asymmetrie von Materie und
Antimaterie im Universum steht.

Die Interpretation neutrinoloser schwacher Zerfille zweiter Ordnung im Hinblick auf
Neutrinomassen erfordert theoretische Berechnungen von Kernmatrixelementen. Experi-
mentelle Befunde zu Verwandten Standardmodellzerfillen flie3en in diese Berechnungen
ein. Ein Beispielzerfall ist der Zwei-Neutrino Doppel-Elektroneneinfang von 1?4Xe. Im
Vergleich zu den weitgehend vermessenen Zwei-Neutrino Doppelbetazerfillen existieren
Hinweise fiir den Zwei-Neutrino Doppel-Elektroneneinfang nur bei drei Isotopen: “3K,
130Ba und !2*Xe. Eine Detektion oberhalb der 50 Entdeckungsschwelle ist bislang nicht
vermeldet worden. Die Messung der Halbwertszeit eines solchen Zerfalls wiirde Kerntheo-
retikern einen Datenpunkt von der protonenreichen Seite der Nuklidkarte liefern.

Die vorliegende Arbeit beschreibt eine Analyse, die zur ersten Beobachtung des Zwei-
Neutrino Doppelelektroneneinfangs von 2*Xe im XENON1T Detektor mit einer Signifikanz
von 4.40 gefiihrt hat. Im folgenden wird eine verbesserte Analyse auf einem vergréQerten
Datensatz prasentiert, die eine mit 6.80 signifikante Detektion dieses Zerfalls erméglicht.
Unter Bertiicksichtigung von KK-, KL- und LL-Elektroneneinfingen wird die Halbwertszeit
des Zerfalls angegeben mit

TZYECEC = (1,13 + 0.18¢a¢ % 0.055y5) - 107 yr. 3)

Weitergehend kann '24Xe auch iiber den Zwei-Neutrino Elektroneneinfang mit Positronen-
emission und die Zwei-Neutrino Doppel-Positronenemission zerfallen. Alle drei Standar-
modellzerfille mit zwei Neutrinos haben hypothetische neutrinolose Gegenstiicke. Die
Aussichten fiir die Detektion dieser Zerfille in zukiinftigen Xenondetektoren wird unter
der Nutzung von Simulationen zusammen mit einem neu entwickelten Koinzidenzrekon-
struktionsalgorithmus untersucht. Der Zwei-Neutrino Elektroneneinfang mit Positronene-
mission und sein neutrinoloses Gegenstiick stellen sich hier als die vielversprechendsten
Kandidaten fiir eine zukiinftige Detektion heraus.

Aufgrund des gréBeren Phasenraums und wegen der grof3eren natiirlichen Isotopen-
hiufigkeit von '36Xe im Vergleich zu ?*Xe wird der neutrinolose Doppelbetazerfall von
136Xe als aussichtsreichster Kandidat fiir die Beobachtung von Majorananeutrinos und
Leptonenzahlverletzung in Xenondetektoren angesehen. Mit einem simulationsbasierten
Untergrundmodell, das an die Daten angepasst wird, wird die Sensitivitdt von XENON1T
fiir diesen Zerfall untersucht. Die Sensitivitdt zur Angabe einer unteren Schranke auf die
Halbwertszeit ist

PP >1.7-10% yr  (90% C.L). @

Damit hat XENONI1T die hochste Sensitivitét fiir diesen Prozess, die bisher von einem
xenonbasierten Experiment zur Suche nach Dunkler Materie erreicht wurde.
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Introduction

The rise of the Standard Model of particle physics (SM) is one of the major scientific achieve-
ments of the 20th century [1]. It provides a consistent framework for the description of
fundamental physical interactions and its predictions have overwhelmingly been confirmed
experimentally culminating in the discovery of the Higgs boson in 2012 [2, 3]. However, ex-
perimental and observational evidence have shown that the Standard Model is incomplete,
as it does not provide a candidate particle for Dark Matter. This yet undetected form of
matter amounts to 26.4 % of the energy density of the Universe according to ACDM cosmol-
ogy [4]. Theories beyond the Standard Model such as supersymmetry (SUSY) [5, 6] predict
the existence of massive and stable particles that only undergo minimal interactions with
baryonic matter. The weakly interacting massive particle (WIMP) is just one in a plethora of
candidate particles from several extensions of the SM. Axions which solve the strong CP
problem are another popular class of Dark Matter candidates [7]. Searches for Dark Matter
production at accelerators, their indirect detection through annihilation products and the
direct detection of Dark Matter via the measurement of WIMP scattering on SM matter are
aimed to determine the nature of particle Dark Matter [8].

In the past decade, liquid xenon dual-phase time projection chambers (TPCs) have
emerged as the leading technology in the direct search for WIMP Dark Matter [9]. Owed to
their increasing target masses, successful background avoidance and reduction, and the
progress in analysis techniques, their experimental sensitivity to WIMP-nucleus scattering
has grown steadily [10]. The XENON1T Dark Matter experiment was operated at Laboratori
Nazionali del Gran Sasso in Italy from 2016 to 2018. It achieved the lowest background rate
of any xenon-based Dark Matter experiment and placed the currently most stringent limits
on a multitude of Dark Matter particles and their interactions [11-16]. The next generation
of detectors with LZ and XENONNT is currently in commissioning [17, 18]. The large targets
and low backgrounds also make xenon dual-phase TPCs increasingly suited for other rare
event searches beyond Dark Matter direct detection. The neutrinoless second-order weak
decays of 12*Xe and '36Xe are of particular interest. These isotopes are contained within the
detectors’ xenon targets and allow to investigate physics beyond the SM.

The discovery of neutrino oscillations by the SNO and Super-Kamiokande experiments
proved that neutrinos have a finite mass [19, 20]. Since then the neutrino mixing angles
and differences of the squared neutrino masses have been measured with increasing preci-
sion [4]. Yet, only upper limits on the masses of the neutrino flavour eigenstates exist and the
SM does not provide an explanation for the presence and smallness of these masses [21,22].
Hypothetical neutrinoless second-order weak decays provide an experimental test if neutri-
nos are Majorana particles, i.e. their own antiparticles. This would, in turn, give indications
on the physical mechanism that generates the neutrino masses [23]. Moreover, an observa-
tion of this lepton number violating process could help to explain the asymmetry between
matter and antimatter in the universe by means of leptogenesis [24].

Due to the more favourable phase-space and ~ 10 times larger natural isotopic abundance
compared to '?*Xe, searches for neutrinoless double-weak decays in xenon commonly
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focus on neutrinoless double-~ decays (0v~ ") of 136Xe [23].The current lower limit
on the 0v[3~ 3~ half-life is 1.07 - 1026 yr at 90 % confidence level [25]. Even longer half-
lives are expected for the neutrinoless decays of '**Xe which would energetically allow
three different neutrinoless decay modes: double-electron capture, electron capture with
positron emission and double-positron emission [26,27]. The observation of any of these
decay modes in conjunction with an observation of a neutrinoless double-weak decay in
another isotope could allow to reveal the interaction that mediates the double-weak nuclear
decay [28].

The interpretation of the results of neutrinoless double-weak decay experiments relies on
theoretically calculated nuclear matrix elements. These theory calculations are informed
by experimental measurements of related decays, such as the two-neutrino double-weak
decays of the same isotopes [29, 30]. Especially on the neutron-rich side of the nuclide
chart, the two-neutrino double-[3~ decays have widely been observed [30]. However, for the
proton-rich side no detection of two-neutrino double-electron capture , electron capture
with positron emission or double-positron emission that exceeds the 50 discovery threshold
has been achieved to date [31]. Therefore, a significant measurement of either process
in 1>4Xe would provide nuclear theorists with a new experimental constraint from the
proton-rich side of the nuclide chart.

This work leverages the world-record low background of XENON1T for a significant detec-
tion of two-neutrino double-electron capture in >Xe. Moreover, it illustrates the physics
potential and detection prospects of the remaining five two-neutrino and neutrinoless
decay modes of 1>*Xe in future detectors. And lastly, it uses XENONIT as an example of how
xenon-based Dark Matter detectors become competitive in searches of 36Xe neutrinoless
double-f decay.

The first chapter contextualises neutrino physics and Dark Matter direct detection. The-
oretical and experimental considerations for direct Dark Matter and double-Weak decay
searches are presented. A discussion of coherent elastic neutrino-nucleus scattering as a
background for direct Dark Matter searches and a probe for physics beyond the SM con-
cludes this chapter. Chapter two introduces the xenon dual-phase TPC as an instrument for
rare event searches. Signal generation and measurement are described and an overview of
the XENON1T experiment is given. The third chapter describes the analysis that lead to the
first observation of two-neutrino double-electron capture in '2#Xe with XENON1T. Chapter
four extends this work using a larger dataset and improved analysis techniques. The detec-
tion prospects for the neutrinoless decays of 12*Xe as well as the yet undetected positronic
two-neutrino decay modes in future xenon detectors are investigated in chapter 5. The
sixth chapter is devoted to a study of XENON1T'’s sensitivity to the neutrinoless double-f3
decay of 13%Xe. The final chapter summarises the analyses and provides an outlook on
future studies and experiments.



Neutrino Physics in the
Context of Dark Matter
Direct Detection

Dark Matter direct detection experiments are critically dependent on reducing background
sources and maximising target masses. The progress in these two disciplines within recent
years has enabled experiments to reach unprecedented sensitivities for the exclusion of
multiple Dark Matter candidate particles’ parameter space. It has also highlighted the
presence of irreducible neutrino backgrounds and rare signals that arise from long-lived
isotopes undergoing second-order weak decays with or — potentially — without neutrino
emission. This chapter will summarise the evidence for Dark Matter and motivate direct
detection efforts. It will then discuss ultra-rare second-order weak decays that can be
probed in these experiments as a window to new physics. It will conclude with a discussion
of irreducible backgrounds from neutrinos for the next generation of direct Dark Matter
searches and their possible exploitation as a probe for new physics.

1.1 Dark Matter evidence and direct detection

The concept of Dark Matter has been introduced in the early 20th century by astronomers,
among them Kapteyn and Oort [32, 33], as a means of describing the motions of astronomi-
cal objects. Studying nebulae in the Coma cluster via their red shift, Fritz Zwicky observed
that under the assumption of the Virial theorem the velocities of these nebulae could not
be explained taking only the gravitational interactions of visible matter into account [34].
Since this observation in 1933, the body of evidence at all scales for the existence of weakly
interacting, massive and non-baryonic matter has grown steadily and stimulated a broad
effort for its experimental detection [8, 10].

1.1.1 Evidence for Dark Matter

Forty years after the pioneering observations, Vera Rubin found that stars’ orbital velocities
v, within multiple spiral galaxies approach a constant value with increasing distance r to
the respective galactic centre [35]. From the distribution of visible mass and Newtonian
mechanics a v,  1//r dependence would be expected at large r. Since the original ob-
servation this behaviour has been shown to hold up even further from the galactic centre
using the 21 cm hydrogen line [36]. The deviation can be explained by the introduction of a
uniformly distributed dark matter halo with a p « 1/r? density profile [37,38].
Gravitational lensing of light from luminous objects by aggregations of invisible Dark
Matter augments the evidence from rotation curves [39]. The distortion of space-time
caused by the Dark Matter in the foreground results in multiple images (strong lensing) or a
deformation (weak lensing) of the image of an object in the background. The gravitational
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Figure 1.1: Left: Colourisation of Magellan images of the merging cluster 1E0657-558 (bullet
cluster). The white bar indicates 200 kpc at the distance of the cluster. Green
contours indicate the mass distribution of the clusters inferred from weak lens-
ing. The white contours show the position uncertainties of the lensing peaks
and correspond to 68.3 %, 95.5 %, and 99.7 % confidence levels. Cyan crosses
mark the centre of gravity of the heated gas clouds from the right image. Right:
Chandra X-ray image of the hot gas clouds constituting the bulk of baryonic
matter in the image. A clear offset from the centre of mass is visible. Taken
from [39].

potential of the deflecting Dark Matter can then be reconstructed from the degree of image
deformation. The bullet cluster is a prominent example that extends the observational
scales from galaxies to galaxy clusters [39]. The optical observations by the Magellan probe
and X-ray observations by the Chandra satellite are shown together in figure 1.1. The
visible light image allows to infer the mass distribution of two colliding galaxy clusters from
gravitational lensing. The bulk of baryonic matter in both clusters is constituted by the
colliding gas clouds that glow in X-rays. The offset of the centre of mass and these clouds is
clearly visible. Accordingly, the main contribution of the cluster masses must come from
non-luminous matter that can pass through the baryonic matter unperturbed.

The cosmic microwave background (CMB) and large scale structure (LSS) of the Universe
are evidence at the largest observable scales [8, 10]. The CMB represents a snapshot of
the era in cosmic evolution when photons decoupled from the electron-proton plasma
of the early Universe, about 380,000 years after the Big Bang. Its near perfect black body
spectrum with a temperature of 2.725 K has been studied by multiple satellite missions
such as WMAP [40] and Planck [41]. Precision analyses of their data show temperature
anisotropies with a relative intensity of 107°. These are an imprint of density and temper-
ature fluctuations at the time of the CMBs origin and they are driven by the gravitational
potential of inhomogeneously distributed baryonic!' and Dark Matter. The inhomogeneities
themselves are assumed to have originated from quantum fluctuations during the period
of inflation. An exemplary power spectrum of the fluctuations, i.e. the strength of the
fluctuations as a function of their angular scale, is shown in figure 1.2. The dashed black
line shows the most recent fit to the Planck data [41]. The underlying six-parameter ACDM
model describes the measured data well. It assumes that the energy content of the Universe
is described by the cosmological constant or Dark Energy A, cold Dark Matter (CDM) and

n this section baryonic matter refers to all matter in the Standard Model, baryons as well as leptons.
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Figure 1.2: Temperature power spectrum of the CMB with a varying cold Dark matter density
contribution and all other ACDM parameters kept constant. Values between
Qcpm =0.11 and Q¢cpm = 0.43 are indicated by solid blue lines with increasing
saturation. The best fit of the ACDM model to Planck data [41] is shown as a
dashed black line. Small multipoles correspond to large angular scales and vice
versa. Taken from [10].

baryonic matter with the relative contributions [42]

Qp =0.6911(62),
Qcpm = 0.2589(57),
Qbaryon =0.0486(10). (1.1)

As can be seen in figure 1.2 the amount of Dark Matter in the model modifies the peaks’
positions and relative amplitudes [10]. The formation of large scale structure (= 10 kpc) in
the further evolution of the Universe is commonly studied employing N-body simulations
of baryonic matter and Dark Matter [43]. These simulation outcomes can then be compared
to astronomical observations, e.g. galaxy surveys [44,45]. Relativistic hot Dark Matter would
disperse LSS, but this does not match the observed clustering scale of galaxies. This further
adds to the CMB postulate of dominantly cold Dark Matter and discourages light neutrinos
as Dark Matter particles [8].

The discussion of selected Dark Matter evidence is concluded with an example from an
earlier stage in the evolution of the Universe in the first minutes after the Big Bang. Changing
the baryon density in the phase of primordial nucleosynthesis modifies the expected relative
abundances of light elements that can still be measured today [46]. Observed abundances
of 2H, 3He, *He and “Li reflect the theoretical expectations for Qparyon values that match
the precision analyses of the CMB [47]. Thus, they further motivate the existence of Dark
Matter and exclude baryonic matter as an explanation. Accordingly, particle Dark Matter is
composed of massive, neutral, non-baryonic and non-relativistic particles exhibiting weak
self-interaction. However, the precise nature of this Dark Matter is yet to be determined
and multiple candidate particles have been proposed.
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Figure 1.3: Mass range of proposed Dark Matter candidate particles. WIMP Dark Matter is
displayed as a solid blue bar for masses above 10 GeV/c? and as a dashed blue bar
for masses below. Taken from [10].

1.1.2 Weakly interacting massive particles and axions as Dark Matter
candidates

Under the assumption that Dark Matter is made up of one or more particles?, these cannot
be part of the Standard Model of particle physics (SM). The proposed candidate particles
span a wide mass range as seen in figure 1.3. At the low mass end of the mass spectrum one
finds heavy right-handed neutrinos, axions and axion-like particles (ALPs) [7, 10]. Axions
were initially proposed to resolve the smallness of CP violation in quantum chromody-
namics (QCD) [8]. They are non-relativistic particles, are constrained by astrophysical
and cosmological observations, and could account for the full Qcpy. Recently, XENON1T
observed an excess of low-energy events that could be explained by interactions of solar
axions or ALPs inside the detector [14]. However, these results are in strong tension with
astrophysical constraints. Alternative explanations include unknown backgrounds or an
enhancement of solar neutrino interaction rate due to a finite neutrino magnetic moment.

Weakly interacting massive particles (WIMPs) arise in various theories beyond the SM
(BSM) where they constitute the lightest particles that cannot decay further due to the
conservation of a new quantum number (5, 6, 8, 10,48]. One example is the neutralino y
in supersymmetric theories that can act as the WIMP [49]. WIMPs are usually assumed
to be in a mass range from a few GeV/c? for asymmetric Dark Matter models [50], over
100 GeV/c? for supersymmetry, and ultimately up to 100 TeV/¢2. The interaction cross-sections
range from 10~*! cm? to 107°! cm? [49]. WIMPs would have been thermally produced
in the early Universe making them cold Dark Matter and leading to the so-called WIMP
miracle: Assuming weak-scale thermal production cross-sections leads to a relic abundance
in concordance with the measured Qcpy almost irrespective of the WIMP mass [10, 51].
Consequently, there is a broad scientific effort for their detection.

1.1.3 Direct Dark Matter searches

Three complementary approaches are employed in the search for Dark Matter: its produc-
tion at colliders, indirect searches for signals from Dark Matter particles annihilating into
SM particles, and direct searches for the scattering of Dark Matter particles off ordinary
matter. The corresponding couplings to ordinary matter are depicted in figure 1.4. Direct
detection relies on measuring the energy depositions of particle Dark Matter with an earth-

2For the sake of brevity we do not discuss massive compact halo objects (MACHOS) and primordial black
holes (PBH) as Dark Matter candidates. Moreover, modifications of the laws of gravity are omitted in the
discussion. All of these items have largely been excluded [10].
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Figure 1.4: Schematic couplings of Dark Matter to ordinary matter and the respective detec-
tion channels. Adapted from [8].

bound target in an ultra-low-background detector. For WIMP searches the scattering with
nuclei is of interest due to the similar masses while lighter Dark Matter particles such as
axions would be detected via interactions with electrons, such as the axioelectric effect [8].
In the following the elastic scattering of WIMPs with target nuclei will be discussed. These
interactions produce nuclear recoils (NRs) in the range of (1 — 100) keV. The measurement
of these events requires their discrimination from backgrounds. The interpretation of an
eventual signal then relies on assumptions about the nuclear response as well as on astro-
physical considerations. The latter include assumptions regarding the local Dark Matter
density at Earth and its velocity distribution in the Milky Way [52].

The expected WIMP scattering rate R off a target nucleus with mass m4 is given by [8, 10,
52]

dv 1.2)

dR poM f”esc do
_— = vf(v)
dEnr ma mx 17 f dEnr

'min

with the nuclear recoil energy Ep;, the WIMP mass m,, the detector target mass M, and
the local Dark Matter density pg. Direct detection results are usually interpreted using
po = 0.3 GeV/c2em?® and assuming no substructure of the halo. Recent measurements indicate
that this value could be increased by 50 % [10], but as long as all experiments follow the
same convention this merely changes the normalisation of experimental results in direct
detection. The integral over the product of WIMP velocity v, the velocity distribution f(v),
and the differential scattering cross-section 4d9_ s calculated from the minimum WIMP

dEnr
velocity that can induce a nuclear recoil

/ Enrma
Umin = 2,u2 ’ (1.3)

where the reduced mass of the WIMP-nucleus system is

map+m
p=——>=x (1.4)

The upper bound is given by the escape velocity vesc = 544 km/s where WIMPs are no
longer gravitationally bound in the galaxy. The actual 90 % confidence range of possible

values is 498 — 608 km/s and the above number is used by convention [53]. The baseline
assumption for the Dark Matter halo [10] is derived from the solution of the Boltzmann
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equation for collisionless particles: an isotropic isothermal sphere with a Maxwellian
velocity distribution

f(@)=N-ex (_3|D’|2) (1.5)
D)=N-exp|-— .

that does not rotate with the galactic disk. Here, N v? is the normalisation constant

and o(r) = \/g v.(r) is the velocity dispersion following the average orbital velocity v.(r)
of objects at a distance r from the galactic centre. For an earthbound experiment [10] one
has v (r = 8 kpc) = 220 km/s from the solar orbital motion. The additional motion of Earth
orbiting the Sun induces an annual modulation of the relative WIMP velocity distribution
with respect to Earth’s reference frame [8, 10]. Accordingly, the scattering rate measured in a
terrestrial experiment would be modulated with a relative strength of ~ 5% and an expected
rate maximum on June 2nd. Moreover, this would induce a directional dependence of
WIMP signals which would apparently come out of the direction of the constellation of
Cygnus [10]. As background sources are neither expected to have a similarly modulated
rate nor a specific direction, these would be telltale signatures of WIMP scattering.

As indicated in figure 1.4 the interaction mechanism between WIMPs and ordinary matter
is unknown. In principle the interaction could be expressed by a scalar, vector or axial-
vector effective Lagrangian [10]. The former two would describe interactions independent
of the nuclear spin (SI) while the latter would describe a spin-dependent (SD) interaction:

do  my
dE, 2v2p2

(0s1F% (Enp) + 05D Fapy (Enr)) - (1.6)

Due to small de Broglie wavelength associated with the few tens of keV momentum transfer

lql = vV2mpEn; (1.7)

WIMPs would scatter coherently with the whole nucleus. The form factors Fgl (Eny) and
FszD (Enr) describe the loss of coherence at larger momentum transfers leading to larger recoil
energies. The expected scattering rate decrease at higher |q| becomes relevant for heavier
nuclei such as '3'Xe shown in figure 1.5 for SI interactions. The Helm parametrisation of
the form factor [52, 54]

31 (%)hc @52

F(lq)) = e wPd (1.8)

|qlRA

is commonly used for the evaluation of the SI cross-section. Here, R4 = 1.23- A3 fm is the
nuclear radius of the respective isotope, s = 0.9 fm is the skin thickness, and J; (x) is the
spherical Bessel function of the first kind. The exact parameters of the function have to be
determined for each nucleus [10]. More recent large-scale nuclear structure calculations
provide alternative nuclear responses that would have implications on the interpretation
of Dark Matter direct detection results in case of a signal [55]. Assuming that the WIMP-
proton coupling f), is the same as the WIMP-neutron coupling f,, one can relate the total
spin-independent WIMP-nucleus cross-section o to the WIMP-nucleon cross section oy,
using

W (fpZ+ (A= 207 1P

=0n—
2 n2
Hn Hy

O51=0n A% (1.9)
where p, is introduced as the reduced mass of the WIMP-nucleon system [10] and p is
defined as in equation (1.6). This quantity can be used to compare results from experi-
ments using different target nuclei. The interplay of A%-dependence and |q| implies that
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Figure 1.5: Nuclear recoil energy (Ey;) spectra for SI scattering of a WIMP with a mass
m, = 100 GeV/c2, The assumed cross-section is og; = 107%7 cm?. At Ep; = 0 the
rate scales with the squared number of target nucleons A%. At larger recoil
energies the loss of coherence leads to a decrease of scattering rate, especially
for heavier nuclei. Taken from [10].

experiments using heavier nuclei profit from the cross-section enhancement and can probe
smaller cross-sections for heavier 50 — 100 GeV/c> WIMPs while lighter WIMPs require a low
energy threshold due to the smaller |q].

Spin-dependent interactions assume that WIMPs are fermions that couple to unpaired
nuclear spins. Accordingly, a detection requires even-odd nuclei in the target. These are
discussed in detail in [10], but will not be further outlined in the scope of this work. The SI
and SD interactions discussed above represent a subset of general effective field theories
and other interaction mechanisms could be present, e.g. a coupling of WIMPs to nuclear
exchange pions [15,56,57]. WIMPs could also scatter off nuclei inelastically, which would
allow to distinguish between a spin-independent and spin-dependent main interaction
mechanism [58].

In summary, the shape and rate of the recoil spectrum are driven by the interaction model
with its associated nuclear structure effects, and the kinematics of the interaction [10]. SI
scattering rates of G (1) events/tonne/year would be expected in the current generation of
experiments factoring in current limits on o, and the local Dark Matter density pg. The
expected recoil energies are Ep; = (1 — 100) keV. Accordingly, a WIMP detector should
feature a large target mass, high A for maximum cross-section enhancement, a low energy
threshold and an ultra-low background. The impact of these requirements is reflected in
current upper limits on o, as a function of m, [4]. These are shown in figure 1.6. For high
WIMP masses large, ultra-low background time projection chambers using xenon targets
such as XENONIT [12], LUX [59] and PandaX-II [60] provide the strongest limits. At low m,
the limit curves are driven up by the energy threshold of these detectors. At high WIMP
masses one expects a linear relation of cross-section and m, due to the decreasing number
of WIMPs with increasing mass, but a fixed local Dark Matter density (cf. equation (1.2)).
Semiconductor detectors, e.g. CDMSLite [61], and bolometers, e.g. CRESST [62], can
probe lower m, due to their lower energy thresholds. However, the difficulty of achieving
large target masses leads to worse upper limits. Recently noble gas experiments such as
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Figure 1.6: Current upper limits on the SI WIMP-nucleon cross-section o, from different
experiments indicated as solid coloured lines. The parameter space where the
coherent scattering of solar, atmospheric and diffuse supernova background
neutrinos represent a sizeable part of the NR background is illustrated as a pale
blue patch. Taken from [4].

DarkSide-50 and XENONI1T have started to probe lower mass WIMPs by decreasing their
energy threshold in data analysis [63,64]. This is achieved by reconstructing events based
on their ionisation signal only at the expense of background rejection capability.

The backgrounds in Dark Matter direct detection experiments can be divided into three
categories: electronic recoil, nuclear recoil and instrumental backgrounds [18, 65, 66]. The
latter category is detector-specific and can hardly be generalised. Among these backgrounds
are wrongly reconstructed events, accidental coincidences of multiple interactions within a
detector, and electronic noise [11].

In an electronic recoil (ER) event a radiogenic y-ray or [3-electron interacts with the elec-
tron shell of a target atom [67]. The source of these quanta are radioactive contaminants
in the vicinity of the detector, in detector materials or within the target itself. External
backgrounds can be mitigated by using appropriate absorbers as radiation shields. In
order to minimize this background from the outset, low-activity detector construction
materials are selected in extensive radioassay campaigns [68, 69]. The ever-increasing
target mass of detectors coupled with a reconstruction of event positions also enables
self-shielding [70]. Here, the outer layers of a detector’s target are used as an active radiation
shield. Backgrounds that are intrinsic to the target have to be reduced and mitigated in
a different fashion. If they are not produced inside the target continuously, they can be
removed by purification before data taking starts. This has been applied for the reduction
of anthropogenic 8°Kr in the XMASS and XENON Dark Matter searches using cryogenic
distillation [71-73]. However, radon is emanated into any target continuously from materi-
als. The 3-decays of its daughter isotopes represent the main background for most direct
detection experiments [65, 66]. Material selection, surface treatments and detector con-
struction in clean rooms with reduced radon-concentration in air are common reduction
strategies [74-76]. Since radon is emanated from material surfaces, an increase in detector
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volume also reduces background by increasing the volume to surface ratio. Purification of
the target is only viable if it can be applied continuously, e.g. by cryogenic distillation [77].

A discrimination of ER from WIMP NR signals can be achieved by exploiting the different
energy deposition mechanisms in the target, namely the generation of scintillation light,
ionisation charges and heat [8,67]. The measurement of these three signal channels and
the resulting measured signal shapes are different in general. The total signals from ER and
NR then feature different relative contributions from those signal channels. This will be
discussed in detail for xenon dual-phase time projection chambers (TPCs) in chapter 2. A
general discussion of different detector types and signal channels can be found in [8] and
[10].

The o-decays of radioactive contaminants can usually be vetoed easily due to the large
energy deposition or distinct pulse shape of their signals in a given detector [11]. Still, a
low o-activity has to be achieved in direct detection experiments since (o, n)-reactions can
produce radiogenic neutrons. These undergo nuclear recoils within a detector and can
mimic WIMP signals [18,66]. Since a WIMP will only interact once in a given detector, a part
of the resulting background can be rejected by identifying multiple interactions of the same
neutron within a detector [11]. The same is true for muon induced neutrons where a muon
interacts with a nucleus in the vicinity of a detector and produces a free neutron that can
scatter inside the detector. In order to reduce the muon flux, experiments are located deep
underground with shielding powers equivalent to several kilometres of water [10]. This also
prevents cosmogenic activation of detector materials that can lead to additional electronic
recoil backgrounds [78]. Auxiliary detectors further aid neutron mitigation. Neutrons
that leave the WIMP detector after a single interaction can be tagged using gadolinium-
or boron-loaded veto detectors surrounding the main WIMP detector [79-81]. Such an
assembly can then be encapsulated in a muon-veto system that detects crossing muons
using scintillation or Cherenkov light [82]. Any events in coincidence with a muon would
be excluded from analysis.

With increasing sensitivity the coherent elastic scattering of solar, atmospheric and super-
nova neutrinos on target nuclei arises as an irreducible NR background. These interactions
exactly mimic the coherent scattering signals of WIMP Dark Matter [83]. While current
experiments are not yet sensitive enough to measure coherent elastic neutrino-nucleus scat-
tering (CEVNS), it could limit the reach of future experiments [83, 84]. CEVNS is discussed
in detail in section 1.3.

1.1.4 The XENON Dark Matter project

The XENON Dark Matter project is aimed at the direct detection of Dark Matter with xenon
dual-phase TPCs that measure a dual light and charge signal. This detector type in general
and the XENONI1T experiment in particular will be discussed in detail in chapter 2. The
XENON experiments have been constructed and are operated at Laboratori Nazionali del
Gran Sasso (LNGS) by an international collaboration of ~ 160 scientists from 29 institutions.

The XENON10 detector was constructed in 2005 and used an active xenon target of 14 kg
that was instrumented with photosensors [85]. It demonstrated stable long-term operation
of a xenon dual-phase TPC, a low energy threshold of < 10 keV for nuclear recoils, novel
energy reconstruction techniques, and it set limits on WIMP-nucleon interactions [86]. The
successor experiment XENON100 increased the total xenon mass tenfold with 161 kg where
62 kg constituted the active target and 99 kg were used as an active veto. Due to the lowered
background and threshold, larger target mass, and longer exposure of ultimately 48 kg-yr,
an upper limit on the WIMP nucleon cross-section of 1.1-107%5 cm? could be set for SI
interactions with m, = 50 Gev/c? at 90 % C.L. An SD WIMP-nucleon cross-section upper limit
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Figure 1.7: The XENONI1T experiment at hall B of LNGS in March 2018. The support build-
ing containing the gas handling and storage, data acquisition, xenon purification
and cryogenic systems can be seen in the foreground. The cylindrical water
tank in the background acted as passive shielding and active water Cherenkov
muon veto. The detector was immersed in the water tank as shown on the poster
covering the tank.

of 2-107%° cm? could be set at the same WIMP mass® and confidence level [87]. It was
operated from January 2010 to January 2014 and superseded by XENONI1T.

XENONIT was the first tonne-scale xenon dual-phase TPC for Dark Matter direct detec-
tion [88]. The technical aspects of the experiment will be presented in detail in section
2.2. A picture of LNGS hall B with the water tank, acting as passive shield and active water
Cherenkov muon veto, containing the detector in the background, and the support building
with the experimental infrastructure in the foreground is shown in figure 1.7. XENONI1T
was operated from November 2016 to February 2018 taking data in three science campaigns,
referred to as science runs 0, 1 and 2 (SRO, SR1, SR2). All experimental data that is analysed
in the scope of this work is taken from SR1 and SR2. Using the data acquired in SR0 and SR1
the XENON collaboration set world-leading upper limits on SI and SD WIMP nucleon cross-
sections over a wide mass range [12, 13]. It also set the first limits on interactions of WIMPs
with nuclear exchange pions [15]. The sensitivity at low WIMP masses could be enhanced
by using ionisation signals for the analysis and discarding the scintillation signal as the
main driver of a higher energy threshold [64]. Moreover, light Dark Matter searches were
conducted searching for interactions enhanced by the Migdal effect or bremsstrahlung [16].
The SI limits are shown in figure 1.8.

All the above searches are centred around interactions of Dark Matter with a xenon
nucleus. As an extension of the NR physics program, XENON1T searched for ER interactions
of axions, axion-like particles and bosonic Dark matter. Owed to an unprecedentedly low
ER background rate of 76 + 2 events/t/yr below 30 keV ER energy, previously unexplored

3The limits here are given for the minimum of the cross-section vs. WIMP mass curve, where the strongest
upper limits on the cross-sections were achieved.
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Figure 1.8: Upper limits on SI Dark Matter-nucleon interactions as a function of Dark Matter
particle mass derived from XENON1T data (coloured) and selected other experi-
ments (grey). The blue limit is from the main analysis using the scintillation and
ionisation signals [12]. The solid red and green lines are from the analysis based
on the ionisation signal only [64]. The red line uses the Migdal effect signal
model, and the green line assumes elastic nuclear scattering [16]. Figure by the
XENON collaboration.

parameter space could be probed. An excess of events at electronic recoil energies below
7 keV was observed [14]. This excess is compatible with all aforementioned signals as well as
with an enhancement of the solar neutrino-electron interaction rate by means of a neutrino
magnetic moment. Most notably solar axions are preferred over the background-only
hypothesis at 3.50 significance. However, the signal could also be attributed to previously
unknown backgrounds such as the (3-decay of tritium inside the xenon target — on its own
with a significance of 3.20. Both, the solar axion and tritium hypothesis best fits, are shown
in figure 1.9. The axion signal consists of three contributions from the ABC, Primakoff and
57Fe solar axion production mechanisms. Even though the solar axion signal model is still
preferred over the tritium background, its significance is reduced to 2.10. All signal models
are in strong tension with experimental stellar constraints. A final verdict on the origin of
this excess will be possible with XENONnT.

XENONRNT is currently under commissioning and will increase the active target mass
to 5.9 tonnes xenon with a target exposure of 20 t-yr* after 5 years of operation [18]. It
expanded and reuses existing XENONI1T infrastructure such as the water-tank, support
building, cryogenic systems, and krypton distillation column. Additional systems including
liquid purification and radon-distillation will allow for a higher chemical and radiopurity.
The resulting seven-fold ER background reduction will enable up to two orders of magnitude
larger sensitivity for STWIMP-nucleon interactions [18]. For o, = 107 cm? a 50 discovery
would be within reach.

All XENON experiments used and still use natural xenon targets. One of the merits of

“41n the following the shorthand t-yr and kg-d will be used for tonne - years and kilogram - days when referring
to exposures.
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Figure 1.9: Low-energy ER data from XENONI1T SR1 with fits of two models. The solid grey
line indicates the best-fit of a nominal background By and tritium (®H). The
solid red line also includes By and 3H, but adds a three-component solar axion
model. The ABC, 3"Fe and Primakoff contributions of the red model are shown
as the dashed blue, red and purple lines, respectively. The dashed orange line for
tritium is scaled to zero in the best-fit of the H+axion model. The solar axion
significance for this model is 2.10. The tritium-only significance without an
axion signal is 3.20 compared to 3.50 for an axion-only model without *H in the
background model. Adapted from figure 7 in [14].

natural xenon is that it contains virtually no radioactive isotopes. The only background-
producing isotopes undergo double-weak decays that feature half lives exceeding the age
of the universe by a factor of 10° [30]. These decays are interesting for SM and BSM physics
themselves and, with increasing detector size and specialised analyses, they become signals
of interest.

1.2 Double weak decays

In a double weak process, such as the Double-{3 decay first theorised by Maria Goeppert-
Mayer in 1935 [29], a double-even nucleus assumes a lower mass state along an isobar
by the simultaneous conversion of two nucleons [30]. This occurs when no energetically
favourable states are reachable by single (3-decay. Such second-order weak processes
exhibit half-lives in excess of 10!7 — 10%° years. It is illustrated in figure 1.10 following the
semi-empirical Bethe-Weizsédcker formula for nuclear masses where double-even nuclei
have lower masses than double-odd nuclei due to the pairing term. Accordingly, either two
neutrons are simultaneously converted into two protons or vice versa. The Q-value of the
decay is given by the mass difference of the initial and final nuclei:

Qpp = (M(A, Z)— M(A, Z +2))-c”. (1.10)

Due to charge conservation two electrons (3~37) or positrons (3*3") are emitted in
the process. It is also possible that one (EC*) or both positron emissions (ECEC) are
substituted with captures of atomic electrons by the nucleus [26, 89]. In the SM weak
interaction lepton number L is conserved and parity is violated, so the electronic decay
mode is accompanied by the emission of two right-handed electron antineutrinos, Ve,
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Figure 1.10: Mass parabolas according to the semi-empirical Bethe-Weizsdcker formula
for nuclear isobars with even A. Due to the pairing term double-even nuclei
have lower masses than double-odd nuclei. Accordingly, a single 3~ -decay
from (a) to (b) is not possible. So is the positronic counterpart from (e) to (d).
Accordingly, only direct double-weak transitions from (a) to (c), or (e) to (c) can
occur. Taken from [30].

while the positronic decay mode is accompanied by the emission of left-handed electron
neutrinos, Ve:

2vBTPR (A, Z)— (A, Z+2)+2e +2V,,

2vpTR™: (A, 2) — (A, Z-2)+2e* +2v,,

2VvECR™: (A Z)+e — (A Z-2)+e’ +2v,,

2vECEC: (A, Z2)+2e — (A Z—-2)+2vVe. (1.11)

However, theories beyond the SM (BSM) predict possible neutrinoless decays that can be
written as in equation (1.11), but without the neutrinos. These would imply that neutrinos
are their own antiparticles [90] and that lepton number is violated with AL =2. An obser-
vation of such a neutrinoless double- 3 decay would give insights into the neutrino mass
scale [91] and could unravel the origin of the matter-antimatter asymmetry in the Universe
by means of leptogenesis [24].

1.2.1 Two-neutrino double-f3 decay
The half-life for a two-neutrino double-f decay® can be expressed as
5% = (Gay| Moy )7 (1.12)

with the phase-space factor (PSF) G2y and the nuclear matrix element (NME) My, [30]. In
this factorisation, the PSF contains the kinematic part of the decay, i.e. the phase-space of
the emitted leptons. The PSF is obtained by integrating over all possible emission energies

5In the following two-neutrino double-{ decay refers to all second-order weak decay modes introduced in
equation (1.11).
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Figure 1.11: Feynman diagram for 2v3~3~. Two left-handed electrons and two right-
handed electron antineutrinos are emitted in the conversion of to neutrons to
protons. On the particle-level two down-quarks are converted into up-quarks
in a charged-current reaction. V — A signifies the vector and axial couplings
involved in the weak interaction. Taken from [30].

and angles of the emitted leptons and can be exactly calculated under consideration of
relativistic wave functions and effects originating from finite nuclear size [92-97]. With four
leptons the PSF has a

Gay x Q! (1.13)

proportinality to the Q-value [98] and is usually given in units of 10717 = 1072° yr~! de-
pending on the decay mode. The shape of the emitted electrons’ spectra and angular
distributions is to first order determined by the PSF while the NME only has a minor impact
and primarily determines the total transition probability [30]. Since there are between two
(2VECEC) and four (2vB*3*) leptons, and a nucleus in the final state, the emitted leptons
exhibit a continuous energy distribution. Since the neutrinos usually leave experiments
without an interaction, only electrons, positrons, their annihilation y-rays, and X-rays as
well as Auger electrons deposit energy inside detectors. The endpoint of the summed energy
spectrum of these quanta is the Q-value of the decay. For the two electrons from 2v3™ 3~
an example summed energy spectrum is illustrated in figure 1.12.

The NME describes the transition probability from the initial to the final nucleus [30]
and is usually given as a number < 7 (cf. figure 1.17 for 0v3~37). With both nuclei
being complex bound many-body systems that can undergo a multitude of transitions,
the calculation is a complex task and many different approaches exist. The transition
between the initial and final even-even nuclei progresses via a virtual odd-odd nucleus.
This is schematically shown in figure 1.13 for 1°®Mo. The initial °®Mo nucleus in its ground
state with the spin and parity configuration J* = 0* transitions to a 0" state of °°Ru via
1" states of a virtual 1°°Tc nucleus. The NME then contains the initial (O;r ), intermediate
(13) and final (0]) state wave functions as well as the operator (7*0) connecting them [30].
Due to isospin conservation only the Gamow-Teller matrix element contributes in the
two-neutrino decay:

V2 — (0;|T+U|1§1)(1§1|T+0|0;) 14
GT_Z Em_(Ml+Mf)/2 M ( . )

m
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Figure 1.12: Example spectra for Mo double beta decay for 2v3~~ (blue), 0VR 3~
(red) and 0v {3~ 3~ B that involves the emission of a light or massless Goldstone
Boson, a majoron B (purple). The latter decay mode is not discussed in this
work. Taken from [30].
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Figure 1.13: Level diagram for the 2v3~3~ decay of °°Mo to '°°Ru via a virtual '°°Tc nu-
cleus. Taken from [30].
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Figure 1.14: Example single electron (a) and summed two-electron (b) kinetic energy spec-
tra for the 2vp3 =3~ of 10010 under the SSD (red) and HSD (blue) hypotheses.
Taken from [30].

The summation then goes over all 1* states of the intermediate nucleus with the energy
En. The relative contributions of the individual intermediate states is a central question for
the theoretical evaluation of nuclear matrix elements [30]. The hypothesis that the lowest-
lying or ground 1" state dominates the decay is denoted as single-state dominance (SSD).
A preference for the higher-lying 17 states is referred to as higher-state dominance (HSD).
Both hypotheses impact decay rate and the shape of the single as well as the summed
two-electron energy spectra as shown in figure 1.14. Measurements of the single electron
spectra of 2v3~ 3~ in #2Se by NEMO-3 show clear evidence for a preference of SSD over
HSD [99]. KamLAND-Zen has also started to investigate the shape of the two-electron
spectra for 136x66 [100].

Common methods for the theoretical evaluation of nuclear matrix elements include the
interacting boson model (IBM), the quasiparticle random phase approximation (QRPA)
and the nuclear shell model (NSM). In the IBM [101] collective states in even-even nuclei
are described by a set of interacting bosons that are formed by proton and neutron pairs
and that are characterised by their angular momentum. IBM calculations are available for
all double-weak decay modes of '?*Xe and '36Xe that are discussed below [96, 102, 103].

In the NSM [30, 104] the NME is evaluated using a set of valence single-particle states.
The interactions between these states is described by an effective Hamiltonian that is based
on free nucleon-nucleon interactions, but modified by effective nuclear interactions. These
adjustments are informed by information from nuclear spectroscopy such as transition
probabilities and energy levels. The NSM is limited by the number of single-particle states
that can be incorporated given computational constraints. The effects from these states
are then replaced by effective operators which introduce uncertainties in the calculations.
Full ab initio NSM calculations are — to date — only available for light nuclei, but effective
NSM NME calculations for heavier xenon nuclei exist and agree with existing experimental
data [105, 106].

In the QRPA [30, 107] complexity is reduced by limiting the amount correlations between

6Since the two-electron spectra exhibit less discrimination power and large liquid xenon-based experiments
cannot resolve the individual electron spectra, the spectral shape effects of the SSD and HSD hypotheses will
only become apparent in the next generation of xenon Dark Matter detectors where the 2v[3~ 3~ spectrum
is not dominated by material backgrounds.
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single-particle states rather than by truncating states. Another difference compared to the
NSM approach is the use of phenomenological repulsive and attractive interactions rather
than free nucleon-nucleon interactions. The experimental results on the two-neutrino
NME:s can be reproduced by tuning of the phenomenological interactions’ parameters [108—
111].

The Gamow-Teller matrix element is approximately proportional to the squared axial
coupling constant gi [23]. Due to shortcomings of the individual calculation approaches,
modifications of the nuclear matrix elements are necessary in order to reconcile half-life
measurements and theoretical predictions. Agreement is commonly achieved by reducing
g% = 1.27% with the quenching factor ¢:

gjyeﬁ =q-g5. (1.15)

Possible origins of this apparent quenching are different among the calculation methods
and can include the incomplete treatment of nuclear medium effects, many-body currents
and inherent shortcomings of the nuclear many-body models [23]. It has recently been
shown for single (3-decay that the apparent quenching arises largely from the coupling
of the weak force to two nucleons and from nuclear correlations [112]. Accordingly, a
reduction of the systematic uncertainty associated with subsuming model imperfections in
a quenching factor could be realised in future calculation approaches.

It was established that there are two main benchmarks for nuclear matrix element calcula-
tions: Decay rate (half-life) and spectral shape of the emitted charged leptons. Experimental
data from several isotopes and decay modes can be used in order to evaluate and refine
the calculations. Even though the two-neutrino NMEs are not directly connected to their
neutrinoless counterparts the evaluation of the underlying calculation methods is essential:
Precise NME calculations are a prerequisite for extracting new physics from an eventual de-
tection of neutrinoless double- 3 decay. Therefore, the measurement of new two-neutrino
decay modes will help to validate calculations and to reduce systematic uncertainties
associated with g4-quenching.

1.2.2 Neutrinoless double-3 decay and neutrino masses

Neutrinoless double- (37 decay requires BSM physics where the two-neutrino emission is
replaced by a different interaction [23]. In general the half-life of this process can be written
as

T = (Gov | Mov|* | Foy 1) (1.16)

with the neutrinoless decay versions of the PSF Gpy Q®, the NME M, and the BSM
decay mechanism term Fy,. Multiple such mechanisms have been suggested and the light
neutrino exchange will be presented here as a popular example. The Feynman diagram of
the 0v[33 process is shown in figure 1.15. The right handed v, emitted at the upper vertex
is absorbed as a left-handed V. at the lower vertex. This is equivalent to the emission of a
left-handed v, that occurs in the two-neutrino decay. Three requirements have to be met in
order to allow this process: lepton number must be violated, neutrinos must be Majorana
fermions, i.e. their own antiparticles, and neutrino masses must be finite in order to allow
the change of neutrino helicity between the two vertices.

Lepton number violation (AL) can be fulfilled since no fundamental SM symmetry re-
quires lepton number conservation. It is a common ingredient in grand unified theories
(GUTs) that often require new neutral fermions, e.g. right-handed neutrinos. Detecting

7In the following, neutrinoless double-(3 decay refers to the neutrinoless analogues of all decay modes that
were introduced in equation (1.11).
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Figure 1.15: Feynman diagram for 0v{3~ 3~ mediated by light neutrino exchange. A right-
handed antineutrino v emitted at the upper vertex is absorbed at the lower
vertex as a left-handed neutrino v;. For Majorana neutrinos one has vy = v;.
Taken from [30].

neutrinoless double-weak processes would offer insights on the strength of the violation
and open a window to the GUT energy scale [23]. The matter-antimatter asymmetry in
the Universe is a further motivation for AL searches. It signifies that a mechanism creating
more matter than antimatter must exist with a possible candidate being leptogenesis [24].

The concept of neutrinos as Majorana fermions [90] and the origin of neutrino masses
are strongly interconnected. Since the observation of atmospheric and solar neutrino
oscillations by Super-Kamiokande [19, 113] and SNO [20, 114], respectively, it is evident
that neutrinos are massive. In the SM Lagrangian fermion mass terms occur as Yukawa
couplings to the Higgs boson [4]

= f—\/gll_/Ll//R+h.C.En’lf (1.17)
with the coupling fv/v2, the left-handed spinor of the antifermion 11, and the right-handed
spinor of the fermion ywg. However, there are no right-handed neutrinos in the SM. More-
over, cosmological and direct measurements of the neutrino masses show that they — and
the respective couplings — are at least six orders of magnitude smaller than for the other
fermions. This motivates a different mechanism generating the neutrino masses. One such
possibility is adding an arbitrary number m of sterile neutrinos v ; that can be right-handed.
Maintaining the gauge symmetry and renormalisability of the SM one can introduce two
operators that lead to so-called Dirac (mp) and Majorana (mpgg) mass terms [4]. The result-
ing 3 + m mass eigenstates can be described by a 3 + m dimensional vector v of neutrino
spinors. The charge (C), parity (P), and left- and right-handed projection operators (P; g)
act on this vector with

vC:C’f’v:f/,

vy =Pv. (1.18)

Assuming that neutrinos are Majorana particles with v¢ = v, the Dirac and Majorana mass
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terms for a simplified 1+1 model with one active and one sterile neutrino can be written as

L =mp@vr+ @R (D) + mrrvr(vr)© +h.c.

N ((VL)C)
= (v, WR)C) - M - +h.c. (1.19)
VR
with the matrix
ﬂ:(o mD). (1.20)
mp MgR

Above 41, = myr = 0 has already been set to zero since vy is in the same weak isospin
doublet as the left-handed projection of the electron spinor e; . This is not an issue for the
right-handed singlet vg. The neutrino masses can be obtained by diagonalising .#:

MRR Mg

_ 2

my, === E\[ (1.21)
For mgg > mp the fraction m5/mg; becomes very small. In this case neutrino masses would
be pushed to low values due to a large mgrg. With mp on the MeV-scale associated with
the SM light fermion masses, the BSM mrg would have to reach the TeV scale in order to
obtain eV neutrino masses. The underlying so-called seesaw mechanism could be realised
in various sub-types that will not be discussed in the scope of this work [4, 115]. In the 3+3
Majorana neutrino case, with 6 masses and 6 corresponding Majorana spinors, .# now
becomes a 6 x 6 matrix. One has

I 03xs Mp) ((vp)©
L=, (VR ( . +h.c,, (1.22)
Mp Mgr VR
where Mp and Mpgpr are 3 x 3 matrices and vy r each have three components. Here, the
three sterile neutrinos’ masses are of the order of the eigenvalues of Mrg. The masses of the
active e, i and T neutrino flavor eigenstates are connected to the neutrino mass eigenstates

by the neutrino mass matrix [23]

My = Mp-Mzh-M]

ny 0 0
=U-{0o m 0 |-UT, (1.23)
0 0 ms

where m; 3 are the real positive neutrino masses and U is the Pontecorvo-Maki-Nakagawa-
Sakata (PMNS) matrix. This matrix contains three mixing angles 613 23 13, one Dirac CP
phase dcp and two Majorana CP phases 7; 2. One can write

1 0 0 C13 0 si3e” idcp
U=10 Co3 S23 |- 0 1 0
0 -53 c23) \—size®® 0 c13

ci2 Si2 O eim 0 0
—S12 ci2 Of-] O ez 0 (1.24)
0 0 1 0 0 1

using the shorthand c¢;; = cos6;; and sj; = sin8j;. The mixing angles and the closely related

squared-mass differences Amizj = ml2 - ml2 of the mass eigenstates have been measured to

great precision by neutrino oscillation experiments probing neutrinos from nuclear reactors
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(613), particle accelerators (823, cp), the sun (8;2), and the atmosphere [4]. Moreover,
evidence for CP violation has been observed by the T2K collaboration [116].
For light neutrino exchange the BSM factor from equation (1.16) becomes

(mgg) _ |Zi(UZm)
Me Me ’

| Foy (mi, Uei)| = (1.25)
Here, a linear combination of the light neutrino masses m; and elements of the PMNS
mixing matrix Ue; leads to the effective neutrino mass (mgg) [102,117]. This coherent sum
can contain phase-cancellations with

(mpp) = I ¢ty ¢y + mast, clye™ + mysize'™|, (1.26)
so it can assume a zero value despite non-zero physical neutrino masses. Accordingly,
neutrinoless double-weak decays are not a direct probe of neutrino masses and (mgg)
differs from the direct kinematic observable

mg = |3 |Ueil?mf <1.1eV/c2, 90% C.L. (1.27)
1

probed by KATRIN [21]. The effective mass also differs from the model-dependent cosmo-
logical observable [23]

Z=m1+m2+m3. (1.28)
with current limits from Planck satellite data also depending on the neutrino mass order-
ing [118]:

0.15eV/c2, 95% C.L. (NO)
< (1.29)

0.17eV/c2, 95% C.L. (10)

The lightest neutrino mass mg, the sum of all neutrino masses X and neutrino mass hierar-
chy are still unknown [4, 23]. In figure 1.16 (mgg) is shown as a function of mp and X for
the normal (NO) and inverted (I0) mass orderings. The bands originate from varying the
neutrino oscillation parameters within the 30 ranges of a global fit to oscillation data. In the
NO case (mpp) is in the meV range and can vanish while in the IO case a minimum value
of approximately 0.013 meV/¢? exists [23, 120]. Even though current global fits of neutrino
oscillation data show a preference for NO over IO with a significance of more than 30 [121],
this does not automatically require small values of (mpp). In turn, searches for neutrinoless
weak decays remain feasible even with NO [122].

As shown in equation (1.16), connecting the experimental observable Tlo/‘é with (mgg)
requires theoretically calculated PSFs and NMEs for the neutrinoless process. Similar to
the two-neutrino decays, the PSFs can in principle be precisely calculated while there is
a multitude of calculation approaches for the NME. In general, the NME for neutrinoless
double-weak decays is given by

2
Moy = MY~ % MY + MY (1.30)
A

with the Gamow-Teller (Mg’f), Fermi (Mg") and tensor (M%V) matrix elements, as well as the
squared vector (g‘z,) and axial (gi) coupling constants [23]. The challenges for the different
calculation approaches are similar to those for the two-neutrino decays, but there is no one
to one correspondence between the matrix elements for two-neutrino and neutrinoless
processes. Due to the variety of calculation approaches, among them IBM, QRPA and NSM
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Figure 1.16: Effective neutrino mass (mgg) versus the kinematic (mg) and cosmological ()
neutrino mass observables for inverted (red) and normal (blue) mass orderings.
The bands originate from varying neutrino oscillation parameters within 3o
intervals of a global fit to oscillation data. Taken from [23].
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Figure 1.17: Nuclear matrix elements for several 0v[3~ 3 -nuclei with different calculation
approaches. Three QRPA methods, the IBM-2 interacting boson model method
and two shell-model (SM) approaches are included. All NMEs are given for
ZAaeft = 84 = 1.27. Taken from [23] with original data from [119].



24 1 Neutrino Physics in the Context of Dark Matter Direct Detection

as illustrated in figure 1.17, an uncertainty of about an order of magnitude exists for the
connection of TIO/V2 and (mgg).

Moreover, it is unknown if the apparent quenching of the axial coupling constant (cf.
equation (1.15)) associated with the Gamow-Teller matrix element is the same among
the two-neutrino and neutrinoless double-weak decays. The momentum transfer in two-
neutrino processes is @ (1) MeV while for neutrinoless processes it is ¢ (100) MeV, where
model deficiencies might boost the relative strength of the Gamow-Teller contribution [23].
The g4A' o dependence of the half-life induces an additional systematic uncertainty when
deriving constraints on (mgg) from lower limits on neutrinoless double-weak decay half-
lives within a given NME calculation framework.

In conclusion the eventual detection of a neutrinoless double-weak decay would give
an insight into how neutrinos acquire their minuscule masses even though a direct de-
termination of the neutrino mass would not be within reach. Although several possible
interactions could mediate neutrinoless double-weak processes, a detection would signify
that neutrinos are Majorana particles because any Feynman diagram that can mediate the
process will inadvertently generate light neutrino Majorana mass terms [123]. Moreover,
an observation of the process would indicate Lepton number violation that could help to
explain the matter-antimatter asymmetry in the Universe and give access to the energy
scale of GUTs.

1.2.3 Experimental considerations and status of neutrinoless double-weak
decay searches

There are 35 known isotopes that can undergo double-weak decays [124] and most exper-
imental efforts have been made in the search for 0v3~ 3~ [23]. The total energy deposit
in neutrinoless decays occurs around Qpp that can be measured with great precision in
Penning traps [27, 125, 126] (cf. equation (1.10)). Accordingly, experiments can define a
narrow search region of interest (ROI) around the Q-value that is determined by the energy
resolution of a detector. The number Ny, of observed decays in the ROI is

Nanove-mt

Nyv =1n(2) (1.31)

with Avogadro’s number N,, the molar mass of the source containing the decaying isotope
My, and the isotopic abundance of the isotope in the source 7¢. In order to compensate for
the long half-life Tf/"z, experiments usually aim for large detection efficiency € and exposure
given by the livetime ¢, i.e. the time an experiment effectively records data, and source
mass m. Moreover, the sources can be enriched in the double-weak decaying isotope
leading to an increase in ¢ [127]. Apart from the choice of a narrow ROI due to the wider
spectra, these and the following experimental considerations also apply to measurements
of two-neutrino decays. The half-life sensitivity of an experiment then depends on the

number of signal and background events in the ROI [23]. A figure of merit is given by

NovE - mt (background-free)
nNove\/ 3xg  (with background)

with the background index B and AE as the width of the ROI. Accordingly, reduction of
background is paramount and the strategies follow the general low-background experiment
considerations also applied in Dark Matter direct detection (cf. section 1.1.3). Notable
backgrounds in the MeV range imposed by Qpp are y-rays from 60Co at 2.506 MeV as well
as from the 232Th and 238U chains in detector materials — most notably from ?'*Bi at various
energies around 2MeV and 208T] at 2.615MeV [23]. These isotopes can also be mixed with

TP o { (1.32)
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Table 1.1: Current status of 0v[3~ 3~ decay searches. Limits on T{)/"Z

MAJORANA refers to the MAJORANA demonstrator [129].

are given at 90 % C.L.

Isotope Experiment TV, [10% yr]  (mgp) [eV/c?]

48Ca ELEGANT-1V [130] >5.8-1073 <3.5-22

%Ge GERDA [131] > 18 <0.079-0.180
MAJORANA [129] >1.9 <0.24-0.52
825e NEMO-3 [132] >3.6-1071 <0.89-2.43
%67y NEMO-3 [133] >9.2-1074 <7.2-19.4
100Mo  NEMO-3 [134] >1.1-107! <0.33-0.62
116cd  Aurora [135] >2.2-1072 <1.0-1.7
1280 Arnaboldi et al. [136] >1.1-1072 -
130Te CUORE [137] >3.2 <0.075-0.350
136xe KamLAND-Zen [25] > 10.7 <0.061—-0.165
EX0-200 [138] >3.5 <0.078-0.239
159Nd  NEMO-3 [139] >2.0-1073 <1.6-5.3

the target itself. In detectors 2*’Rn is continuously emanated into the target and the ?!*Bi
daughter isotope emitting a [3-electron with an endpoint energy of 3.270MeV becomes
relevant. Depending on the energy resolution of a detector a 0v[3 3 signal can be mimicked
by the two electrons from 2v[3 3.

Ideally an isotope with Qg above the energy range of common backgrounds is chosen.
As alarger Q-value also increases available phase-space, the theoretical half-lives are shorter
and easier to probe in general. However, the natural abundance of an isotope might make
it difficult to accumulate enough target isotope in the source without resorting to costly
enrichment or a massive source. One example is *3Ca with Qpp = 4.263MeV, but just
nov = 0.187 % isotopic abundance [128]. In general, experimental searches for double-weak
decays go beyond simple counting experiments within a predefined energy region. Their
sensitivity is increased by leveraging more observables, such as time coincidences and
general event topolgy, pulse-shape discrimination, spatial information, as well as simulated
spectral shapes of signal and background. The specific strategy largely depends on the
detector technology, the target isotope and the decay mode of interest. A detailed discussion
of the search strategies for all '?*Xe decay modes and the 0v{3 3 decay of 136Xe will be given
in chapters 5 and 6 of this work. A general discussion of detector technologies and analysis
strategies can be found in [23].

An overview of the current status of 0v[3~ 3~ decay searches is given in table 1.1. The
strongest current bounds on (mgg) come from the GERDA and KamLAND-Zen collabora-
tions that probe half-lives exceeding 10%® yr of °Ge and '3¢Xe, respectively. The GERDA
collaboration [131, 140, 141] achieves this with “®Ge-enriched high purity germanium semi-
conductor detectors with an energy resolution of between (3.0 +0.1) keV and (3.6 £ 0.1) keV
at full-width half maximum depending on the exact detector type. It uses low-radioactivity
materials, an active Ar-based veto system and pulse-shape discrimination techniques
to reach a background index of ~ 5.2-107* counts/keV/kg/yr [131]. The total exposure
recorded by GERDA is 127.2 kg-yr [131]. This low background, high energy resolution
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and moderate exposure approach is markedly different from the strategy employed by
KamLAND-Zen. It uses xenon-loaded liquid scintillator contained in a nylon balloon
that is suspended in a larger liquid scintillator balloon within an 18 meter diameter non-
scintillating oil buffer [23, 25]. Using 320 kg of xenon enriched in 136%e an exposure of
504 kg - yr was accumulated. This allowed to set competitive limits even with larger back-
ground and alower energy resolution compared to GERDA [25]. Other detector technologies
include bolometers such as CUORE [142], tracking calorimeters that aim to individually
reconstruct both (3-electrons such as NEMO-3 [132], and time projection chambers such
as EXO-200 that use technology similar to the XENON detectors discussed in section 2.1.
The next generation of experiments will further evolve existing technologies, reduce back-
grounds, and scale up exposures in order to probe the effective neutrino mass scale of the
inverted hierarchy [23]. In the process xenon-based detectors will play a central role [143].

1.2.4 Double-3 decay in xenon

Natural xenon contains four isotopes that can undergo second-order weak decays, namely
124¥e and '?6Xe as proton-rich isotopes, as well as '3*Xe and !3¢Xe as neutron-rich iso-
topes [124]. While two-neutrino decays to the ground state of the respective daughter
nuclei have been detected for 136Xe [144] and 2*Xe [31], only limits exist for 1?Xe [145] and
134%e [146] due to their lower Q-values and correspondingly smaller PSFs. The Q-values,
allowed decay modes, abundances and measured half-lives — or limits in absence of a
measurement — of these isotopes are shown in table 1.2. It is evident that no experimental
constraints exist for most of the 124Xe decays. Due to the low Q-value and thus unfavourable
phase-space no second order weak decays haven been observed in 126Xe and !3*Xe to date.

The currently leading experiments with respect to measurements of le /\;ﬁiﬁi

limits on Ty P are EXO-200 [138, 147-149] and KamLAND-Zen [25, 100] which both
use targets enriched in !36Xe. While KamLAND-Zen is continuously increasing its target
mass, EXO-200 has been decommissioned to be superseded by nEXO [127,150]. Due to
their increasing total mass and decreasing background the next generation of Dark Matter
experiments using non-enriched xenon could achieve competitive sensitivities [151, 152].
In this case a 50 tonne natural xenon detector such as DARWIN would achieve a similar

exposure as the 5 tonne enriched xenon detector nEXO.

and lower

Decay modes of ?*Xe

At (2856.73 +0.12) keV [27], the Q-value of 124xe energetically allows three two-neutrino
and neutrinoless decay modes: double-electron capture (0VECEC and 2vECEC), double-
positron emission (0vA*R* and 2vB*3*) and single electron-capture with coincident
positron emission (OVECA* and 2vECR™) [89]. In the following the decay modes are
grouped by the number of emitted positrons. Each emitted positron will lead to the emission
of at least two y-rays and reduce the energy that is initially available for the positrons and
neutrinos by twice the positron mass. Each of the 0v decays will exhibit a mono-energetic
total energy deposition while the 2v decays have continuous spectra due to the neutrinos
leaving the detector without further interaction. Furthermore, only decays to the ground
state of the daughter nucleus are considered for the positronic decay modes. A special
treatment is required for 0VECEC, as only decays which resonantly populate an excited
state of 124Te may be accessible to experiments 2.

8This section has to a large extent been published in [155].
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Table 1.2: Xenon isotopes that can undergo second-order weak decays with their isotopic
abundances, Q-values, decay modes and experimentally determined half-lives.
Lower limits on half-lives are given at 90 % C.L.

Isotope Abundance Q-value Decay Experimental
[%] [153] [keV] mode half-life [yr]

1245 0.095(5) 2856.73(12) [27] 2VECEC (1.8 +0.55ta¢ +0.1sy) - 10%

(2vKK) [31]
0VECEC -
2vECR* -
OVvECR™ -
2vR R -
OVB+B+ _

126xe 0.089(3) 918.3(3.4) [128]  2VECEC >1.9-10%2 [145]
0VECEC -

134¥e  10.436(35)  824.1(0.3) [128] 2vB B~ >8.7-10%0 [146]
0vR B~ >1.1-10%3 [146]

136xe 8.857(72)  2458.7(0.6) [154] 2VvP~P~  (2.18+0.05) 102! [144]
0vR B~ >1.07-10%% [25]

2vECEC

In the 2vECEC two electrons from the atomic shell are captured by the nucleus [26]. Two
protons are converted into neutrons under the emission of two electron-neutrinos:

124x%e +2e =124 Te + 2v, + Xox. (1.33)

In this decay, the measurable signal is constituted by the atomic deexcitation cascade of
X-rays and Auger electrons Xy that occurs when the vacancies of the captured electrons
are refilled. A schematic of the decay is shown in figure 1.18. For the capture of two K-shell
electrons that occurs in 76.5 % of all decays [89]

Ejy = (64.457 £0.012) keV (1.34)

is the energy of the double-electron hole [27]. It is slightly larger than twice the energy of a
single K-electron hole [156]. The double K-electron capture has recently been measured
with the XENONIT Dark Matter detector [31]. At T2XK = (1.8 £ 0.55¢ £ 0.15y5) x 107 yr
the measurement agrees well with recent theoretical predictions [106, 108,110] and is the
longest directly measured half-life to date. As a part of this work the measurement will be
discussed in chapter 3.

Electron captures from higher shells, e.g. the L-shell, are also possible, but less likely
due to the smaller overlap of the electron wave functions with the nucleus. Mixed KL- or
LL-captures can occur with relative frequencies of 22.0% and 1.5 %, respectively9 (89, 145].

Other than for Ey there are currently no calculations for the corresponding double-hole

9These numbers are obtained from the wave function normalisations of the low-lying shells in 1246 from [89].
The Dirac solutions assuming a homogeneous charge-distribution in the nucleus are used and solely
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Figure 1.18: In the 2vECEC process the nucleus captures two atomic shell electrons (black)
and simultaneously converts two protons (red) to neutrons (white). The elec-
trons are most likely captured from the K-shell. Two neutrinos carrying most
of the decay energy (black) are emitted from the nucleus. The atomic shell is
left in an excited state with two holes and a cascade of X-rays (red X) and Auger
electrons (red e) are emitted in its relaxation. Here, the lower shells are refilled
from the higher ones (arrows). Taken from [31].

energies Ey and Ej. They can be approximated by viewing the double-electron capture
as two subsequent single electron captures. The K- and L1-electrons in the intermediate
1241 nucleus are bound more strongly than in the final '>*Te nucleus. This approximation
can be tested on the KK-capture where one would add the K-edge energies of iodine and
tellurium [156]

Ej.1 = 33.16969(89) keV,
Ey 1o = 31.8150(12) keV, (1.35)

yielding
By = Ex 1+ B 1e = 64.99 keV, (1.36)

which is larger than the result from the oversimplified 2 - Ex 1. = 63.63 keV, but would
overestimate Eyy. Since the mean of 2 - Ej 1. and Ey at By = 64.31keVis reasonably close
to the theoretical value of Eyy, Ei and Ej are calculated in the same fashion'?. The relevant
L1-edge energies [156] are

Ej; =5.18838(81) keV,
E 1o = 4.93965(99) keV (1.37)

captures from the L1 shell are taken into account. Captures from the L2 and L3 shell are suppressed by an
order of magnitude when compared to the L1 shell, so they are not taken into account here. Note that the
numbers have been rounded to the first decimal place. In order to not exceed 100 %, the LL-fraction was
scaled down from 1.6 %.

10gince the experimental energy resolutions relevant in this work are @ (1 keV) one can safely disregard the
uncertainties of the X-ray energy reference values.
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Figure 1.19: Decay scheme of '>*Xe. While 0/2vECR*, 0/2v3+ " and 2vECEC most likely
occur to the ground state of '?*Te, 0VECEC resonantly populates an excited
state at (2790.41 + 0.09) keV. There are five different known y-cascades along
three different intermediate states. The energy level and J* are given for each
state and the y-intensities I, ; for the transitions have been normalised, such
that }'; I ; = 100% [157]. Taken from [155].

0 keV

and lead to

Ey =37.297082 keV,
Ej = (10.01 £0.13) keV. (1.38)

The uncertainty for the LL capture is given by the difference of Ej and Ej. The asymmetric
uncertainties on E}j stem from the fact that the sequence of captures can either be KL or
LK, so the mean has to be calculated from the input values Ey, Ey and Ex Te + E}, e The
uncertainties are then given by the largest differences between Ejq and the input values.

Resonant 0VECEC

In contrast to the two-neutrino decay mode, no initial quanta are emitted from the nucleus
in the 0VECEC. For a double-K capture one only has the atomic deexcitation cascade Xoy.
In order to conserve energy and momentum the energy released in the 0VECEC decay has
to be transferred to a matching excited nuclear state of the '?*Te” daughter isotope:

124xe + 27 —124Te* + Xy,

124Te* — 124Te 4+ multipley. (1.39)

The corresponding energy match has to be exact within uncertainties, so the excitation
energy Eexc res Of the state 124T6* has to fulfil the resonance condition

Eexc,res = Q — Epxx
= (2856.73+0.12) keV — (64.457 +£ 0.012) keV
=(2792.27 £ 0.13) keV. (1.40)
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The resonance is approximately realised with a positive parity nuclear state at an energy
Of Eexc = (2790.41 + 0.09) keV and a corresponding deviation of A Eexc res = (1.86 £ 0.15) keV
from the resonance!! [27,157]. The angular momentum of this state is not precisely known,
but 07 to 4" are possible J© configurations. The level scheme relevant to the decay is
shown in figure 1.19. There are five different y-cascades that are either = 0" — 2* — 07
or=0" — 2" — 2% — 0" for two- and three-y transitions, respectively. As a considerable
decay rate is only expected to 0* and 1% states [27], in the following it is assumed that the
resonantly populated state is 0*. The dominant 0" — 2* — 2* — 0* transition occurs in
57.42 % of all decays.

0/2vECB*

The electron capture with coincident positron emission can be written as
12456 + e~ — 4 Te + e (+2ve) + Xy, (1.41)

where the Standard Model decay features the emission of two electron-neutrinos (ve) in
addition to the positron (e™). We assume the most-likely case of an electron capture from
the K-shell. This will produce a cascade of X-rays and Auger electrons (X) with a total
energy of (31.8115 +0.0012) keV [156]. The total available energy for the e* and the two v,
is then given by

Ee(+E2y) = Q- 2mec® — Fy
=(2856.73 +0.12) keV—-1022.00keV —31.81keV
=(1802.92+£0.12) keV, (1.42)

where one has a mono-energetic positron for the neutrinoless decay and a [3-like spectrum
for the two-neutrino decay. Upon thermalisation the e* annihilates with an atomic electron
resulting in two back-to-back 511 keV y-rays'2.

0/2vp* p*
The reaction equation for the 3* 3 -decay to the ground state is

12456 - 124Te 4 26 (+2V,). (1.43)
The energy available for the two e™ and the two v, is given by

Ese(+Eay) = Q- 4mec?
= (2856.73 £0.12) keV — 2043.99keV
=(812.74+£0.12) keV, (1.44)

where one has a continuous spectrum for the energies of the two positrons for the two-
neutrino decay and a peak for the neutrinoless decay. Upon thermalisation the positrons
annihilate to at least four 511 keV y-rays emitted as back-to-back pairs. The angular cor-
relation of the positrons is not discussed in the scope of this work, as their thermalisation
range is smaller than the spatial resolution in existing and planned experiments.

1 The authors of [27] recommend to perform at least one more independent measurement of the 124Xe—124Te
Q-value in order to resolve discrepancies between existing measurements. In addition a determination of
J P ofthe (2790.41 £ 0.09) keV excited state would be helpful in order to further assess the feasibility of this
decay mode.

12The subdominant uncertainties of the electron mass (44 ppb) and the K-shell X-ray energy are neglected in
the above calculations. Moreover, the 2y-annihilation is by far the most likely case for positronium, but
more y-rays are possible.
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1.3 Coherent elastic neutrino-nucleus scattering

CEvNS was investigated in depth as a theory project within the graduate programme of
the research training group GRK 2149 Strong and weak interactions — from hadrons to dark
matter. To this end a collaboration with the nuclear theory colleagues A. Schwenk, M.
Hoferichter and J. Menéndez was initiated in order to investigate the potential of CEVNS
as a signal in Dark Matter direct detection experiments. While no results are presented
in this work, an active collaboration on this project persists. This section describes the
theoretical foundations of CEVNS, illustrates its potential as a probe of interactions beyond
the standard model and introduces it as a background for direct Dark Matter searches.

1.3.1 Theoretical description and formalism

Although it was theorised in 1974 [158], CEVNS has eluded detection until 2017 when
it was observed in Csl by the COHERENT collaboration [159]. While the measurement
of CEVNS cross-sections was initially proposed as a probe of the weak current of the
SM, it also bears potential for the investigation of BSM physics. As in direct Dark Matter
detection (cf. equation (1.6)), the response of the nucleus is crucial for the interpretation
of the cross-section. A general formalism based on the large-scale nuclear shell model
for this response — typically subsumed in the weak form factor Fy, (q%) — for SM and BSM
interactions can be found in [160]. The results build on the nuclear structure factors for Dark
Matter direct detection [55]. As in the case of the Dark Matter nuclear responses, the new
calculations present an alternative to the simplified Helm form factor that was introduced
in equation (1.8) and that is commonly used in the interpretation of experimental CEVNS
results [159,161-163].

In the framework from [160], the CEVNS cross-section is decomposed into Wilson co-
efficients of effective operators, hadronic matrix elements and nuclear structure factors.
In the SM the effective operators describe the Z-boson exchange. In turn, the SM Wilson
coefficients contain the short-range physics at the particle level. For the standard model
the interactions are described by the so-called dimension-6 Lagrangian [160]

p©) Z (C!,/\_/Y“PLVQY”C/ + CQVY“PLVC_IY,LJYS q) , (1.45)
q

where the sum goes over all quarks g, y,, denotes the Dirac matrices, and C(‘i/ and C;;‘ are the
vector and axial-vector Wilson coefficients. Only left-handed neutrinos v are considered
with the left-handed projector Py = (1 —y5)/2. Neutrino indices are suppressed since no
flavour changes are assumed to occur in the interactions. For Z-exchange the SM Wilson
coefficients for g = u, d, s are

Gr 8 .
CX:—E(I—gstQW),
G
C;/:Cyzjg(l——smzew),
G
cﬁ:—cﬁ:—c;“:jg (1.46)

with the Fermi constant Gr and the weak mixing angle 6y [160]. This treatment can
be extended by the introduction of new operators for BSM interactions, for example in
dimension-5 and dimension-7 operators. Moreover, an additional tensor contribution can
be added to the SM dimension-6 operator. The full SM and BSM operator basis for CEVNS
can be found in [160]. Moreover, the SM Wilson coefficients could be modified due to
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. . . . v A
non-standard interactions. A common notation introduces the deviations e/, and el of

. : v A .
the BSM Wilson coefficients C 4,BSM and C 7.BSM from the SM values [163]:

v \%4 |4
Cypsm— Cq = —V2Grele

CA psn — Cit = V2Grels . (1.47)

In this notation, the subscript ee indicates that the non-standard interaction would only
affect ve. However, the modification of the Wilson coefficients can be extended to v, and
v, as well as to flavour changes [163-165].

The hadronic form factors extend the scope to the single-nucleon level. These have to
be calculated for each operator and set of Wilson coefficients. Nuclear structure factors
consider the many-body nuclear matrix element of the single-nucleon currents by con-
volving the nucleon level matrix elements with the nuclear states [160]. The most relevant
contributions to the nuclear responses are given by the structure factors of the charge
operator &, J_{VI (q®), the structure factor 94_‘?", which can be interpreted in terms of spin-orbit
corrections, and the spin-dependent responses from the axial vector operator S. Only the
charge operator nuclear response is fully coherent and the spin-orbit correction receives
some coherent enhancement in heavy nuclei, but vanishes at zero momentum transfer
q2 = 0. The axial-vector contribution is not coherent, but remains finite at q2 =0 [160].
Since the coherent part of the nuclear response contains four different structure factor
contributions, a modification of the weak form factor and weak charge is required if BSM
effects are allowed in the Wilson coefficients [160].

Combining effective operators, hadronic matrix elements and nuclear structure factors
in the SM case yields the weak form factor FW(qz). Then, the differential SM CEVNS cross
section

d(TA

do A do A +
coherent dar

—_— = 1.48
dT dT ( )

SD

consists of the fully coherent contribution and the spin-dependent (SD) axial-vector con-
tribution [160]. With the nuclear recoil energy T, the incoming neutrino energy Ev, the
nuclear mass m 4 and the weak charge Qyy, the coherent contribution can be written as

do GZmy maT T
A _YE (_ A __)Q%V|Fw(q2)|2. (1.49)

dT coherent_ 4n 2E5 Ey

The nuclear recoil energy is connected to the energies of the incoming and outgoing
neutrino energies Ey and Ei, with

T=E,—E =—1 1.50
M vV 2ma ( )
where g is the squared momentum transfer. Natural units with 7 = ¢ = me = g9 = 1 are
employed throughout this section [4]. The momentum transfer q is defined as

q=k'-k=p-p_ (1.51)

Here, k and k/ are the in- and outgoing neutrino four-momenta, and p and p’ are the in- and
outgoing nucleus four-momenta. Accordingly, g is an invariant. The maximum nuclear
recoil energy for a neutrino scattering angle 0 = 7 is

2E?

=— (1.52)

Tmax
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The actual coherent enhancement in the cross-section originates from the presence of the
factor Q%/v which has been separated from Fy (q2) [160,163]. With the nuclear charge Z, the
neutron number N and the weak charges of the proton Q]’fv and neutron Qy, it is commonly
written as

Qw = ZQj, + NQy}}, (1.53)
with

Qf;v =1-4sin? Ow,

QL =-1. (1.54)

The authors of [160] note that Q‘?;V does not fully factorise from Fy, (qz). Moreover, there
are process-dependent radiative corrections on va and Qy,. These are not available for
CEVNS at this point. For now the corrections from parity violating electron scattering,
the scattering of spin-polarised electrons on unpolarised nuclei, are used. This model
interaction is chosen since it also involves left-handed leptons scattering off nuclei and is
mediated by short-range Z-exchange in the SM [4, 160]. With the fine-structure constant a
one has [166]

Q}y — (@}, ~0.00010) (1~ i) =0.0712,
w w 27
a
QI — (QI, —0.00012) (1 - g) = —0.9890. (1.55)

Thus, similar to SI WIMP scattering with its A? dependence, the coherent contribution of
the cross-section is approximately proportional to N2. The axial-vector contribution can
be written as

dO'A
dT

szA maT T
= _r ( 22 —E—V)FA(qZ), (1.56)

SD 4w

where F4(q?) is the axial-vector analog of the weak form factor [160]. With this, the full SM
CEVNS cross-section is

do 4 _ G%: ma

1 mAT T
dT

SM B a1 ( ZE\% B Ey
.\ Gamy ( maT T
Am 2E2 Ey

)Q%Vuﬂw(qznz

)FA(qZ). (1.57)

In the BSM case with modified vector and axial-vector dimension-6 operators, the expres-
sion of the differential cross-section does not change substantially. The weak charge and
weak form factor are replaced by their BSM counterparts Qyy, taking in Gr/v/2, and Fyy (q?).
Moreover, the axial vector form factor Fu (qz) is modified [160]:

dUA mA( maT T) 9 = 2.2
—= =t -5 - — | 4l Ew(@)
dT BSM 27 2E\2, EV QW| Wq |
ma maT T)~ 9
+— -—|F . 1.58
271( 22 alq”) (1.58)

The BSM form factors change the shape and normalisation of the cross-section with respect
to the SM. Additionally the modified Qyy shifts the whole coherent cross-section upwards
or downwards. Accordingly, non-standard interactions can be probed by measuring the
rate as well as the shape of the CEVNS nuclear recoil spectrum. The dipole operator is
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introduced as example for an operator not present in the standard model [160]. It arises
from the dimension-5 Lagrangian

LY = Crva*  PLVF,y (1.59)

with the coupling constant C, the photon field strength tensor F,, and

i
ot =2 (r'r" =" (1.60)

consisting of the Dirac matrices y* and y". After the full treatment with hadronic matrix
elements and contraction with the nuclear structure factors, the cross section

dO'A 4(IC12:

dar dipole T

Z% Fen(@®))? (1.61)

is obtained [160] with the nuclear charge form factor F}, and the nuclear charge Z. Due to
the absence of interference terms with the SM the dipole operator causes a new long-range
interaction [160]. In contrast to the other BSM operators discussed in [160] it is divergent
for T — 0, so the largest contribution to the CEVNS nuclear recoil rate would be expected
at low nuclear recoil energies. Moreover, it is independent of the incoming neutrinos’
energies while the other operators’ cross-sections scale with 1/E2. This could lead to an
experimentally accessible increase in the NR cross-section. The physical interpretation of
such along-range interaction would be a finite neutrino magnetic moment [164]. XENON1T
recently observed an ER rate excess that could be explained by such an interaction [14]. An
NR signal from the same interaction could serve as a cross-check.

The BSM modifications of the CEVNS cross-section and the resulting physics potential in
xenon-based Dark Matter detectors will be further investigated in the ongoing collaboration
with the theory colleagues. The focus is now placed on SM interactions and the role of
CEVNS as a background in direct Dark Matter searches.

1.3.2 SM form factors and cross-sections for xenon

A programme for the calculation of the weak and axial-vector form factors in the SM and
BSM cases has been obtained from the authors of [160]. Figure 1.20 shows the squared SM
weak form factors and axial-vector form factors of the xenon isotopes with natural abun-
dances larger than 1 %. They are given as a function of the absolute value of the momentum
transfer |q|. The axial-vector form factors are only present for the odd-numbered '?%Xe and
131¥e because they have unpaired nucleon spins. Their theoretical uncertainty bands arise
mainly from two-body contributions to the nuclear structure factor [160]. In absolute value
F4(q?) are below Fﬁ, (g%) by down to an order of magnitude at zero momentum transfer.
With increasing momentum transfer both form factors can go to zero, similarly as in nuclear
charge form factors that approximately correspond to Fourier transforms of the charge
distributions in nuclei [98]. The decrease of coherence with increasing momentum transfer
is clearly visible for the weak form factors. While one has F‘%V(q2 =0) = 1, the squared form
factor rapidly decreases for larger |q|. Therefore, the cross-section for an incoming neutrino
with E, = 10 MeV obtains approximately a factor 10 larger coherent enhancement than that
of a neutrino with E, = 50 MeV.

These two example energies are typical neutrino energies in CEVNS experiments. Future
xenon-based Dark Matter detectors will mostly be sensitive to solar neutrinos with energies
up to 16 MeV [83], while reactor-neutrino experiments such as CONUS operate in the few
MeV range [161]. The accelerator-based experiment COHERENT measures neutrinos with
energies in the 10-50 MeV range from proton interactions in a mercury target [159]. Note
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Figure 1.20: Squared weak form factors Fsv (qz) and axial-vector form factors Fyu (q2) for
xenon isotopes with natural abundances larger than 1% as a function of the
momentum transfer |q|. The axial-vector form factors for 129%e and 131Xe have
associated theory uncertainty bands. The maximum momentum transfers
|gnax! fOr incoming neutrino energies Ey = 10 MeV and Ey = 50 MeV in a natu-
ral xenon target are indicated by the dashed and dotted black lines, respectively.

that COHERENT and CONUS do not use xenon targets, but the general trends observed for
the xenon nuclear structure factors and cross-sections also apply to these experiments.

One can now compare the large-scale nuclear structure F%V(qz) to the commonly used
Helm parametrisation F 12{ (q?) in order to assess the impact of this choice on experimental
results. Figure 1.21 shows the relative differences of the updated weak form factors and
their respective Helm parametrisations for xenon. In all cases, the squared Helm form
factor is larger than the form factor from large-scale nuclear structure calculations. Again
comparing the benchmark neutrino energies of 10 and 50 MeV, the difference between the
form factors increases with the momentum transfer. While the relative difference is ~ 2 % for
a 10 MeV neutrino, it is ~ 20 % for a 50 MeV neutrino. Moreover, the difference is larger for
heavier nuclei with the spread between nuclei also increasing at larger momentum transfers.
Accordingly, a xenon-based experiment at an accelerator would see a strong impact on the
results depending on the chosen form factor, while this would be less-relevant for a xenon
experiment measuring solar neutrinos.

Figure 1.22 shows the differential CEVNS cross-sections as a function of the nuclear
recoil energy T for scattering on '3!Xe with E, = 10 MeV and E, = 50 MeV. The maximum
nuclear recoil energies are 1.5 keV and 38.2 keV, respectively. This illustrates the reason why
it took 43 years in order to measure CEvNS: While the CEVNS cross-section is relatively
large compared to other MeV neutrino interactions such as CC-scattering and inverse
[3-decay [159], the nuclear recoil energies require a low energy threshold of a given detector.
The relative contribution of the axial-vector part to the CEvNS cross-section is almost five
orders of magnitude below the coherent contribution. This is owed to the enhancement of
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Figure 1.21: Relative differences of squared large-scale nuclear structure and Helm weak
form factors for xenon isotopes with natural abundances larger than 1 % as
a function of the momentum transfer |q|. The maximum momentum trans-
fers |q,,.¢| for incoming neutrino energies Ey = 10 MeV and E, = 50 MeV in
a natural xenon target are indicated by the dashed and dotted black lines,
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Figure 1.22: Differential CEVNS cross-sections on 131¥e for E, = 10 MeV (solid blue)
and E, = 50 MeV (solid orange) for the weak and axial-vector form factors
from [160]. The differential cross-section using the Helm parametrisation of
the form factor is indicated by the solid grey line for E, = 50 MeV. For this en-
ergy, the individual contributions of the weak and the axial-vector form factors
are illustrated by the dashed red and purple lines, respectively.
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the cross-section with N? in the weak nuclear charge. Therefore, it will not be relevant for
experiments in the foreseeable future and it will not be discussed further. Since the nuclear
recoil energy is proportional to the square of the momentum transfer, the difference in the
cross-sections between the form factors from [160] and the Helm parametrisation starts to
become visible at larger T. At the maximum momentum transfer, the relative difference of
the differential cross-section is ~ 20 % for E, = 50 MeV while it is ~ 2% for E, = 10 MeV.

1.3.3 CEvVNS as a background for Dark Matter direct detection
experiments

Since it produces low-energy nuclear recoils, CEVNS can become a background in direct
Dark Matter search experiments [83]. There are three relevant sources of neutrinos with
energies from & (100) keV up to 1 GeV: solar neutrinos from nuclear fusion processes in
the sun, atmospheric neutrinos from cosmic ray collisions in Earth’s atmosphere and the
diffuse supernova neutrino background (DSNB) [83, 167]. The neutrino flux at Earth as
a function of the neutrino energy is shown in figure 1.23 [167]. The majority of the solar
neutrino flux from the primary p p-reactions and CNO cycle — recently measured for the first
time by Borexino [168] — features E, < 10 MeV. Accordingly Dark Matter direct detection
experiments with an energy threshold of T = @ (1) keV are not sensitive to the bulk of the
solar neutrino flux. The main components that are relevant here are B and hep neutrinos
from the reactions:

8B ~8Be+et +v. (®B),
SHe+p—*He+e" +v, (hep). (1.62)

While the 8B flux was among the first to be measured in real-time [20] and is known
with a relative precision of ~ 10%, no detection of hep neutrinos has been achieved to
date [167,169, 170]. The relative hep flux uncertainty of ~ 30 % originates from the flux
prediction uncertainties of the high-metallicity standard solar model [171]. Models with
high core-metallicity appear to be preferred by recent measurements of the 8B and CNO
fluxes [167,168,170].

Although the 8B component is the most accessible to experiments due to its comparatively
high energy, it features the most complex spectrum. While the other continuous neutrino
spectra follow the shape of an allowed [3-decay spectrum!3, the 8B does not have a sharp cut-
off. This is due to the fact that the ®Be daughter nucleus is 2c-unstable with an extremely
short half-life of 8.19(37) - 10717 s [167]. Recent measurements, where the v, spectrum is
inferred from the measured « and 3* spectra, show a fair agreement with the commonly
used theoretical spectra by Bahcall et al. [173, 174]. This spectral shape is of interest for
Dark Matter experiments since the proximity of the maximum recoil energy Tiax x E2 to
the detector threshold makes these experiments sensitive to the endpoint energy of the
spectrum.

The atmospheric neutrino flux originates from cosmic ray collisions in the atmosphere.
It has been measured by a multitude of experiments, most notably in the discovery of
neutrino oscillations by Super-Kamiokande [19, 83, 167]. In contrast to direct Dark Matter
detection experiments, these experiments featured directional sensitivity. It is the dominant
flux component at E, > 25 MeV and the flux uncertainty below 100 MeV is ~ 20%. The
uncertainties are larger for the yet undetected DSNB at ~ 50% [167]. This background
is expected to be a sizable contribution on the terrestrial neutrino flux between 10 and
25 MeV [167]. It is composed of the neutrino flux from all past supernovae in the Universe.
Accordingly, the flux at Earth is a convolution of the core-collapse supernova rate as a
function of the red-shift with the per-supernova neutrino flux spectra [83].

13These spectra are commonly adjusted with final-state corrections and thermal initial-state distributions [172].
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Figure 1.23: Solar, atmospheric and DSNB neutrino fluxes at Earth as a function of the
neutrino energies regardless of the neutrino flavour. Flux spectra and their
uncertainties were taken from [167]. For atmospheric and DSNB neutrinos,
the fluxes of neutrinos and anti-neutrinos have been summed. The sum of all
flux-components is indicated by the dashed black line.
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Figure 1.24: Recoil rates in xenon as a function of the recoil energy for CEvNS (solid blue)

and for WIMPs of different masses m, (solid black) at different WIMP-nucleon
cross-sections. The solar 8B and hep, as well as the atmospheric and DSNB
components of the neutrino background are indicated by the dashed blue lines.
The NR recoil energy has been converted to ER energy equivalent for the sole
measurement of a scintillation light signal (cf. figure 2.8 and section 2.1.1). A
50 % NR acceptance is assumed. Taken from [10].
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Figure 1.25: WIMP discovery limit due to CEVNS of solar, atmospheric and DSNB neutrinos
inxenon as defined in [83]. Recent experimental limits on the ST WIMP-nucleon
cross-section are indicated by the solid and dashed coloured lines. Taken
from [177].

Figure 1.24 shows the expected NR scattering rates in xenon as a function of the recoil
energy for WIMPs with different masses and cross-sections. These rates are contrasted
with the CEVNS rates from the sources discussed above. The largest exposure of any
xenon-based Dark Matter experiment has been obtained by the XENON1T detector at
1 t-yr. Under the assumption of the a 50 % NR acceptance as in the figure and with a
2 keV scintilliation-only ER energy threshold it would have recorded &' (1) event from 8B
neutrinos. A reduction of the threshold by a factor two would allow the measurement
of tens of events [10]. A recent XENONIT study using a 0.6 t-yr exposure with an NR
energy threshold of 1.6 keV for combined scintillation and ionisation signals found no
significant excess of ®B-like events [175]. However, future experiments such as XENONnT
and DARWIN will have significantly larger exposures [18,84,176] and likely measure CEVNS
of solar ®B neutrinos for the first time. This presents the interesting opportunity of an
independent measurement of these neutrinos via the neutral current that has until now
only been achieved by SNO [169]. Such a measurement is of interest because it measures
the total solar B flux regardless of matter-enhanced and vacuum neutrino oscillations as is
the case for neutrino-electron scattering experiments [170]. A sizeable B rate would also
allow to probe the non-standard neutrino interactions discussed in section 1.3.1.

However, the main concern for now is the presence of CEVNS as a background to Dark
Matter direct detection experiments [83]. From figure 1.24 it is evident that CEVNS from
solar neutrinos would mimic the signal from a m, = 6 GeV/c* WIMP at a STWIMP-nucleon
cross-section of 4-107%° cm?. Due to the higher attainable recoil energies, but lower
fluxes and loss of coherence, CEVNS from atmospheric and DSNB neutrinos would mimic
interactions of higher mass WIMPs at cross sections that are two to four orders of magnitude
below 10~*° cm? [10]. The misidentification of CEVNS as WIMP events limits the discovery

potential of future experiments. The WIMP discovery limit as defined in [83] is shown in
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figure 1.25. As stated above the discovery potential is limited by coherent interactions of
solar neutrinos at WIMP masses below the few GeV/¢? range and by atmospheric as well as
DSNB neutrinos at larger masses. The WIMP sensitivity of DARWIN is projected to cross
the solar neutrino floor and to approach the atmospheric and DSNB limit [84].

It should be noted that the actual WIMP discovery limit is strongly dependent on the
experimental setting with regard to the detector threshold as well as the NR background at
the relevant recoil energies. Several techniques have been suggested in order to alleviate the
otherwise irreducible CEVNS background. These exploit the different directionality of the
WIMP and neutrino signals as well as their distinct temporal event rate modulations [10].
While time-modulation analyses are commonly employed in xenon-based detectors al-
ready [178, 179], new concepts are needed in order to measure directionality in xenon.
Finally, the discovery limit assumes the same nuclear response, the Helm form factor, for SI
WIMP interactions as well as for CEVNS. As shown in [57] different WIMP-nucleus response
functions could be discriminated in future xenon Dark Matter detectors. Consequently, a
difference in coherent WIMP-nucleus and neutrino-nucleus responses could also allow a
discrimination of WIMP signal and CEvNS background. This highlights the further ques-
tions that could be addressed in the theory collaboration that was initiated in the scope of
this work: How is the WIMP discovery potential affected by CEVNS under the assumptions
of different nuclear responses for WIMPs and neutrinos? Could future xenon Dark Matter
experiments probe non-standard neutrino interactions with solar neutrinos? And would it
be possible to cross-check ER evidence of a neutrino magnetic moment with NR interac-
tions via an enhancement of the CEVNS cross-section by the interaction associated with
the dipole operator?



Xenon Dual-Phase Time
Projection Chambers

Xenon dual-phase TPCs are the currently leading technology for Dark Matter direct detec-
tion over a broad energy range and for multiple candidate particles [12-16]. They are also
used successfully in 0v[3™ 3~ and other double-weak decay searches [31,138]. This chapter
will present the signal generation mechanism in liquid xenon and the working principle of
this detector type. It will then discuss practical aspects of signal detection and introduce
the XENONIT experiment.

2.1 The xenon dual-phase TPC for Dark Matter detection

Xenon is a popular target for several types of radiation detectors and offers manifold
merits for Dark Matter direct detection and double-weak decay searches [9]. It features
the highest shielding capability against ionising radiation of all noble liquids owed to its
atomic number Z = 54 and high density of 2.862 g/cm?® at a liquid temperature of —96°C
[180]. This means that self-shielding is highly effective when applying fiducialisation,
i.e. the definition of a low radioactivity inner analysis volume exploiting the position
reconstruction capability of a detector [11,70]. The aforementioned operating temperature
is relatively easy to achieve with cryogenic systems. Furthermore, monolithic liquid xenon
targets can be scaled up more easily when compared to crystalline detectors that are
limited in size by the growth process. Xenon features even and odd isotopes in its natural
composition, so xenon detectors are sensitive to both SI and SD interactions. The molar
mass M, = 131.293(3) g/mol [180] makes them most sensitive to WIMPs in the mass range of
about 10 GeV/¢? to a few hundred GeV/c2.

The xenon absorption coefficients for X-rays and y-rays are shown in figure 2.1 for the
photoelectric effect, Compton-scattering, and pair-production. Between 200 and 300 keV
Compton scattering starts to dominate over photoelectric absorption [181]. It stays the
dominant mechanism up to approximately 6 MeV where it is surpassed by pair-production.
Therefore, common y-rays from 60Co, 214Bj and 2%TI contained in detector construction
materials and with energies between 1.1 and 2.6 MeV predominantly undergo Compton-
scattering in a xenon-filled detector [182-184].

Natural xenon - in the absence of cosmogenic activation underground — does not contain
radioactive isotopes that would constitute a background. Only double-weak decays of 124Xe
and '%%Xe can present a significant background contribution — that can also be viewed as
a physics channel — in tonne-scale targets for Dark Matter detection [151, 152]. Internal
radioactive backgrounds such as the anthropogenic 8°Kr or the continuously emanated
222Rn can be removed by cryogenic distillation [71-73, 77]. Finally, one can achieve an
exceptional chemical purity by constant online purification [185]. This is needed to extract
the maximum amount of signal from a particle interaction within a detector.
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Figure 2.1: Xenon y- and X-ray absorption coefficient (dashed black). Individual contribu-
tions are shown for the photoelectric effect (orange), Compton-scattering (teal),
and pair production in the nuclear and electron electric fields (blue). Values
taken from [181].

2.1.1 Signal generation in xenon

An energy deposition in xenon gas or liquid produces excited as well as ionised xenon
atoms [9]. The direct excitation and recombination of electrons with xenon ions produces
scintillation light kv by the formation of excited Xe; dimers. For the excited Xe* atoms one
has

Xe" +Xe +Xe — Xe, +Xe,
Xe; — 2Xe+ hv. (2.1

For Xe™ ions recombination and the associated deexcitation are also relevant:

Xe" +Xe — Xe;,
Xe; +e” —Xe* +Xe,
Xe** — Xe™ + heat,
Xe* +Xe +Xe — Xe; +Xe,
Xe; — 2Xe + hv. (2.2)

Since it is emitted by dimers, xenon is transparent to its own scintillation light with a
wavelength of 178 nm [9]. The scintillation yield is comparable to that of common Nal(TI)
scintillators, albeit with a faster time response [9]. The excited dimers can be in singlet or
triplet states with a deexcitation time of a few to tens of nanoseconds. The population of
these states can differ with regard to ER and NR interactions, but pulse-shape discrimination
of different interactions is challenging due to the nanosecond time resolution of commonly
used photosensors and digitisers [186].

Still, a discrimination between ER and NR can be achieved by treating scintillation and
ionisation as separate signal channels. For this purpose, recombination has to be partly
suppressed by an electric field that separates the electrons from the ions. In this case, the
numbers of electron-ion pairs and scintillation photos, N; and Ny, become anti-correlated
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Figure 2.2: Light and charge yield as a function of the applied electric drift field for 661.2 keV
v-rays from 137Cs. Yields are given relative to the light-yield without an electric
field applied. At a given electric field a higher light yield is paired with a lower
charge yield and vice versa. The combined yield is constant. Taken from [9].

for a given energy deposition [187-189]. This is illustrated in figure 2.2. For an energy
deposition E that generates N, scintillation photons and N; electron ion pairs with a
negligible amount of energy going into non-usable signal channels, commonly referred to
as heat, one may write

E=W-(N;+Ny). 2.3)

The average energies W; and W, to produce an electron-ion pair or an excited xenon atom,
respectively, are different for the two processes [9]. Yet, it is common to assume a mean
value of both with W = 13.7 eV, so on average 73 quanta are generated per keV [190].

At the low energies E relevant for Dark Matter search and a drift field of the strength &
the combined probability P for generating N, photons and N, escaping electrons can be
approximated by two independent Poisson processes [191]:

P(Ny, NelEy, &) = Poi(Ny|ny) - Poi(Ne|ne). (2.4)

The expectation values for the numbers of photons and electrons, n (Ey, &) and ne(Ey, &),
respectively, depend on the deposited energies, the interaction type with u = nr for NR
and u = er for ER interactions, and the electric field. The effective W-values again denote
the average energies needed for quanta generation. The field dependence is factorised by
S (&) for the field quenching of scintillation and T;,(&) for recombination charge loss. One
has S, (& — 0) =1 for zero field and T,,(§ — oo) = 1 for an infinite field strength. Then, the
expectation values can be written as

Ey

ny(Ey, &) = m Su(&), (2.5)
Ey

ne(Ey, &) # ———— T,,(6). (2.6)

We(Eu,(go - OO)
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Figure 2.3: Light and charge yields of nuclear recoils (left y-axis) as a function of recoil
energy. Yields are given by the NEST model [190] and drawn as solid blue and
red lines, respectively. The model assumes a xenon detector with a 200 V/ecm
electric field. The right y-axis compares the NR light yield to that of a 32.1 keV
ER interaction via a relative quenching factor Q’. Model uncertainties are not
shown, but are on the order 20 — 30 % at 1 keVng. Taken from [10].

The scintillation and ionisation yields per unit energy are different for ER and NR at the
same field [67]. In fact the expected total signal from an NR interaction is smaller than an
ER one for the same energy deposition. This signal quenching is caused by the different
energy deposition mechanism of the two interactions. For NR a larger amount of energy
goes into the aforementioned unusable heat signal [10]. Accordingly, a larger NR energy
deposition is needed in order to produce a measurable signal. The absolute NR quenching

Q(Enr) = il 2.7)
Eer

is energy-dependent and an intrinsic property of the target used in an experiment [10].
While it is possible to calculate the quenching analytically for some target materials, this has
not been achieved for xenon-based detectors [10, 192]. Instead semi-analytic approaches
such as the Noble Element Simulation Technique (NEST) are applied [190]. These ap-
proaches rely heavily on experiments specifically designed to measure the absolute and
relative ionisation and scintillation efficiencies for nuclear recoils [193, 194].

Figure 2.3 shows the NEST output for the light- and charge-yields of nuclear recoils in
xenon as a function of energy in a detector with a 200 V/cm electric field. Again, one can
identify the anticorrelation of the light and charge yields indicated as the solid blue and
red lines, respectively. The model uncertainties are not shown, but are on the order of
20—-30% at 1 keVng. This is a result of the NEST model’s tuning to reproduce measured
light and charge yields from multiple experiments at different electric fields. The systematic
differences between these measurements can be even larger than the model uncertainty
[10]. The light yield of NRs in xenon has been measured down to 1 keVyg. For the charge
yield measurements exist down to 0.3 keVng [195]. In the above plot the most recent
measurements of the charge yield had not yet been incorporated into the model and the
charge yield was set to a constant value at sub-keV energies. More recent measurements
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indicating that the charge yield approaches zero at sub-keV energies [194] have been
incorporated in the newest NEST version [196].

An alternative parametrisation of the quenching is presented on the right y-axis of figure
2.3. Here, the NR light yield is given relative to that of a 32.1 keV reference ER interaction
from a 83™Kr isomeric transition. A notable example for this parametrization is the relative
scintillation efficiency Zef of nuclear recoils with respect to the reference y-line at zero
field. It is needed to convert the electronic recoil equivalent energy E,; to the nuclear recoil
energy Ey;. For zero field and at a fixed electronic recoil reference energy E..f, e.g. the
122 keV y-line of >’ Co, it can be expressed as [191]

Wy (Eer = Eref, & = 0)

Leotf(Enr, & =0) =
etf(bn & =0) = = 6 =0)

(2.8)

It was used in past analyses [197] to reconstruct the NR energy scale since the NR ionization
yields were not known to low enough energies. This highlights a central conclusion of this
section, namely that the energy reconstruction represents a major systematic uncertainty in
the interpretation of nuclear recoil signals in xenon-based detectors. Although the different
yields and quenching add further complications to WIMP searches, they can also be taken
advantage of: the ratio of the ionisation and scintillation signals enables the discrimination
between ER and NR interactions. This can be applied in a xenon dual-phase TPC.

2.1.2 Dual-phase TPC working principle

The working principle of a dual-phase TPC is schematically shown in figure 2.4. The cylin-
drical detector features photodetector arrays at the top and bottom. The photodetectors in
this example are arranged in concentric circles at the and in a hexagonal pattern at the bot-
tom. Current and planned Dark Matter direct detection experiments use photomultiplier
tubes (PMTs) [79, 85] while avalanche photodiodes and silicon photomultipliers are used or
planned for use in neutrinoless double-[3 decay experiments [127,147]. Several wires and
meshes apply electric drift and extraction fields. The detector walls are usually clad with
PTFE which is highly reflective at 178 nm and maximises light collection [198, 199].

time

drift time
(depth)

Figure 2.4: Schematic of a dual-phase TPC’s working principle. Taken from [200].
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When a particle interacts inside the liquid xenon target and deposits energy it can either
be fully absorbed or escape before a further energy deposition. An energy deposition
produces scintillation light and ionisation charges. Multiple interactions of the same
particle, e.g. a neutron or high-energy y-ray undergoing Compton scattering before full
absorption, will produce multiple scintillation light pulses and ionisation charge clusters.
The sum of prompt scintillation light pulses is registered simultaneously. This prompt
signal is called S1. Due to total internal reflection at the liquid-gas interface, it is mainly
registered by the bottom photodetector array. The charges from the single or multiple
charge clusters are drifted upwards by an electric drift field. They are accelerated into a
thin gas layer at the top of the detector by a stronger extraction field and generate one or
multiple secondary scintillation signals measured principally by the top PMT array. This
amplified signal is denoted as S2. The S2 hit pattern can be used to infer the horizontal
x-y position of an interaction. The time delay between S1 and S2 then gives the vertical z
position of an interaction site. If the charge clusters do not overlap, one can resolve multiple
S2s. Due to the detector dimensions, time-resolution and short photon travel times, only
the summed S1 signal can be measured.

The above discussion mostly applies to Dark Matter detectors that need to achieve single-
photon detection for a low S1 detection threshold. This threshold usually dominates the S2
detection threshold since the latter signal is amplified in dual-phase TPCs [201]. Detectors
such as EX0O-200 or nEXO measure dual signals, but only use a liquid phase of xenon. In the
case of EXO-200, the drift-field is applied between a center electrode and the end caps of the
cylindrical detector. Charges are drifted to the end caps where the ionisation signal is read
out using a wire grid. The application of charge sensitive tiles is planned for nEXO [127,147].
The absence of S2 amplification leads to a higher energy threshold, but a better x-y-z
resolution can be achieved for the rejection of multi-site interactions.

The identification of multi-site events is important for Dark Matter detectors in order to
reject neutron NR backgrounds. In neutrinoless double- 3 decay searches, y-rays at MeV
energies produce multi-site events when they undergo Compton scattering. The capability
to fully reconstruct coincident interactions at multiple sites can also be of interest in
order to identify coincidence signatures. An example for this is discussed in chapter 5
for the second-order weak decays of 124Xe. Position reconstruction can also be used for
background reduction by fiducialisation. Events from an inner volume of the detector
can be selected for analysis while events from the outer layers of the target are discarded.
Accordingly, the self-shielding of the detector reduces the total measured rate of -, 3- and
v-backgrounds that are mostly absorbed in the outer layers of the detector. In a dual-phase
TPC, backgrounds can be further reduced by the discrimination of ER from NR signals.

The discrimination of ER and NR signals is achieved through the difference of their
S§2/S1 ratio at a given energy. This is a direct consequence of the different scintillation
and ionisation yields discussed in section 2.1.1. Figure 2.5 shows the S1 vs. the S2 of
individual events (black dots) in two calibration datasets and one Dark Matter dataset from
XENONI1T's first science run, SRO [202]. Only the fraction of the S2 signal recorded by the
bottom PMT array was used for reconstruction of the signal magnitude since it features
more homogeneous light collection. The axis labels also highlight that both signals have
been corrected for detector effects that will be discussed in section 2.1.3. Signals with
a corrected S1 below 3 photoelectrons were excluded from analysis and do not appear
in the plot. The top panel shows events from ??°Rn calibration data. The short-lived
(T2 = 55 s) a-emitter is an intrinsic calibration source [203]. At energies of few to tens of
keV — the electronic recoil energy equivalents (keVee) are indicated by grey lines — events
originate from the 2!2Pb daughter isotope undergoing ground-state to ground-state [3-
decay. Accordingly, the signals are exclusively low-energy electronic recoils. The median
and +20 quantiles of the so-called ER band are indicated by the solid and dotted blue
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Figure 2.5: Illustration of ER and NR bands in XENONI1T calibration and Dark Matter search
data. Solid and dotted lines show the band medians and +20 quantiles of the ER
band in blue and NR band in red. The bands have been identified using >2°Rn
and ?*! AmBe calibration data. The grey lines in the plots show the respective
ER and NR energies. The bottom panel shows individual events from the first
XENONI1T Dark Matter search campaign. Most events fall into the ER band. The
expected signal contour from 50 GeV/c2 WIMP interactions is shown in purple.
Data below a corrected S1 signal of 3 photoelectrons was excluded from the
analysis. Taken from [202].
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lines, respectively’. The solid red line indicates the median of the NR band. This band has
been identified using data from an external > AmBe neutron source that is shown in the
middle panel. Neutrons are produced in («, n) reactions of «-particles emitted by 24! Am on
"Be. The signals in the detector are predominantly nuclear recoils with the nuclear recoil
energy equivalent energies (keVy;) shown as grey lines. The offset between the two band
medians is clearly visible. In the bottom plot data from the first XENON1T Dark Matter
science campaign is shown. The signal contour for a 50 GeV/c2 WIMP is shown in purple.
Most events are centred around the ER band median and no background events, except
for an outlier around 70 photoelectrons, can be found below the NR median. In general
ER rejection efficiencies of 99.9% can be achieved at an NR acceptance of ~ 30% [10].
The efficiency of the discrimination is field-dependent [67] and it should be noted that
background rejection and signal acceptance are always a compromise. However, rather than
relying on cut-based analyses with fixed efficiencies, most experiments nowadays employ
sophisticated profile-likelihood analyses. There, signal and background are modeled with
respect to interaction and detector physics and are fitted to the full measured data [11].

In a dual-phase TPC, the energy of an interaction can be reconstructed from the mag-
nitude of either the S1, the S2 or the combination of both signals. If only one signal is
used, recombination fluctuations negatively impact the achievable energy resolution: Apart
from the Poisson fluctuations in the light or charge generation themselves, a part of the
measurable signal goes into the respective other channel. Measuring both signals at once,
the Poisson fluctuations in the recombination process that affect one of the two signal
channels are absorbed by the other. Accordingly, the anti-correlation of the signals is used
to improve the energy resolution of detectors. This is crucial for high-energy double-weak
decay searches and enables energy resolutions of ~ 1% at the 13636 Q-value [138,201]. The
fact that the total deposited energy in an event is a linear combination of the S1 and S2
signal magnitudes can be illustrated by rewriting equation (2.3) to [9]

cS1 cSZb) 2.9)

E=W- (— +
81 82

Here g is the photon detection efficiency and g» is the charge amplification factor. These
detector-specific quantities relate the number of primary photons and ionisation charges to
the measured signal areas. In a detector such as XENON1T that reads out both S1 and S2 as
light with PMTs they are given in photoelectrons (pe) per photon (pe/ph) and photoelectrons
per electron (pe/e). Even though the linear combination of both signals can be associated
with a fixed energy - if the interaction type is known — the individual yields are non-linear.
This is illustrated for the case of low-energy NR in figure 2.3, but similarly true for ER. Usually,
multiple ER sources of a known energy, mostly y- or conversion electron-emitters, are used
to determine g; and g». These parameters can then be applied for the ER energy calibration.
Together with emission models like NEST one can then derive the corresponding NR energy
scale. This can be applied both for single-site and multi-site interactions. For the latter
one uses the single S1 and sum of all S2 signals measured in an event [201]. Note that cS1
and ¢S24 in equation (2.9) are the measured areas of the signals in pe that have already
been corrected for detector effects. These corrections and the measurement process will be
discussed now.

2.1.3 Measurement and corrections of S1 and S2 signals

In the XENON detectors, S1 and S2 signals are measured by PMTs. An incident photon can
free an electron when hitting the photocathode of the PMT. This electron is accelerated

IThe bands are the median and +2¢ quantiles from simulated ER and NR data that have been fitted to
calibration data.
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and multiplied along the increasing potential of the dynodes. The incident photoelectron is
amplified by a gain factor on the order of 10 to obtain a charge pulse that can be measured.
The pulses are digitised for data processing based on the signal amplification and PMT
gain [191]. The data processing for XENON1T will be discussed further in section 2.2.1. The
contribution s1; of each PMT to the area of the measured S1 signal can be written as:

s1;(F) = ny(Ey, &) i (F). (2.10)

The individual PMT light detection efficiencies for an S1 at an x-y-z position 7 are denoted
as (7). They include the PMTs quantum efficiencies, i.e. the fraction of incident photons
producing a photoelectron, and the position-dependent light-collection efficiency. The to-
tal light-detection efficiency p(7) is given by the sum of the individual PMTs’ light-detection
efficiencies. Then, the expectation value for the area of the total S1 signal of a nuclear recoil
with the interaction position 7 is given by

s1(F) = Zsli(?) = Ny (Enr, &) (7). (2.11)

Similarly it can be obtained for an ER signal with the respective 7. In order to achieve a
uniform signal inside the whole detector s1 is usually corrected using the spatial average of
the light detection efficiency (u):

()

S1=s1(F .
c S (r)'u(?)

(2.12)

Using the definitions from equation (2.5) one can now define the light yield at a given ER
equivalent energy Eg, as

Ser(éa) ° /J(?)

—_—. (2.13)
Wy (Eer, & =0)

L_y (Eer: g» ?) =
With equations 2.5, 2.8, and 2.13 one obtains ¢S1 as a function of the nuclear recoil energy
Eyr:

Snr(6)
Ser(8)’

¢S1 = Eer(Ly(Eret, &) - Lett(Enr, & = 0) (2.14)
where (L)) is the detector-averaged light yield at a given electric field & and an ER reference
energy Eper.

The measured S2 signals are determined by additional factors. During the drift towards
the liquid gas interface that occurs within the drift time z;, ionisation charges are lost due to
an attachment to electronegative impurities in the liquid. This attachment process can be
described by a characteristic electron-lifetime 7, that is a function of xenon purity [70]. The
electron extraction yield x and the proportional scintillation amplification factor Y depend
on the strength of the extraction field Eextraction at the top of the detector. The gas density
p and the width of the gas gap h; also influence the amplification. Then, the expectation
values for the individual PMTs’ contributions s2; to the full S2 signal with an interaction
position 7 are given by [191]:

iz} & i
$2i(F) = ne(Ey, &) - €7 +K(Eextraction) " Y (% hg) - Bi(x, ). (2.15)

The width of the gas gap hg is usually position-dependent due to an unoavoidable warping
of the meshes or sagging of the wires that apply the electric field. An inclined liquid level
can have a similar effect. The efficiency of the light detection is parametrised by Si(x, y),
the probability for a photon created at (x, y) to reach the PMT photocathode, and 7;, the
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product of the PMT’s quantum and light collection efficiencies. The sum over the PMT-wise
products of §; = kY 8;n; has to be measured with calibration sources and is denoted as
6(x,y). Then, the expectation value for the full S2 area s2 of a nuclear recoil is [191].

$2(7) = ¥ 524(7) = Enr - Qy(Enr) - €76 6(x, ). (2.16)

Here, Qy is the charge yield for a nuclear recoil in electrons per keVy, following equation
(2.5):

Tne(6)

=——= " (2.17)
We(Enr, éaref)

Qy
The ER S2 is obtained in a similar fashion with the respective light yield measured with
calibration sources. Again, the spatial average (6) of (x, y) is used in practice to obtain a
spatially uniform corrected signal c¢s2 via [191].

4 (6)

S2=352(F) et . 2.18
c s2(r)-e 5x,9) ( )

As the S2 signal is highly localised at the top of the detector, the light collection is concen-
trated on a few PMTs. This is important for position reconstruction, but can be problematic
for energy reconstruction if signals are recorded in regions of low-gain or defective PMTs.
At the larger energy depositions expected for double- 3 decay, this concentration of signal
can lead to a saturation of the PMT itself or of the digitiser down the signal chain [201].
Accordingly, one commonly uses only the fraction of the S2 that has been recorded by the
PMTs at the bottom of the detector. This signal is referred to as ¢S2y,.

2.2 The XENONI1T experiment

The XENONI1T detector [88] used 3.2t of ultra-pure liquid xenon (LXe) with 2t inside
the sensitive volume of the TPC making it the first tonne-scale liquid xenon dual-phase
TPC. A drawing of the detector is shown in figure 2.6. The TPC was a cylinder of 96 cm
diameter and 97 cm drift length. The top and bottom PMT arrays were instrumented with
127 PMTs arranged in concentric circles and 121 PMTs arranged in a hexagonal pattern,
respectively. This choice was made in order to improve S2-based position reconstruction
at the top of the detector while maximising S1 light collection efficiency at the bottom.
The Hamamatsu R11410-21 3 inch PMTs were jointly developed by Hamamatsu and the
XENON collaboration [204]. They featured a quantum efficiency between 28 % to 42 % for
xenon scintillation light with the highest quantum efficiency PMTs located in the centre of
the bottom array. PMTs with less quantum efficiency were generally placed at the edges
of the detector. The copper holding structures of the arrays were equipped with reflective
PTFE surfaces between the PMT photocathodes. These minimised photoionisation and
increased light collection. The TPC walls were made of highly-reflective PTFE panels backed
by 74 oxygen free high thermal conductivity copper field-shaping electrodes. These ensured
homogeneity of the electric drift field. The electric drift and acceleration fields were applied
by 5 high transparency electrodes: The cathode and screening mesh protecting the bottom
PMTs were realised as gold-plated stainless steel wires of 216 um diameter and 7.75 mm
pitch. The distance between the two sets of wires was 48 mm. The gate electrode, which
together with the cathode marked the drift region of the detector, was realised as an etched
hexagonal stainless steel mesh. Its centre marked the origin of the detector coordinate
system. The anode and top screening mesh were also etched hexagonal meshes. The liquid
xenon level in operation had to be levelled within the 5mm gap between the gate and



2.2 The XENONIT experiment 51

Levelmeter (long)

Top PMT array

Diving Bell

Top TPC electrodes

Copper field
shaping electrodes

PTFE reflector

Cable tray

PTFE pillars

PTFE HV screen

Bottom PMT array
Cathode

Cu/PTFE PMT support

I T T T T ]
0 10 20 30 40 50cm

Figure 2.6: Drawing of the XENON1T TPC. Taken from [88].

anode. This was aided by the diving bell at the top of the detector. Multiple level meters
were deployed in order to measure the liquid level. All materials were screened and selected
for their low intrinsic radioactivity [68].

The TPC was housed within a stainless steel double-walled cryostat that itself was im-
mersed in a water shield of 10 meter diameter and height. This setup is shown in figure 2.7.
It is located in hall B of LNGS at a depth of 3600 m water equivalent. The cryostat sat in
the centre of the tank and was anchored to the bottom of the tank in order to compensate
for its buoyancy. Otherwise the detector was freely suspended from its triangular levelling
system at the top of the support structure shown in dark yellow. The belt systems for the
deployment of external '3”Cs and ?28Tl y-sources are indicated in red and blue. These were
also used in order to deploy a 2! AmBe (n, &) neutron source. In addition, a deuterium-
deuterium fusion neutron generator (NG) could be deployed next to the cryostat from
the top of the water tank. When not in use, it was stored at the top of the water tank, so
the detector was shielded from eventual y-radiation by several metres of water. The walls
of the tank were equipped with reflective foil and 84 PMTs. This way the tank could be
used as an active water Cherenkov muon veto [82]. Two pipes connected the cryostat with
the systems in the support building next to the water tank. The large pipe at the top was
vacuum-insulated and contained all the liquid and gaseous xenon pipes as well as all PMT
and other sensor cables. The smaller pipe indicated in orange had the sole purpose of
delivering the cathode high voltage.

The support building contained the xenon storage, purification, and cryogenic systems.
These and their interconnections are shown in figure 2.8 and more details on all systems
can be found in [88]. Here, the focus lies on three systems that are specifically referred
to in the following analysis chapters: the gas analytics system, the purification system
and the cryogenic distillation column. The gas analytics system was built around an
Inficon Transpector H200M residual gas analyser (RGA) and can be used to monitor xenon-
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Figure 2.7: Drawing of the XENONI1T cryostat inside the water tank. The drawing also shows
the support structure, belt system for calibration sources, umbilical pipe and
PMTs of the water Cherenkov muon veto. Taken from [88].

purity [205]. Notably, it could measure ™'Kr contaminations to a certain extent. However,
at the sub-ppt krypton concentrations that were required for the XENON1T background
goals, a dedicated rare gas mass spectrometry (RGMS) system at MPIK Heidelberg was
required in order to infer the contamination level during the science campaigns [206].
The on-site RGA system was also used in order to determine the isotopic composition of
XENONI1T'’s target [207]. It was found that the isotopic composition was close to the natural
one with a slight depletion towards heavier isotopes and the corresponding enrichment
at lower masses. This is in line with a single bottle of !36Xe-depleted xenon in the total
3.2 tonne xenon inventory. With respect to the double-weak decaying '?*Xe it was found
that the abundance was nﬁfég = (9.94 £ 0.145¢at £ 0.154y) - 10~% mol/mol [31,207]. This is

4% larger than the natural abundance of nif;i(e = (9.52 + 0.03) - 10~% mol/mol [153]. For

136Xe the measured abundance was 7, = (8.49 + 0.04gtq; + 0.13gys) - 1072 mol/mol [207].
136Xe _

Accordingly, the measured abundance is 4 % smaller than the natural abundance 7, ,{

(8.8573 + 0.0044) - 102 mol/mol [153].

The cryogenic distillation column was designed to remove "Kr from the liquid xenon
inventory [72,73]. This was necessary since "' Kr contains the anthropogenic (3-emitter
8Kr at the 2-107!! level [88]. Commercially available high-purity xenon gas usually has a
natgr/Xe concentration of less than 2 ppm, which was enough to make 8°Kr the primary
background source for Dark Matter search in XENONI1T. Using the factor 10.8 larger vapour
pressure of krypton and operating stably at a xenon throughput of 6.5 kg/h the full xenon
target could have been purified within 3 weeks in order to reach the design goal of "Kr/xe <
0.2 ppt. However, a different operation mode was chosen in order to purify while already
taking data in a fully operational detector. By continuously purifying the ~ 20kg gas layer
at the top of the TPC with the distillation column, the krypton particle equilibrium inside
the cryostat was disturbed steadily. This lead to the continuous migration of krypton into
the gas-phase where it could be removed from the detector permanently [73]. With this an
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Figure 2.8: The xenon handling system of XENON1T. The cryogenic system was responsible
for cooling and liquefying xenon gas. The purification system was required
for the online removal of electronegative impurities from xenon gas that was
continuously extracted from and re-fed into the detector. The ReStoX could be
used for the recovery of liquid xenon in an emergency, but could also be used
for storage and filling. The bottle rack housed xenon gas. A gas analytics system
with a residual gas analyser was also available on site. The cryogenic distillation
column could remove 8 Kr from the xenon inventory and could further be used
for the continuous distillation of 22Rn from the detector. Taken from [88].

average krypton concentration of "Kr/xe = (0.66 + 0.11) ppt was achieved for SR1 [12].

At this krypton level the dominant ER background comes from the emanation of 2?Rn. Ex-
ploiting the smaller radon vapour pressure, a reverse online radon-distillation was demon-
strated using the cryogenic distillation column [73,77]. Figure 2.9 shows the activity con-
centrations over time of 2??Rn and the daughter isotope 2'8Po as inferred from measuring
the x-decay rate inside the detector [76]. For the XENON1T SRO and SR1 average activ-
ity concentrations of (13.3 + 0.5) #Ba/kg and (12.7 + 0.5) #Ba/kg were found for >?’Rn and
218pg, respectively. For SR2 the 222Rn activity concentration could be further reduced to
(6.7 £0.1) uBa/kg by exchanging the purification system’s QDrive pumps — a major contribu-
tor to the XENONIT radon budget - for a single magnetically coupled piston pump with
lower radon emanation [208]. Continuous cryogenic distillation further reduced the >’Rn
activity concentration by ~ 20 % and ultimately (4.5 + 0.1) #Ba/kg were reached at the end of
SR2 [76].

The purification system removed electronegative impurities adversely affecting S1 and S2
signals by absorbing scintillation light and capturing drifting electrons [88, 185]. The latter
leads to a characteristic electron-lifetime 7. as defined in equation (2.16). The impurities
are constantly added to the xenon by outgassing from all detector components. Two
redundant purification loops could be run in parallel and remove electronegative impurities
by circulating xenon gas over high-temperature rare gas purifiers, so-called getters of the
type SAES PS4-MT50-R. These zirconium-based getters form chemical bonds with oxide,
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Figure 2.9: Activity concentration evolutions of ??’Rn (red) and 2!8Po (green) inside the
XENONIT TPC inferred from measured «-decay rates. Grey areas mark cal-
ibration and maintenance periods. During the red periods the activity con-
centrations of both isotopes were decreased owed to continuous cryogenic
distillation. The green area indicates the exchange of the purification system’s
QDrive pumps with a single magnetic piston pump with lower radon emanation.
Taken from [76].

carbide and nitrite impurities from the circulated xenon and trap the impurities in the
porous material. Moreover, they should remove halogens such as iodine effectively. For the
circulation each loop was equipped with two CHART QDrive pumps and an MKS 1579A
mass flow controller. At a purification flow of 425 kg/d (50 slpm) the total cycle time of the
detector inventory was ~ 7.5 d. In June 2018 the QDrive pumps were removed from the
system and substituted with a single magnetically coupled piston pump. This allowed to
increase the purification flow to ~ 700 kg/d (80 slpm) [208].

Figure 2.10 shows the evolution of 7, in XENONIT. An electron lifetime of 650 ps was
achieved at the end of the SR1. This is approximately the drift time of an electron over
the whole length of the TPC at the applied drift field of 81 V/cm [12, 88]. Drops in electron
lifetime are associated with maintenance operations or power failures in the laboratory. The
electron lifetime model takes into account purification and outgassing. It was first fitted to
electron lifetime values that were found for different 22Rn progeny by using the S2s from
«-decays at a known energy. Since the energy was fixed, the size of the S2 should have been
the same over the whole range of 7q. The depth dependence of the S2 at a given energy that
was induced by electronegative impurities capturing drift electrons could then be used to
determine 7, with an exponential fit. The electron lifetime model was then scaled to the
electron lifetime values that were found for the S2 from a total 41.5 keV energy deposition
of the internal 83™Kr calibration source at different #4. The calibrations are indicated by
the pale red areas in the plot. The scaling was necessary since it was observed that using
the electron lifetime from «-decays lead to a systematic underestimation of the electron
lifetime from low- as well as high-energy ER signals (see appendix section Al). After the
purification upgrade in SR2, an electron lifetime 7, = 1 ms was achieved.

In addition to purification, calibration sources can be injected directly into the liquid
xenon target via the gas circulation loop. The available calibration isotopes are 22°Rn, 83™Kr
and 3”Ar. The latter was not used in the scope of this work, but application examples of 3" Ar
can be found in [209, 210]. The isotope 220Rn is emanated from a 228Th calibration source.
Its 212Pb progeny were homogeneously distributed inside the TPC during calibrations. It
undergoes (3-decays with an endpoint energy of 569.9(19) keV and a half-life of 10.64 h [211].
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Figure 2.10: Evolution of the electron lifetime in XENON1T SRO and SR1. The blue line is the
electron lifetime model scaled to fit 8™Kr electron lifetime data points (black).
The model had initially been fitted to the electron lifetime values from x-decays
(solid black line) of 22Rn progeny (red and green markers). The pale blue band
around the model indicates the 68 % credible region of the Bayesian Markov
Chain Monte Carlo fit of the electron lifetime model. Calibration periods with
83mKy and other calibrations sources are indicated by the coloured areas. The
end of SRO and the start of SR1 are indicated by the vertical dashed black lines.
Taken from [70].

The decay can be accompanied by y-ray emission, so the resulting signals are similar to
the expected ER background (see section 3.2). Accordingly the ?2°Rn source can used for
calibration and cut acceptance studies over a wide energy range. Owed to the relatively
short half-life, normal data taking operation can be resumed in less than a week after
calibration.

The isotope 83myy js a common calibration source for different detector types [212,213].
In XENONIT it is emanated from zeolite beads containing 3Rb [88]. The 83Rb decays to
excited states of its 833Kr daughter isotope via electron capture with a half-life of 86.2 d.
Nuclear transitions in 33Kr then populate the metastable state at 41.5575(7) keV [214] and
the total branching ratio for the decay to 3™Kr is 77.9% [213]. The decay scheme for the
internal transitions to the ground-state is shown in figure 2.11. It proceeds in two steps, both
of which are highly converted [214]. The first step dominates the half-life at T7,, =1.83 h
and the total emitted energy of the y-rays and conversion electrons is 32.1 keV. Due to
their short range and fast timing, the individual conversion electrons cannot be resolved
in XENON1T. The second step has a half-life of 154 ns and a total energy deposition of
9.4 keV. While the first step almost exclusively proceeds via internal conversion (IC) with the
coincident emission of Auger electrons and X-rays, the second step has a small branching
fraction of 5% for y-emission. Due to the intrinsic few-us width of the S2 signals, both
transitions would always be merged into a single S2 peak in XENONI1T. Narrower S1s of both
transitions could be distinguished, so the S1 coincidence could be used for efficient event
selection. The effective T7,» = 1.83 h allowed a homogeneous distribution of 83mKy inside
the detector, but prevented a long-term contamination. Due to its relatively low total energy
deposition it could be used as a model for WIMP and low-energy ER signals. Accordingly
it was used to infer light and charge yields, to benchmark the position reconstruction
algorithms, and to derive position-dependent corrections for S1 and S2 [70].

The last system housed in the support building was the data acquisition (DAQ) [215].
The signals from the TPC’s PMTs were amplified by a factor of 10 with Phillips Scientific
776 amplifiers and digitised by 100 MHz CAEN V1724 flash ADC boards. These boards
featured 14 bit resolution, a bandwidth of 40 MHz, and a 2.25 V dynamic range. The DAQ
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Figure 2.11: Simplified decay scheme of 83™Kr. Adapted from [212] with additional data on
the J¥ configurations of the nuclear states from [214].

was operated in a triggerless mode: Independently for each channel, every pulse above an
approximate 0.3 pe digitisation threshold was read out and the baseline between pulses was
not digitised (zero suppression). The 32 ADC boards — the muon veto used the same ADCs,
but did not rely on signal amplification — were read out in parallel by six reader computers at
a maximum data rate of 300 MB/s. This corresponded to an event rate of ~ 100 events/s during
calibrations. The digitised pulses were stored in a database with basic pulse information
such as the timestamp and PMT channel. Another computer, the acquisition monitor,
continuously read out the sum signal of all bottom array PMTs together with the busy
information of the digitisers and eventual veto signals. This was used for determining
the measurement deadtime. Trigger decisions about the occurence of an actual particle
interaction were made by a software event builder in real time. It scanned the pulse database
and grouped causally connected pulses into events that were stored in a raw data file. The
standard trigger was based on S2 signals and achieved a = 99 % trigger efficiency for raw, i.e.
uncorrected, S2s of 200 pe corresponding to a signal from ~ 7 electrons. After temporary
underground storage the raw data was transferred to different data processing and storage
sites in Europe and the United States [88].

2.2.1 The PAX raw data processor

The Processor for Analysing Xenon (PAX) [216, 217] is used to extract event properties
such as signal areas, timings and widths from the raw data. It is based on Python with
mathematics handled by NumPy [218] and data handling by Pandas [219]. For the output it
also has a ROOT interface [220]. As an open source program it can be customised for use on
other TPCs than XENON1T and has been benchmarked on XENON100 data [221]. Physical
events are processed by passing through a series of plugins sharing a common structure.
The PAX processing chain as used in XENONIT is illustrated in figure 2.12. The blue tiles
in the figure signify the objects that are stored in the output ROOT file. These contain
measured properties. With each step, the new objects incorporate higher level information
from the preceding processing steps. The steps represent the series of processor plugins and
are depicted as purple tiles. Going from the high to the low level objects, a physical event
in PAX contains multiple peaks. Pairs of these peaks are the result of physical interactions
inside the detector. According to the positions of the interactions, corrections on S1 and
S2 can be applied and the main interaction, i.e. the interaction with the largest energy
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Figure 2.12: General working principle of PAX. PAX objects (blue tiles) are generated by
passing data through a series of plugins (purple tiles). With each step, the
objects contain a higher order of information from the previous processing
steps. Taken from [221].

deposition, within an event is identified. Peaks are the sum of coincident PMT hits among
several channels. The hits directly originate from pulses out of the raw data file that were
saved by the DAQ. A hit then is a pulse with a sufficient excursion above the waveform’s
baseline.

Figure 2.13 shows an example waveform from a single PMT channel (recreated from [221])
in XENON100 data reconstructed with PAX. Although XENON100 used different PMTs, the
per PMT waveforms in XENON1T are similar enough to use the same hitfinding logic which
is outlined in the following. The sample size of the ADCs is 10 ns. This waveform snapshot is
treated as a single pulse by PAX. It is processed in three steps: First, the baseline is calculated
from samples at the beginning and end of the pulse. The higher of the two values is used.
Then two hitfinder thresholds are set depending on the standard deviation of the baseline.
Once a sample exceeds the lower threshold at 1 standard deviation over the baseline mean,
the hitfinder will calculate the sum of all consecutive samples above the lower threshold.
In a third step, the sum is stored as a hit under the condition that one of the samples in
the window exceeds the high threshold at five standard deviations. One pulse may contain
multiple hits. The pulse areas in pe are calculated from the ADC counts by applying the
PMT gain values. The aggregation of coincident hits to peaks starts with a rough clustering
based on the gaps between hits. Then, a recursive natural breaks algorithm carries out the
finer clustering of the rough chunks of hits. Should a channel exhibit a lone hit that is not
coincident with any other, it is marked as suspicious. This classification suppresses a large
amount of signals that do not originate from particle interactions such as noise or PMT dark
counts. The uncorrected peak area A in pe is then calculated as the sum of all contributing
hits. The peak clustering is followed by a classification step. Peaks are classified according
to their area, width and coincidence level. In general wider peaks of few us and areas of few
thousands to millions of photoelectrons, depending on the interaction type and energy, are
identified as S2s. Smaller peaks of few tens of ns width are S1s. One notable classification
criterion is the requirement of a three-PMT coincidence for S1s. This criterion reduces the
rate of accidental coincidences of small signals in the Dark Matter search. It is the main
driver of the S1 energy threshold since signals of & (1 keV) are likely to be seen by three
PMTs or less. Special cases are present for peaks that cannot be classified.

The pairing of S1s and S2s builds inferactions that are attributed to the same physical
origin. A physical pairing requires that the S1 precedes the S2. Each causally meaningful
interaction is saved in the processor output. The first S1+S2 pair in the output array is the
main interaction. It contains the largest area S1 and S2 in the event. For each interaction
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Figure 2.13: Example waveform recreated from the first event of a XENON100 raw data file
as in [221]. The y-axis on the left gives ADC counts above the mean baseline.
These are converted into pe/sample using the PMT gain. The x-axis shows the
sample number of the waveform. The sample size is 10 ns. The dashed red
line indicates the mean baseline. The lower threshold, one standard deviation
above the baseline, is the dashed orange line. The five standard deviation
higher threshold is shown as the dashed blue line. The blue-shaded area marks
the full hit.

the x-y-z position can be reconstructed from the S2 hit pattern and the S1-S2-delay. The
main reconstruction algorithm is based on a neural network that is trained on Monte Carlo
simulations of the light response of the top PMT array. A secondary hit pattern fit algorithm
can be used for cross-checks and cuts on misreconstructed events [70]. The reconstructed
positions and their associated signal corrections for calculating ¢S1 and ¢S2;, are saved for
all pairings. The final event is built from all interactions occurring in a time window of 2 ms
and contains the information from the whole processing chain down to the pulselevel. An
exemplary waveform of a WIMP-candidate event from XENONI1T is shown in figure 2.14.
The four panels in the top row show, from left to right, the sum waveforms of the main S1
and S2, the S1 hit pattern on the bottom PMT array, and the S2 hit pattern on the top PMT
array. The red cross marks the reconstructed interaction position. The middle panel shows
the summed waveform of all PMTs. In addition to the main S1 and S2 multiple smaller
peaks can be identified. These are usually attributed to afterpulses in individual PMTs,
noise or dark counts. They are not classified as physical peaks. In some cases an S2 signal
will be followed by smaller S2 signals, a so-called electron train. Here, single electrons that
are created by photoionisation or extracted with a time delay due to yet unknown reasons
can cause follow-up signals. In the bottom panel the timing of the individual pulses is
indicated for all 248 PMT channels. The pulse area is given by the size of the red dot. The
multi-channel coincidence for the S1 and S2 can be identified clearly while the smaller
unclassified peaks consist of isolated pulses. The waveform was processed with version
6.8.0 of PAX, which is also used for the analysis in chapter 3. A high energy waveform like it
would be expected in a 0v[3~ 3~ decay search has several unique features that distinguish it
from this low-energy example. These include multiple interactions, saturation effects and
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Figure 2.14: Example waveform from one of the WIMP candidate events in [12] recorded
on 6th December 2017. The top row shows the sum waveforms of the main
S1 and S2 signals as well as the S1 and S2 hit patterns on the bottom and top
PMT arrays, respectively. The middle panel gives the amplitude of the sum
waveform over time. The bottom panel shows the pulse timing of all 248 PMT
channels. The size of the red dots indicates the pulse area.

single-electron trains of few 100 ps length. Several high-energy improvements of PAX for
the analysis of such signals were implemented after XENON1T SR1. These are discussed
in section 6.1. The PAX version with these improvements is 6.10.1, which is used for the
analyses in chapters 4 and 6.






Observation of '“‘Xe
Two-Neutrino
Double-Electron Capture in
XENONI1T

XENONIT achieved the first direct observation of two-neutrino double-electron capture in
124Xe. This chapter will present the analysis that led to the 4.40 observation of the double-K
capture (2vKK) that features the longest half-life measured to date. The results that are
presented in this chapter have been obtained in collaboration with A. Fieguth. A preliminary
version of the results has been published in his PhD thesis [207]. The final analysis has
been published as a XENON collaboration paper [31] with A. Fieguth and the author of this
work as the corresponding authors. This chapter will be based on that paper. A. Fieguth
contributed the signal model, data selection criteria, fiducial volume, and analysed the
124Xe abundance measurements. The main contributions in the scope of this work were
the energy calibration of the detector, the quantitative model of the '2°I background, and
the full background model based on Monte Carlo simulations. The latter model was fitted
to the data and was used for calculating the significance of the double-K electron capture
peak.

3.1 Data selection, energy calibration and fiducial volume

The data analysed in this chapter was recorded between 2nd February 2017 and 8th Febru-
ary 2018 as part of XENONI1T SR1. Details on the detector conditions and signal corrections
can be found in the original publications [11,12,70]. While fixing the data quality criteria,
fiducial volume and background model, the data in the energy region of interest around
the 64.3 keV peak of the 2vKK was blinded. This means, the energy region from 56 keV to
72 keV was inaccessible for analysis. Datasets recorded directly after detector calibrations
with an external 22! AmBe neutron source or the deuterium-deuterium-fusion NG were
removed in order to reduce the impact of radioactive '2°1 which will be discussed in section
3.3. It is produced by thermal neutron capture on '?*Xe during neutron calibrations and
removed from the detector by the purification system. A pre-unblinding quantification of
this removal using short-term calibration data from SR2 led to a first reduction of the dataset
to 214.3 days [207]. This data was used for fixing the background model. After unblinding,
the long-term activity evolution of 12°I could be quantified. This led to a further removal
of datasets yielding a final live-time of 177.7 days. This live-time includes corrections for
detector deadtime and cut-induced live-time losses.
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3.1.1 Data quality criteria

Most of the data selection and quality criteria — commonly referred to as cuts — have been
adopted from the SI WIMP search in [12], but in order to maximise signal acceptance,
cuts that only target low-energy nuclear recoils have been discarded. This signifies the
change of philosophy in the cut selection compared to the Dark Matter search [207]. While
it is crucial to veto single background events in a Dark Matter search with €'(1) signal
and background events in the NR band, in the 2vKK search one expects few hundreds of
background events in the ER band regardless of cuts. At the XMASS lower half-life limit
of Ty > 2.1-10% yr (90% C.L.) [145], the signal expectation is ¢ (100) events. The main
drivers of the achievable signal significance are the magnitude of the 2vKK signal itself
and the v/N Poisson fluctuations of the physical 3- and y-background. For single-site
interactions, these background contributions cannot be cut without compromising the
signal due to their similar ER signatures. Thus, the cut selection focuses on the removal
of unphysical backgrounds and multi-site interactions. Accordingly, a few percent larger
signal acceptance at the cost of a smaller cut efficiency, i.e. the survival of more unphysical
or multi-site background events, would still lead to a favourable signal to background ratio.

The data quality criteria employed in this analysis are summarised in table 3.1. The
right column provides a short description of the functioning and purpose of the cut. A
detailed description can be found in [207]. The centre column gives the method employed
for the derivation of the cut acceptance. Essentially three different methods are applied
in XENONIT analysis depending on the definition of the cut. Live-time cuts such as the
DAQ veto and S2 tails cuts remove fixed time periods of data. Accordingly, their acceptance
can be corrected by giving an effective live-time of the data that is smaller than the real
time of data taking. The analytic method can be used where the bulk of a signal-like event
population can be distinguished from the background-like population in data. The S2
width cut is an example for this. Due to diffusion of the electron cloud, the width of the S2
signal will increase with interaction depth. The signal-like population follows the diffusion
behaviour while unphysical background events appear as outliers. The cut boundary is
set as the 98 % quantile of the signal-like population. Consequently, this is the analytic
acceptance of the cut. If the underlying physics process is unknown or does not allow to
clearly discriminate the signal and background populations, the N—1 and iterative methods
have to be applied. The N —1 acceptance of a cut then is the number of events remaining
after applying all N cuts divided by the number of events after applying all cuts, but the one
under consideration (N — 1). Since the relative numbers of signal and background events
removed by the cut under consideration are unknown, all removed background events are
regarded as signal events. In turn, the N — 1 acceptance can be regarded as a lower limit
on the cut acceptance. The iterative methods is similar to the N — 1 treatment, but uses
different combinations within all N cuts in order to identify eventual correlations between
cuts and obtain an estimate of the final acceptance that is closer to the actual value. The
N —1 and iterative acceptances are either determined on unblinded energy sidebands of
the background data, i.e. the same data as for the physics search, or on independent ?2°Rn
calibration data.

The total cut acceptance was determined in 1 keV bins in the 20-200 keV energy interval
by a bin-wise multiplication of the individual cuts’ acceptances. Binomial uncertainties
were used in order to account for the fact that for a unity acceptance there can only be
a lower uncertainty bound. The acceptance data points were then parametrised by the
energy-dependent linear function exgnoniT(E) [207]:

exeNoNtT(E) = [(~1.48-1072 - E + 94.28) +0.73] %. (3.1)

Since the acceptance variation over the ROI is smaller than the uncertainty, the lower limit
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Table 3.1: Data quality criteria for the 2vKK search with their acceptance derivation method
and short description. Adapted from [207].

Cut name Acceptance derivation Description

DAQVeto Live-time Correct for DAQ deadtime

S2Tails Live-time Remove high rate periods
following large S2s

ERband Analytic Remove NR events from
ER data

S2Width Analytic Correlate S2 signal width
and interaction depth

InteractionPeaksBiggest Analytic Check if largest peak is in
main interaction

PreS2Junk N —1 (background) Remove noise

S2SingleScatter N —1 (background) Remove multi-site events

S2AreaFractionTop N -1 (**Rn) Remove events with anomalous
relative PMT array

contributions to the S2
S1AreaFractionTop Iterative (**°Rn) Remove evens with anomalous
relative PMT array

contributions to the S1

S1PatternLikelihood Iterative (22°Rn) S1 signal distribution among
PMTs
S1SingleScatter Iterative (*2°Rn) Remove signals with multiple

S1s from consecutive nuclear
decays or pileup

on the 2vKK signal acceptance €2k is given as a constant value [207] from the fit of a
function constant in energy:

€2vkK = (93.4£0.7) %. (3.2)

This constant acceptance assumption was initially applied in the fit of the background
model to the measured data. In the course of the analysis it was found that the assumption
of a constant acceptance could not be upheld.

Between 200 and 300 keV the absorption coefficient for Compton-scattering becomes
the dominant y-energy loss mechanism in xenon (cf. figure 2.1). Moreover, y-rays from
TPC construction materials can penetrate the xenon target further at higher energies.
Accordingly, above 200 keV the fraction of multi-site interactions increases exponentially.
Alarge fraction of multi-site interactions is removed by the S2 single scatter cut. This cut
removes waveforms with multiple physical S2s. However, if two scatters are sufficiently
close in z their S2s will be merged leading to a single widened S2. Accordingly, above 200 keV
the shape of the S2 width distribution changes and actual single-site interactions cannot
be distinguished from unresolved multi-site interactions anymore. Consequently, the cut
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Figure 3.1: The N —1 acceptance of the S2 width cut as a function of energy in bins of 1 keV
width between 10 and 500 keV. All other event selections for the 2vKK search
have been applied in a 1 tonne fiducial volume. Binomial uncertainties are
shown for the data points. The dashed red line indicates the 200 keV energy
up to which the flat acceptance had been determined earlier. The orange line
indicates the fit function used to model the flat behaviour up to this point and
the subsequent acceptance decrease.

had only been defined up to 200 MeV. For energies above this threshold, the acceptance
treatment had to be changed from the analytic approach to N — 1. Figure 3.1 shows the
N —1 acceptance of the S2Width cut within the cylindrical 1 tonne fiducial volume used
in [12]. While the acceptance is approximately unity up to 200 keV, beyond it decreases
down to ~ 50% at 500 keV. This behaviour was parametrised as unity below a freely fitted
threshold energy Ey4 and with the phenomenological function

1 for E < Eyyy, (3.3)
€ idth = .
SPWAh = EByar)-a+ (E—Eya)® b for E> Eyar.
In a y? fit using the mean symmetrised uncertainty one obtains
Eyar = 200+ 1) keV,
a=(1.88+0.04)-1073,
b=(2.8+0.6)-107° (3.4)

with y?/ndf = 0.71. This points to an overestimation of the uncertainty that can be associ-
ated with the symmetrisation. Since the signal and background fractions in the removed
events are not known, the function gives a lower limit on the acceptance. For the same rea-
son, this lower limit is not associated with a statistical confidence level. The true acceptance
can assume any value between the fit function and unity. Therefore, an overestimation of
the uncertainties is not an issue for the further analysis steps.
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Figure 3.2: Spatial distribution of events as a histogram in interaction depth Z vs. squared
radius R%. The energy range of the events is 80 keV-140 keV. High density areas
can be found close to the edges of the TPC where the majority of external (3- and
y-radiation is absorbed. The 1502 kg fiducial volume is indicated by the solid
coral line. The further segmentation into an inner (1.0 t) and outer (0.5 t) volume
is marked by the dashed coral line. Modified from [31].

3.1.2 Fiducial volume

As the number of 2vKK events is proportional to the number of !2*Xe nuclei, the signal
strength grows linearly with the xenon mass my1ume inside the detector volume selected
for analysis. At the same time, distinguishing background from signal depends on the
Poisson uncertainty ANpackground = \/Nbackground 01 the number of background events.
The volume-dependent sensitivity Sy, is then proportional to the contained xenon mass
divided by the background uncertainty:

Myolume (3.5)

\Y4 Np ackground

The sensitivity parameter was optimised by iterating over cylindrical and superellipsoidal
volumes of different dimensions and identifying the volume that featured the largest value
of Syo1 [31]. A superellipsoid of 1502 kg mass was found to offer the optimal sensitivity. Since
the signal region was blinded, an energy sideband from 80 keV to 140 keV was used for the
optimisation. In order to include spatial information to the background and signal model
fit and for consistency checks, the superellipsoid was segmented into an inner and outer
volume. The segmentation is indicated in figure 3.2. Intrinsic background sources mixed
with the xenon, solar neutrinos, and the 2vKK signal should appear at the same rate in both
volumes. However, the material background contribution is strongest near the detector
walls and PMT arrays. Accordingly, a simultaneous fit should provide better background
constraints and a higher sensitivity compared to a single monolithic volume. Moreover, the
inner volume has been studied extensively since it was used for the first Dark Matter results
from XENONIT [202].

The finite resolution of the position reconstruction in XENON1T leads to an uncertainty

Syol X
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on the fiducial mass. This was quantified by contrasting the analytically calculated mass,
derived from the fiducial volume geometry and LXe density of 2.862 g/cm?® at —96.1 °C [180],
with 83™Kr data. Since the calibration isotope is homogeneously distributed inside the
detector, the fiducial mass is the total liquid xenon mass in the TPC multiplied with the
fraction of #*™Kr events in the fiducial volume. Then, the fiducial mass is m = (1502+9gys) kg.
The segmentation was found to yield a 1052 kg inner volume an outer 448 kg volume, each
with a 1 % systematic uncertainty on its mass [207].

3.1.3 Energy calibration

The energy calibration of the detector takes advantage of the anti-correlation of light (S1)
and charge (52) signals in the XENON1T dual phase TPC as outlined in equation (2.9). This
leads to mono-energetic y-lines appearing as rotated ellipses when plotting ¢S1 against
cs2p. The rotated ellipses are shown in figure 3.3 for the full energy range and for the
ellipses from the 83™Kr, 131MXe and 29™Xe peaks in the inner 1 t fiducial volume. For 83™Kr
the peak corresponds to the total 41.5 keV energy deposition when both S1s and S2s were
merged to a single signal (cf. figure 2.11). The metastable 13lmya (163.9 keV) and 12°™Xe
(236.2 keV) were activated by inelastic neutron scattering during calibration campaigns
with the NG or the 2! AmBe source [222]. They decay with half-lives 0f 11.86 d and 8.88d,
respectively [223,224]. These lines as well as the 1173.2keV and 1332.5 keV y-transition
lines of $°Co [182], which is present in the stainless steel detector components such as
the cryostat, are used for the energy calibration. Moreover, the 1460.8 keV line of 4°K is
used [225]. Higher energy lines are excluded due to missing high-energy optimisations of
the signal reconstruction which were only available for the analyses in chapters 4 and 6.

In the calibration procedure, the cS1-¢S2y, distribution is projected onto the energy
axis. Along the tilt axis, the width of the ellipses is minimal, so a projection along this axis
yields the optimal energy resolution! [188]. In a first step all lines were fitted using rotated
two-dimensional Gaussian functions of the form

_ fieS1,e82,)%  fo(eS1,¢82,)°

A(cS1, cS2y) =Ap-e 242 212 + By. (3.6)

The parameters a and b in the denominators of the exponent contain the rotated standard
deviations in ¢S1 and ¢S2;,. They determine the ellipticity of the lines. The parameter By
is added as an approximately constant background contribution within the fit window.
With the peak amplitude A, the mean cS1 value us;, mean ¢S2y value pgsp and the ellipse
rotation angle 0, the enumerators of the exponent are

fi1(eS1, ¢S2p) = ((c¢S1 — ps1) - cosO — (¢S2p — ps2) - sinf),
J2(cS1, ¢82p) = ((¢S1 — psy) - sin@ + (¢S2y, — ps2) - cosb). (3.7)

The fit function is illustrated in the bottom panel of figure 3.3 and exemplary fits can be
found in section A2 of the appendix. The peak means (us;, ps2) are extracted from the
individual fits of the six lines. Dividing them by the energy gives the light and charge yields
Ly and Qy, respectively:

Hs1
L=,
YT E
Hs2
=—. 3.8
Qy i (3.8)

1The 83MKr peak exhibits a slightly different rotation compared to the metastable xenon lines. This can be
attributed to its double-decay signature paired with the non-linearity of the light and charge yields as a
function of energy (cf. figure 2.3).
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Figure 3.3: Histograms of ¢S1 vs. ¢S24, for data from XENONI1T SR1 after all analysis cuts.
Only single-site events are shown, and the plots have been produced after un-
blinding of the double-electron capture region. The 0v[33 region is still blinded.
The final run selection has not been applied to this data in order to have a higher
rate of the metastable xenon peaks, associated with neutron calibrations, for
illustration. Top: Full energy range with high energy lines of ®Co, 4°K, ?!Bi and
208T], The band connecting the peaks is the result of 3-decays and Compton
scattering of higher energy y-rays. The region shaded in orange is the low-energy
cutout in the bottom plot. Bottom: Lines of 83™Kr, 131™Xe and 1?9™Xe from bot-
tom left to top right. The elliptical fit function with the mean ¢S1 value ug; and
mean cS2y, value us; is shown above the 131™Xe line. The angle angle 0 gives
the ellipse rotation while a and b determine the ellipticity. The amplitude is
indicated by the concentric red ellipses. The projection onto the energy axis is
carried out along the green main axis of the ellipse.
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Figure 3.4: Fit of light and charge yields of selected y-lines in order to obtain the energy
calibration parameters g; and g» in the 1 t inner fiducial volume. The statistical
uncertainties of the data points have been scaled with y/x2/ndf = v657/4 in
order to account for systematic uncertainties from the elliptical line fits. Still,
the uncertainties are too small to be visible in the plot. Modified from [207].

Now one can rearrange equation (2.9) to obtain a fit function

) (3.9)

along which the individual light and charge yield data points are arranged. The fit pa-
rameters are g; and g». The result from a y?-fit to the data points in the inner 1 t fiducial
volume is shown in figure 3.4 [207]. In an initial fit only the statistical uncertainties of
Ly and Q, were considered and yielded ¥?/ndf =~ 657/4 even though the points clearly
follow the expected linear trend. This can be explained by the systematic uncertainties that
arise from the fit method: The choice of the ¢S1-¢S52y, window influences the shape of the
background that is only approximately flat. As discussed in [221], it is desirable to choose a
small energy window for background suppression, but a too small window will truncate
the peak and bias the fit. Especially at the higher energies of ®*Co and *°K additional peaks
are present that cannot be resolved and individually fit in ¢S1 vs. ¢S2,. These will shift
the peak mean upwards and downwards if they are situated above or below the peak of
interest. As a consistent treatment of this systematic uncertainty was challenging for each
individual peak and assumed to have only a minor impact on overall result for the central
values of g and gy, a simplified method was applied: The uncertainties on the data points
were scaled with \/y2/ndf = v/657/4 in order to estimate the systematic uncertainty and to
obtain realistic uncertainties on g; and g». While the y?/ndf of the fit with the increased
uncertainty is unity, the uncertainties of the data points are still too small to be visible in
the plot. The energy calibration parameters

g1 =(0.1426 + 0.0008) pe/ph,
g> = (11.55+0.09) pe/e (3.10)

that were determined in this work were applied in the signal and background modelling for
the SI WIMP search in XENONI1T [12] as outlined in [11].
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Figure 3.5: Energy vs. interaction depth of single-site events after all data selections in the
1.5 t superellipsoid. The energy was reconstructed using g and g» from (3.10).
Mono-energetic peaks of %°Co at 1173.2 keV and 1332.5 keV are indicated by
dashed black and white lines, respectively. The 1460.8 keV peak of 4°K is marked
by the dashed orange line. Note that the *°K signals are mostly found at the top
and bottom of the TPC as they originate from the PMTs. All peaks show a tilt, so
energies are shifted towards larger values with increasing interaction depth.

Figure 3.5 shows the interaction depth Z against the reconstructed energy E with the
%0Co and *°K indicated by dashed lines. These lines exhibit a visible tilt: at lower depth
the reconstructed energy is smaller than the mean energy while it is larger deeper in the
TPC. A similar phenomenon was observed when S2 signals were corrected with the electron
lifetime derived from o-lines. Since this electron lifetime was systematically lower than
that determined from 83™Kr the correction factor would be larger. This led to a similar, but
stronger tilt (cf. section Al in the appendix). The origin of the residual tilt is not known, but
could be related to the o-33™Kr discrepancy: Due to charge accumulation at the detector
walls over time, the electric drift field inside the TPC was deformed. Since the field affects
recombination depending on the energy and type of an interaction, this can introduce
an additional S2 size dependence [226]. As an ER, the interaction type of 3™Kr is the
same as for the other lines, in contrast to «c-decays, but the energy deposition is more than
an order of magnitude smaller than, for example, ®°Co?. Accordingly, its recombination
would be affected differently and the electron lifetime derived from its S2 signal could
be systematically higher or lower than that of higher energy lines. In order to test this
hypothesis, reliable recombination models and field maps of the detector would have been
needed. Only preliminary studies existed for the field maps at the time of the analysis and
the reliability of the NEST emission model was unknown at high energy. Therefore, it was
decided to apply a phenomenological correction to the data by defining g; (z) and g»(z) as
depth-dependent parameters. The calibration procedure was carried out in ten slices along

2Moreover, 33™Kr undergoes a two-step decay with multiple energy depositions that are merged to a single
$1+S2 pair. However, for %0Co multiple energy depositions can also occur when individual Compton scatters
are close enough in space to have their S2s and S1s merged to a single interaction pair. This illustrates the
complexity of these considerations and the difficulty inherent to the modelling of these processes.
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Figure 3.6: Linear fits to g; (left) and g; (right) data points determined in 10 horizontal
slices of the 1.5 t superellipsoid. The uncertainties in the z direction are the
widths of the slices. The g; and g» uncertainties are given by the best-fit un-
certainties of the linear fits to L, and Q, of five mono-energetic lines. Taken
from [207].

the central axis of the 1.5 t super-ellipsoid. For each slice g; and g» were determined on
the aforementioned mono-energetic lines with the exception of “°K. As this line originated
from the PMTs, it was localised at the top and bottom of the detector. Thus, it could not be
found in the central slices of the fiducial volume (cf. figure 3.5). A linear fit to the g; and g
data points in figure 3.6 yielded [207]:

1(2) = (0.1454+0.0002) 25 4 2. (6.3+0.3)-10° — 25|
ph ph-cm
_ pe -2 Ppe
g (2) = (11.10%0.03) 2= — 2. (1.20+0.05) - 1072 —— @3.11)
e e-cm

The variations over the whole detector are ~ 4% and ~ 9% of the mean g; and g, respec-
tively. The larger variation in S2 supports the assumption that the residual variation is
connected to S2 corrections. However, the g variation cannot be explained by this. Figure
3.7 shows that the mono-energetic peaks now appear as straight lines when shown against
the interaction depth, both at low and high energies.

The energy resolution resulting from the depth-dependent energy reconstruction is
shown in figure 3.8 as a function of the energy. It was determined from the reconstructed
energy spectrum by fitting Gaussian functions with the mean pg and standard deviation og
to mono-energetic peaks of the calibration sources (83myy 13lmye 129mya) and radioactive
isotopes in the TPC materials (?'4Pb, 2°8TI) up to 510.8 keV. The relative resolution sigmaz/y,
for all peaks was parametrised with a phenomenological function

IE_ 2 b 3.12)
HE

=

The best-fit energy resolution parameters

a = (0.3098 + 0.0043) keV'?,
b =0.0037 +0.0003 (3.13)

yield o/u; = (4.1 +0.4) % for the KK-capture [207]. This result is similar to the one achieved
in the LUX experiment [227] and superior to XENON100 [197]. The energy reconstruction
in [201] is also based on the z-dependent calibration method developed in this work.
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Figure 3.7: Energy vs. interaction depth of single-site events after all data selections in the
1.5 t superellipsoid over the full (top) and double-electron capture (bottom)
energy ranges. The energy was reconstructed using g (z) and g»(z) from (3.11).
Mono-energetic peaks are indicated by dashed lines.
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Figure 3.8: Energy resolution of low energy mono-energetic lines for selected liquid xenon
Dark Matter experiments [197, 227] and the XENONI1T detector in the 1.5 t
fiducial superellipsoid. The relative resolution is defined as o/ ur of the Gaus-
sian lines and fitted using a phenomenological function (solid blue line). For
XENONIT the data points are 3™Kr (41.5 keV), 131™Xe (163.9 keV), 12°™Xe (236.2
keV), 214Pb (351.9 keV) and 2°8T1 (510.8 keV). Only statistical uncertainties are
shown for XENON1T which are too small to be visible. The energy of the 2vKK
peak is indicated by the black dashed line. Modified from [31].

3.2 Signal and background models

As established in section 1.2.4, the measured signal for 2vKK originates from the atomic
deexcitation cascade after the capture of two K-shell electrons. Atomic X-rays and Auger
electrons cannot be resolved individually in XENONIT due to their sub-millimetre range
and the fast atomic processes. Thus, the experimental signature is a single S1 + S2 pair which
will be reconstructed as a mono-energetic peak at Exyxx = (64.3 +0.6) keV. The uncertainty
on E»xx reflects the energy reconstruction uncertainty as well as the uncertainty from
the correction for sub-excitation quanta [31,207]. These quanta from the deexcitation
cascade are too low in energy to create photons or ions in LXe, so the total measurable
energy is smaller than the double hole energy E»i = (64.457 +0.012) keV. The sub-excitation
contribution has been determined with the RELAX code [207,228]. At the lower limit on
the half-life of 2.1 1022 yr (90% C.L.) [145] the expected KK-capture event rate is (151 +
27) t~!yr~! assuming unity acceptance and the measured '2*Xe abundance. The uncertainty
stems from the uncertainties of the abundance and the fiducial mass. The expected peak
is shown in figure 3.9. In comparison the background rate is expected to be similar to the
low-energy ER background from the SIWIMP search at ~ 80 t 'yr 'keV~! in a 1 t fiducial
volume [12]. Thus, in a symmetric 10 keV window (~ 40 g) around the peak mean one would
expect ~ 600 events in the same exposure with a v/ N uncertainty of ~ 25 events. In order
to observe the 2vKK an understanding of this background is paramount. From the early
XENONI1T sensitivity studies [66] it is expected that three classes of background contribute
to the energy spectrum: solar neutrino ER interactions, intrinsic radioactive isotopes and
radioactive contaminations within the detector materials.
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Figure 3.9: Simulated spectra of solar neutrinos (gold) and intrinsic backgrounds from 136Xe
(green), 8%Kr (blue), and >'*Pb (purple) within the inner 1 t fiducial volume in the
energy range from 10 to 300 keV. All spectra are scaled according to their expected
rates from external measurements. Except for 214Pb, indicate the 10 range of
the expectation. For reference the 2vKK signal is shown at T7,, =2.1- 10?2 yI.

3.2.1 Solar neutrino and intrinsic backgrounds

The solar neutrino and intrinsic backgrounds are summarised in table 3.2. Solar neutrinos
undergo elastic scattering on atomic electrons in LXe [229]:

Vet e — Veur+e . (3.14)

While v, can interact by charged and neutral current interactions, v, r can only interact
via the neutral current. The spectral shape of this background is well constrained by solar
physics, scattering kinematics, neutrino-electron cross-sections and neutrino oscillation
parameters. This analysis uses the spectrum parametrization from [66] that assumes an
electron neutrino survival probability of Pe. = 0.55. After convolving the fluxes with the
cross-sections, 92 % of the solar neutrino rate can be attributed to pp-neutrinos, 7% to
"Be neutrinos, and the remaining 1% originates from all other solar neutrino fluxes. The
parametrisation of the solar neutrino ER energy spectrum is

E
(9.155-0.036+ ;) 10" kev kg td 1. (3.15)

With an average background rate of 8.9 - 1078 keV~'kg~'d ! in the 1-12 keV energy window
and the steady decrease of rate with higher energy, this background component is subdom-
inant. The uncertainty on the normalisation of the spectrum is 2% from the uncertainties
on the neutrino fluxes and oscillation parameters [66]. The expected rate from a simu-
lated energy spectrum is shown as the solid gold line in figure 3.9 alongside the intrinsic
backgrounds and the expected 2vKK signal at 2.1 -10%2 yr. More details on the simulations
in general will be given in section 3.2.3. In order to obtain the solar neutrino spectrum,
electrons with an energy distribution following the expected elastic neutrino-electron scat-
tering spectrum were simulated. The kink at ~ 250 keV marks the end of the pp and the
onset of the “Be part of the spectrum.
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Table 3.2: Solar neutrino and intrinsic ER background contributions to the 2vKK search

energy spectrum.
Source Origin Properties
Solar v pp (92 %), other (7 %) Subdominant, 2 % uncertaity
B6xe  2vB B~ NnXe = (8.49 +0.14) - 1072 mol/mol [207]
136
T, = (2.165+0.061) - 10! yr [147]
2l4pp 222Rn emanation ~ 10 uBg/kg from «-acitivity of
222Rn,218pg and 21*BiPo [76]
85Kr Anthropogenic, presentin  "*Kr/Xe concentration
xenon from air (0.66 +0.11) - 10™12 mol/mol [12]
measured with RGMS
83mpy. Calibration, 83Rb Rate decreases with
contamination T Rb _ 862 d [213]

1/2

13lmye  Inelastic neutron scattering Tlljlzxe =11.86d [224]

129mye Inelastic neutron scattering T, ,,° = 8.88 d [223]

13336 Thermal neutron capture Tllzxe =5.25d [230]
125%e Thermal neutron capture Tlljszxe =16.8h [231]
1251 125¥e EC T °Xe = 59 4 d [231]

1/2

The main intrinsic background components are (3-decays of >*Pb, the two-neutrino
double B-decay of 3®Xe, and the 3-decay of #Kr. Figure 3.10 shows the decay chain of
222Rn with the dominant - or 3-decay modes for each isotope. The radon is continuously
emanated from surfaces in contact with xenon. As a result, all daughter isotopes are present
in the detector. Owed to their high energy and small S2/S1 ratio, x-decays do not affect the
ER band. Among the (3-emitters, the long lived !°Pb was found to plate out on the PTFE
surfaces of the TPC, so this isotope and its progeny do not contribute to the ER background
in the fiducial volume [11]. The 3-decay of >!*Bi is directly followed by the 2!4Po «-decay
with a half-life of 162 us which is well within the time window of a XENON1T event. These
so-called BiPo events feature two S1 signals, so they are almost fully rejected by the S1 single
scatter cut.

The only significant background contribution from a >>Rn daughter comes from 2!4Pb.
It is the dominant ER background source for virtually all XENON1T physics searches up to
its Q-value of 1.019(11) MeV. The naked 3-decay to the 2'4Pb ground state produces the flat
low-energy part of the 2!4Pb spectrum in figure 3.9. The branching ratio for this decay is
11.0(10) % [184]. In most other cases a lower energy [3-electron is accompanied by y-rays
with total energies of 295.2 keV (40.2(6) %) or 351.9 keV (45.9(9) %) [184]. If the 3 and 'y are
merged, the 3-spectra are shifted upwards by the y-energy. This causes the kink around
295.2 keV in figure 3.9. The activity concentration of 214Pb can be constrained by measuring
the «-activities of ?22Rn, 2!8Po, and the rate of 2!4BiPo delayed coincidence events. Due to
the slightly shorter 2!4Bi half-life both isotopes should be in a transient equilibrium. Since
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214Bj
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214Pp 206Pp
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Figure 3.10: The ?*’Rn decay chain. Only the dominant decay mode, either «-decay in
yellow or 3~ -decayin blue, is indicated for each isotope. The Q-value and decay
type are stated next to the arrows. The boxes contain the isotope designation
and the half-life. Data taken from [184, 233-235].

the 214Pb half-life is longer than the 2!8Po parent’s, no equilibrium can be assumed. Still,
222Rn and 2'8Po activity concentrations represent an upper bound on that of 2“Pb. The
mean measured activity concentrations in SR1 are [76,232]:

A2y, = (13.3 +£0.5) uBd/kg,
Azspy, = (12.7 £0.5) #Bd/kg,
A2ugip, = (5.1 £0.5) #Bd/kg. (3.16)

While #2Rn and ?'®Po show the expected equilibrium within uncertainties, the >*BiPo
activity concentration is less than half of the other two. The reason is that 2!4Pb and ?!*Bi
have a long enough half-lives to plate out on the detector walls where a part of their decay
signal is absorbed outside of the sensitive LXe volume. Accordingly, the 2!4Pb activity
concentration in the fiducial volume is expected fall between the measured values for ?>Rn
and ?'*BiPo.

The fission product 8°Kr decays with a half-life of 10.739(14) yr and is present in earth’s
atmosphere as a byproduct of nuclear arms tests and nuclear reprocessing [236]. Since
commercially available xenon is produced by air liquefaction, it contains trace amounts
of 8%Kr. The B-decay of 8Kr to 8°Rb can occur directly to the ground state with a relative
frequency of 99.463(10) % or to an excited state at 514.0(20) keV in 0.434(10) % of all decays.
The total Q-value is 687.0(20) keV [237]. With a half-life of 1.015 ps a delayed coincidence
analysis of the excited state decays allowed to infer the 8 Kr abundance at ™'Ki/85k; =
1.65% 0% - 107! 1mol/mo [238]. In XENON1T SR1, the average concentration of all krypton
isotopes was reduced to "'Ki/xe = (0.66 + 0.11) ppt by cryogenic distillation (cf. section
2.2), so the expected activity concentration is Assg, = 0.10273931 1uBa/kg. The expected flat
spectrum from the ground-state decays is shown in figure 3.9.

The 36Xe decay rate can be calculated from the measured abundance 7,,5¢ = (8.49 +

eas
0.14) - 102 mol/mol [207] and the 2vB~ "~ half-life T, % = (2.165 +0.061) - 10°! yr measured
by EXO-200 [147]. With this the total activity concentration is Auexe = (3.95+0.13) uBd/kg. In
the simulations of this background the theoretical two-electron energy spectra and angular
distributions from [239] were used [240]. The resulting spectrum of the merged energy

depositions of the two electrons is shown in figure 3.9.
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Figure 3.11: Simulated spectra of backgrounds that are not constant in time within the inner
1 t fiducial volume in the energy range between 10 to 300 keV. For reference the
2vKK signal is shown at Ty, = 2.1-10%2 yr. All other scalings are arbitrary since
the expected scaling strongly depends on data selection. The '?°I spectrum
(dashed brown) is scaled to a similar activity as the 2vKK. The 83myy (teal),
13lmye (dashed gold) and '?™Xe (dashed blue) peaks are scaled to a factor 100
higher activity. The 33Xe (dashed magenta) and '?°Xe spectra are scaled to a
total activity concentration of 1 uBq/kg.

In addition to the intrinsic background components that exhibit a stable rate over time,
multiple time-dependent intrinsic backgrounds are present in the spectrum. The 8™Kr
peak is present at all times due to a contamination of the detector with 83Rb that occurred
during a calibration. The measured rate of this peak decreases with the 86.2 d half-life
of 83Rb [14]. The data that is used in this analysis also exhibits a processing artefact with
regard to 8™Kr. If the two S1 signals from the consecutive isomeric transitions can be
resolved, these events are removed by the S1 single scatter cut. However, in a considerable
fraction of krypton events, the secondary S1 is misidentified as an S2 signal. This secondary
S2 signal, in turn, is too small to be removed by the S2 single scatter cut. This manifests
itself as a second 83™Kr peak at 32.1 keV; the energy of the higher energy transition (cf. figure
3.14). The presence of the two high rate 33™Kr peaks makes the search for the KL-capture of
1246 at Eqg= 37.291“8:2% keV unfeasible (cf. section 1.2.4).

The xenon target itself is activated during neutron calibrations either by inelastic neutron
scattering (18lmxe and 129mXe, cf. section 3.1) or thermal neutron capture. The latter

produces '?°Xe and '33Xe. The activation
124%e +n — PXe +y (3.17)

leads to the presence of '?°I in the detector [145, 231]. This isotope presents a major
background for the 2vKK search and will be discussed separately in section 3.3. 133Xe
decays to 133Cs via [3~-decay with a half-life of 5.2475(5) d [230]. It almost exclusively emits
[3-electrons with an endpoint energy of 346.4(24) keV that are accompanied by an 81 keV
y-ray. Due to the short range of both quanta, their S1 and S2 signals are merged and appear
as a [3-spectrum starting at 81 keV. This can be seen in 3.11 where all time-variable sources
are shown together with the 2vKK peak for reference.
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Table 3.3: Activity concentrations of radioisotopes in detector construction materials. Taken
from [66]. The isotope '37Cs and the 2*°U chain are not considered because no
significant activity was measured in the screening. All values are given in mBa/kg
except for the PMT bases and PMTs where they are given in mBd/unit. In case of
decay chains, the activity concentration refers to the parent isotope. Shell and
flanges are the respective parts of the cryostat. The stainless steel components in
the TPC such as the bell are denoted as steel. The PMT bases are referred to as

bases.

238y 226R, 2327h 22811 60Co a0
Shell 24407 <0.64 0.21+0.06 <0.36 9.7+0.8 <27
Flanges 14+0.4 <4.0 0.21+0.06 45+0.6 37.3+0.9 <5.6
PTFE <0.25 <0.12 <0.041 <0.065 <0.027 <0.34
Copper <1.2 <0.033 <0.043 <0.034 0.214+0.02 <0.28
Steel 24407 <0.064 0.21+0.06 <0.36 9.7+£0.8 <27
Bases 0.82+0.30 0.32+0.02 0.20+0.03 0.153+0.013 <0.0052 0.36+0.08
PMTs 8+2 0.5+0.1 0.5+0.1 0.50+0.06 0.71+0.03 13+2

3.2.2 Material backgrounds

The remaining background components originate from radioactive contaminations of the
detector construction materials with 8°Co, 4°K and '37Cs as well as with isotopes from
the 238U, 23°U and #*2Th decay chains. These emit ionising radiation from within their
respective detector components, but only y-rays are energetic enough to reach the fidu-
cial volume. The activity concentrations for each isotope and detector component can
be constrained by screening measurements [68]. Table 3.3 summarises the values from
screening used in this work. These are based on the XENON1T material radioassay results
used for the WIMP sensitivity projections in [66]. The contributions of 13’Cs and the 23°U
chain are not considered because no significant activity could be measured in the screening.
The measured activity concentrations now have to be translated into background rate
expectations by the means of Monte Carlo (MC) simulations.

All known background sources were simulated with Geant4 [241-243] using the detector
model developed for [66]. Except for 36Xe, new simulations for each background com-
ponent with a factor 10-100 larger numbers of events compared to [66] were generated.
The numbers of simulated events for the material backgrounds are given in table 3.4. The
cryostat was simulated as a single component, but can be subdivided into shell and flanges
using the primary positions of the simulated events. The 233U and 23?Th decay chains
were split at 2?°Ra and ??8Th, respectively, in order to account for possible decay chain
disequilibrium. The simulated spectra are shown in figure 3.12. As they consist mostly of
single Compton scatters where the y-ray left the detector before another energy deposition,
the spectrum is featureless below 200 keV for the dominant °Co and ??°Ra background
contributions. In total, the expected material background contribution is an order of mag-
nitude smaller than the one from the dominant 2!4Pb background. Due to low simulation
statistics, the subdominant components exhibit unphysical features that will be addressed
in the background fit.

Intrinsic backgrounds were either exclusively simulated in the active volume or also in the
uninstrumented LXe shell around the TPC. The latter approach produces a large overhead
of events that do not penetrate the active volume of the detector. Accordingly, shell events
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Table 3.4: Number of simulated events for radioisotopes in detector construction materi-
als. The stainless steel components in the TPC such as the bell are denoted as
TPC steel. The bell and flanges of the cryostat have been simulated as a single
component, but can be divided by origin into shell and flanges later.

238U 226Ra 232Th 228Th GOCO 40K
Cryostat |9.965-108  10° 9.9-10% 9.962-108 10° 9.965-10°
PTFE 108 5.107 9.996-108 108 108 2-107
Copper 108 5-107 10° 108 108 2-107
TPC Steel 5-10° 5-107 9.999-108 108 5.107 2-107
PMT bases | 3.8-10° 5-107 10° 108 5.107 2-107
PMTs 10° 108 9.93-108 108 108 9.93-108
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Figure 3.12: Simulated spectra of material backgrounds from ®°Co (blue), *°K (red), 3>Th
(orange), 228Th (green), 238y (purple) and 226Ra (brown) between 10 and
300 keV in the inner 1 t fiducial volume. The total activity of each isotope
is the sum of the individual component activities from table 3.3. Upper limits
were treated as central values.

Table 3.5: Number of simulated events for solar neutrinos and intrinsic background sources.
If a sizable contribution of y-rays penetrating the TPC from the uninstrumented
outer LXe shell was expected, the sources were also simulated there. Otherwise
the primary event positions were simulated solely in the active volume of the

TPC.
‘Solarv 2l4pp 85K, 125ye 133xe  136xe
TPC 108 - 108 - 10% 1.8-108
TPC + shell - 4.99-107 107 - -
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were only simulated if a sizeable fraction of y-rays penetrating the detector was expected?.
The numbers of simulated events for the intrinsic background sources are given in table 3.5

3.2.3 Fit of the MC background model

Data selection
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Figure 3.13: Data flow of the background modelling.

The data flow of the simulations and measured data in the background model fit is illus-
trated in figure 3.13. In order to mimic the detector resolution for individual interactions,
the energy depositions from Geant4 were clustered in space, time and energy using the
so-called nSort algorithm developed by the XENON collaboration. Its event clustering
depends on the interaction depth because S2 signals, which allow to identify multiple
coincident interactions, are broadened by diffusion. Accordingly, the overlap for multiple
signals from greater depth is larger and individual interactions cannot be resolved. The
opposite is true for multiple interactions at lower depth. Events with single energy depo-
sitions in the active volume are selected from the MC data and the resulting spectra for
all components are convolved with the energy resolution from measured data. Peak-like
sources are not simulated, but modeled using Gaussian functions. Then, the background
model is constructed by fitting the weighted sum of all background components to the
measured energy spectrum. In the fit above 200 keV and 160 keV of the inner and outer
volume, respectively, the MC spectra are scaled with the cut acceptance from data in order
to obtain the correct spectral shape and scaling.

The scaling parameters of the spectra and the properties of the Gaussian peaks make up
the fit parameters j. The fit is carried out as a y?> minimisation with the cost functions

- bins (Ri,n - fn(Ei,ny ﬁ))z
AOEDY AR

1

) (3.18)

with n = [inner, outer] for the inner and outer volumes. Here, R; ,, is the measured event
rate in the energy bin E; and f;,(E;, p) is the background fit function in the respective
volume. At energies below 100 keV, low statistics of simulated backgrounds from detector
construction materials require an interpolation of the simulated spectra in order to avoid

3 Although 214Pb is not expected to produce a large amount of y-background it was found after the simulation
that the TPC + shell setting had been selected. As the sole purpose of simulating just inside the TPC is saving
computing resources and since it has no impact on the analysis, the spectrum was not simulated again.
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over-fitting of the expected featureless spectrum from single Compton scatters. Thus, the
sum of the material contributions is linearly interpolated up to 100 keV. The fit function is
then written as

material

falEin, P) = [ Y pcRc(Ein)
k

interpolated < 100 keV
intrinsic

+ Y pR(En
T

peaks
+ Y Gaussianm (Pm, Ein), (3.19)
m

where the sums correspond to the (interpolated) material component, the intrinsic sources
plus solar neutrinos, and the mono-energetic peaks with the fit parameters py | m € p. From
table 3.3 it is evident that the material backgrounds alone would introduce six scaling
parameters for each of the 7 simulated components, so 42 parameters in total [244]. In
order to limit the number of fit parameters, the relative contributions of each detector
component to the total activity per isotope are fixed. With k = [5°Co, %°X,...] denoting the
isotopes and u = [Cryostat, PMTs, ...] signifying the components, the rate per isotope is

components
R«(E)= ) RqulB) squ (3.20)
u
The weighting factors sy , for fixing the ratios are taken from table 3.1. In cases where
only an upper limit on the activity is available, the limit is interpreted as a central value.
The contributions of the cryostat flanges and shell are subsumed in a single component.
The MC spectra of the materials have been normalised in the same fashion as in [66].
The fit parameters py then scale the total backgrounds from each isotope as shown in
equation (3.19). This treatment can be motivated by the fact that, apart from the volume
segmentation, no spatial information is used in the fit. In turn, the spectra from the same
isotope in different components are largely degenerate.
The sum over the constraints incorporates knowledge from external measurements. They
include the 8°Kr concentration measurement, the solar neutrino expectation, as well as the
136Xe abundance and half-life. The fit constraints have the form

(pj— pexpected,j)2
(Apj)2

constraintj = (3.21)

with the expectation value pexpected, j and the uncertainty Apj. A deviation of the fit parame-
ter p; by n- Ap; from the expectation increases the value of the cost function by n?. When
including the signal, the 2vKK peak is constrained to the expected position pxx and width
oavkk- Finally, the systematic uncertainties of the cut acceptance and fiducial mass are
included as constrained fit parameters & and V, respectively. These are the only parameters
that are fitted independently in the inner and outer detector volume. The full ¥? function
can then be written as

volumes constraints
Xoombined D VoK)= Y. xa(P, Va,kn)+ Y.  constraint;. (3.22)
n j
The sum over j now includes all constraints on scalings of simulated spectra, widths and po-
sitions of peaks, fiducial volume masses and cut acceptances. The volume uncertainties are
implemented as multipliers on f;,(Ej n, p) constrained to Vi, = 1+0.01. The cut acceptance
is implemented using the parametrisation from equation (3.3) as a lower limit ay, min (E)
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Table 3.6: Fit parameters of the background model. The additional fit parameters from the
124Xe signal and 12°I background are given at the bottom of the table.

Parameter Description Constraint/limit Unit
Solar v external 1.00+0.03 1.8-1078s kg™!
136xe intrinsic 1.00 £0.02 3.96 1Ba/kg
85Kr intrinsic 6.6+1.1 0.1 ppt
2l4pp intrinsic - HBq/kg
125xe neutron activation - HBa/kg
133%e neutron activation - uBq/kg
238y materials positive scaling
226Ra materials positive scaling
232Th materials positive scaling
228Th materials - scaling
50Co materials positive scaling
40K materials positive scaling
Ag3my, 83Rb contamination - kg_ld_1
H83my, peak mean 41.5+0.6 keV
083my; peak width - keV
Agngr, misID misidentified - kg™ 1q-1
H83my; misiD peak mean 32.1+0.6 keV
T83myy, misiD peak width - keV
A131my, neutron activation - kg_ld_1
H131my, peak mean 163.9+0.6 keV
0131my, peak width - keV
A129mye, neutron activation - kg td!
H129mye peak mean 236.2+0.6 keV
0129my, peak width - keV
Vinner fiducial mass 1.00+0.01 1052 kg
Vouter fiducial mass 1.00+0.01 448 kg
Kinner acceptance % + % scaling
Kouter acceptance % + % scaling
Nizs, neutron activation 10+7 events
125 peak mean 67.3+0.6 keVv
0125 peak width 2.8+0.5 keV
Novkk signal - events
U2vKK peak mean 64.33 +0.58 keV
O 2vKK peak width 2.64+0.24 keV
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Figure 3.14: Combined fit of the background energy spectra in the inner (bottom) and outer
(top) subvolume of the 1.5 t superellipsoid with residuals for both volumes.
Backgrounds constant in time are indicated by solid lines while backgrounds
varying with time are shown as dashed lines. One obtains y?/ndf = 448/431 =
1.04 with 28 fit parameters, 11 of them constrained.

on the cut acceptance for each volume n. The parametrisation for the outer volume can
be found in the appendix in section A3. In the fit, the cut acceptance a, (E;j ) is allowed to
vary between ay, min (Ej, n) and unity by defining it as

an (Ei,n) = Kn * An, min (Ei,n) + (1 —%n). (3.23)
The acceptance scaling parameters for both volumes are constrained to x, = % + % This
only affects the energy range above the transition points around ~ 200 keV for the inner
volume and ~ 160 keV for the outer volume since the flat acceptance is assumed to be unity

below. Including the volume and cut acceptance parameters, the background fit function is
modified to its final definition

Fa(Ein, B, Vi kn) = fu(Einy P) - Vi~ an(Ei n). (3.24)

The fit parameters, including those of the later signal fit, are summarised in table 3.6.
The background model was fitted to the data with the ROI still blinded. The fit used the
preliminary data selection of 214.3 d in the 1.5 t fiducial volume that was segmented into
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Figure 3.15: Parameter pulls of the 11 constrained parameters from the fit to the blinded
data in the segmented 1.5 t fiducial volume and 214.3 d of data.

an inner 1052 kg cylinder and an outer 448 kg shell. For the inner volume a fit range from
10 to 300 keV was chosen while for the outer volume it was limited to 200 keV. The fit result
is shown in figure 3.14. The fit describes the data well with y?/ndf = 448/431 = 1.04. No
structures can be discerned in the residuals. Of the 28 fit parameters, 11 are constrained.
The parameter pulls from the expected value are shown in figure 3.15. No anomalous
pulls above 2Ap were observed. Accordingly, the fit method was fixed and the data was
unblinded.

3.3 Modelling additional background from '2°|

The isotope 2°I produces a background peak at 67.3 keV close to Eavii = 64.33 keV [145,
231, 245]. It can be present in liquid xenon detectors as a consequence of thermal neutron
activation [145]. The thermal neutrons are captured by ?*Xe transmuting it to '?%Xe:

124%e+n — 12Xe +. (3.25)

With a half-life of 16.9 h, >5Xe undergoes electron capture to 2°1 [231]:

125Xe 16.9h 1251* v
EC e

1257 <105 12514 v 4 X (3.26)

The X-rays and Auger electrons from the atomic relaxation after the electron capture are
denoted by X. The !2°1 then undergoes electron capture to >Te with a 59.4 d half-life [231]:

1257 59.4d 125 % |
C e

125" 148105 1250 4y 1 X (3.27)
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The decays of '?°Xe and !2°I, populate short-lived excited nuclear states of 12°I and '*°Te.
Due to the short range and fast timing of the atomic relaxation quanta, the y-transitions can
be merged with the atomic relaxation signals following the electron capture. The tellurium
X-ray from K-electron capture, which occurs with a relative frequency of 80.11(17) % [245],
is always merged with a 35.5 keV nuclear transition [231] leading to a Gaussian line centred
around 67.3 keV.

In XENONI1T, two sources of thermal neutrons lead to the presence of 12°I in the detector:
artificial activation by neutrons from the deuterium-deuterium fusion neutron generator
or the > AmBe source during calibrations, and activation in the purification loop outside
of the water shield by environmental thermal neutrons [31]. The rate equations for the
activation are

dN12sy,
4 s — Masye N125y, (1),
dNi2s;
- M25yo N125y, (1) — A125 N125,(2),
dN12sy,
T A125; N12s( (1). (3.28)

Here, /1125Xe g are the respective decay constants, Ni25y,/1/Te AT€ the numbers of the respec-
tive nuclei, and <7 is the '2°Xe activation rate with the sources s = [nat, 2! AmBe, NG]. For
environmental neutrons np, literature values from flux measurements at LNGS are used to
estimate the activation [246-249]. The measurements have been taken at different locations
in the laboratory and none of them agree within the quoted uncertainties. In [250] this is
attributed to varying water levels in the rock over time that cause a different moderation of
radiogenic neutrons. For this study, the average and standard deviation of all measurements
are used as the thermal neutron flux

®, = (1.00+£0.67)-10 % cm™2s7 1. (3.29)
The natural activation rate
124y,
_ Mout * NA * Nmeas
Anat = Pn - M, “O124y, (3.30)

is then given by the product of the thermal neutron flux, the thermal neutron capture
Ccross-section 0124y, = (165+11) - 10724 cm™2 [251] and the number of 124Xe nuclei. The
latter is calculated with an estimated xenon mass my; = 10 kg outside of the water tank,
and the measured abundance, Avogadro constant and xenon molar mass. While m14y; could
not be determined precisely, 10 kg can be regarded as an upper limit from the dimensions
of the cryogenic and purification systems. A more aggressive approach would yield a value
of = 5kg [207]. The activation rate under the conservative assumption of a larger mass is

Apat = (0.65+£0.44) d~ 1. (3.31)

Due to the 16.8 h half life, it is likely that the 125% e nuclei are refed into the detector before
decaying, but are diluted in the total xenon mass of 3.2 t. Far higher activation rates directly
inside the active target were reached during neutron calibrations. In dedicated studies of
21 AmBe and NG data

riipgmpe = (60 £7) t71d 71,
oInG ~ (411 +35)t71d™! (3.32)
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Figure 3.16: Measured '2°Xe event rate over time in 1-day bins within the inner 1-tonne
fiducial volume after the application of all data selection criteria. The energy
range in which the rate was determined is 264.2 to 289.0 keV, a symmetric 20 g
energy resolution interval around the 276.6 keV 1>°Xe peak. Calibration periods
are shown as coloured areas in the plot. Poisson uncertainties are assumed for
the rate. All bins are corrected for live-time loss from cuts.

were found. These studies are detailed in section A4 of the appendix. In both, post-AmBe
and post-neutron generator data, fewer iodine decays than expected from the decay of
the parent isotope 125%e were observed [207]. This is attributed to the removal of 12°1
during the continuous purification of the detector’s xenon inventory by circulation over
hot zirconium getters. A study using five days of neutron generator data quantified the
short-term behaviour of the removal and lead to a pre-unblinding reduction of the whole
SR1 dataset to 214.3 live days. This study is detailed in [207]. However, due to the blinding
of the signal region containing the '2°I peak, the long-term behaviour of the removal could
only be assessed after unblinding.

Since every 12°Xe decay in the detector results in an 2°I nucleus, a model for the expected
iodine decay rate from artificial activation was constructed from the measured decay rate
of 12°Xe in close collaboration with C. Weinheimer. With a branching ratio of 66.4 % 12°Xe
decays into an excited state of 1251 with a half-life of 0.23 ns [231]. The emitted y-ray with
an energy of 243.378(5) keV [231] is predominantly merged with the 33.1672(13) keV K-shell
cascade from '2°1 that occurs in 88.2 % of all cases [252]. The resulting line at 276.6 keV in
the measured energy spectrum is sufficiently far away from the '2™Xe line for tracking the
decay of this isotope without significant background. The rate evolution within a symmetric
20 window around the peak mean is shown in figure 3.16 for SR1. The data is shown in 1-
day bins corrected for live-time loss from cuts. Calibration periods are signified by coloured
areas in the plot. Rate increases can be clearly be attributed to the ?! AmBe calibration in
March 2017 as well as to the NG calibration in May/June 2017. Neutron generator tests and
a certification run at full power, causing the largest rate increase observed, are not marked
in colour, but indicated in the plot. After calibrations the rate returns to the background
level within a few days.

The 125Xe data is background-subtracted using a linear fit of data sufficiently far away
from calibration periods. Details on the background subtraction can be found in section
A5 of the appendix. In a second step, the measured rates are scaled up by the nuclear and
atomic branching fractions [231], as well as by the statistical 95.4 % coverage of the 20
energy interval around the peak centre. The resulting rate corresponds to the total 2°Xe
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Figure 3.17: Rate evolution of '2°Xe data after background subtraction, upscaling and filling
of empty bins. Measured data bins are denoted by black markers and Poisson
uncertainties are assumed. These have been scaled with the same correction as
the rate. Filled empty bins are marked in red and their uncertainties correspond
to the propagated Poisson uncertainties of the last preceding bin containing
measured data. This is also true for filled bins that are preceded by another
filled bin. The y-axis for the rate is linear up to 300 events/t/d and logarithmic
above in order to show the few highest rate points. The x-axis shows the time
in days since the start of data-taking for SR1.

decay rate inside the detector. Due to calibrations and periods without data taking empty
bins are present during periods without activation. These are filled using the rate from
preceding bins and the 2°Xe half-life. The Poisson uncertainties from the preceding bins
are propagated from the respective last bin containing measured data. The resulting '°Xe
rate with filled empty bins is presented in figure 3.17. Here, only data points from SR1 are
shown although a dedicated calibration run for the assessment of '2°I removal from SR2
was included in the model. The SR2 data will be discussed in detail in chapter 4.

The model is then constructed by integrating the background-subtracted '2°Xe rate over
time in one-day steps. The number of decays in the preceding '°Xe bin adds this number
of 1251 nuclei according to equation (3.28). The multiplication of the current number of
1251 nuclei with the decay constant yields the decay rate in the current time bin. In order
to obtain a continuous fit function, the binned model was linearly interpolated. Equation
(3.28) had to be modified with a purification term in order to account for the observed
removal of '?°] before its decay:

dNi2s;
T M5y N125y, (1) — AeffN125, (1) (3.33)
The effective decay constant is
Aett = /11251 + /lpur (3.34)

and its inverse is the effective time constant

-1

1 1

Teff = ( + ) . (3.35)
T125;7 Tpur
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Figure 3.18: Predicted '2°I decay rates according to the summed and decay-constant con-
volved 2°Xe data. The solid blue line would be realised in the absence of iodine
removal. The red and orange lines showcase the predicted rate evolution for
Teff =6.9d (Tpyr = 7.5d) and Tegr = 12.8 d (Tpyr = 15.0 d), respectively. All curves
are scaled with 1125,

If 121 is solely removed by the purification system and if the removal is 100 % efficient,
Tpur — 7.5 d approaches the purification cycle time of the detector with the resulting
Teff — 6.9 d. The resulting '?°I predictions for three 7. are shown in figure 3.18. The solid
blue line would be realised in the absence of iodine removal. The red and orange lines
showcase the predicted rate evolutions for 7y = 7.5 d and 7py, = 15.0 d, respectively. All
curves are scaled with 11251, so Tef affects the area under the curves, i.e. the number of
measured events, by determining the slope and the maximum amplitude of the decay rate.
The model was fitted to the measured '2°I rate evolution in a 20 interval around the
peak (61.7 keV to 72.9 keV) with three free parameters: model scaling, 7.¢ and linear back-
ground. The '2°I data is upscaled in a similar fashion as the '?°Xe data with the respective
K-shell fraction and 95.4 % interval coverage. A best-fit T¢ = (9.1 + 2.6) d was found. This
is in agreement with the expected decay constant from efficient iodine removal by the
purification system. Since the model was constructed directly from data with underlying
Poisson uncertainties, a special uncertainty propagation method had to be devised. The
125Xe rate uncertainties are propagated by drawing artificial toy datasets from the measured
125¥e data. The rate in each toy dataset bin is drawn from a Poisson distribution with the
measured number of events as the expectation value. An '?°I model is made for each toy
125¥e dataset and fitted to the ?°I rate evolution. The best fit to the measured '?°I rate
over time in 10-day bins and the uncertainty band derived from an ensemble of 10° toy
data fits are shown in Fig 3.19. The final ensemble distributions can be found in section A6
of the appendix. In order to investigate if the binning in time introduced bias, different
binnings of the 12°I data between 1 and 14 days were tested with y? and log-likelihood fits
and yielded consistent results. For the final 2vKK search, only datasets with a decay rate
at the non-activated background level were selected. The data range of this selection is
shown as the red area in Fig. 3.19 and contains 177.7 live-days. The expected number of
1251 decays from artificial activation Nuzsy . is Obtained by integrating the best fit model
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Figure 3.19: Fit of the 12°I model to the measured rate over time in a 20 ¢ interval around the
1251 peak mean in 10-day bins. Periods with increased rate originate from artifi-
cial activation during neutron calibrations, equipment tests, and a dedicated
activation study. The best-fit effective iodine decay constant is 75 = 9.1 d. The
corresponding fit curve is shown as a black line. The green and yellow bands
mark the 10 and 20 model uncertainties, respectively. The final data selection
for the 2vKK search is indicated in pale red. Taken from [31].

over the actual data taking periods. The ensemble distribution of Nuzs; ., from the toy data
fits allows to extract both a central value and uncertainties. With this one has
N125Lart =6+ 6 events (3.36)

in the 177.7 d dataset and a 1.5 t fiducial volume. The thermal component is not included
here due to the background subtraction, but can be calculated as

Nuzsp o =4+ 3 events (3.37)

using equations (3.28) and (3.34) with «#,¢ = (0.65+0.44) d™'and 1o = (9.1+2.6)d. Together
these yield

Ny =10+ 7 events (3.38)

as a fit constraint on the total number of '°I events in the analysis dataset.
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3.4 First direct observation of 2vKK

After unblinding of the signal region the background model with the added 2vKK signal
and '2°I background peaks was again fitted to the data. The resulting spectra of the event
rate in both subvolumes are shown in figure 3.20. The best-fit parameters are summarised
in table 3.7. Although y?/ndf = 527.3/462 = 1.14 is marginally larger than for the fit on the
214.3 d dataset before unblinding, the data is still described well. Looking at the residuals
in figure 3.20 the deterioration in goodness of fit is driven by individual outlier points. Only
at energies close to the upper energy bound in the outer volume the data is systematcially
higher than the fit, but still within the 20 band of the data. The parameter pulls are shown
in figure 3.21 and exhibit the same trend as those of the background-only fit prior to
unblinding (cf. figure 3.15). The only pull above 2Ap is observed for the mean position
of the 131™Xe peak. This was already the largest positive pull before the unblinding and
reduction of the dataset. Therefore, the larger pull in the reduced dataset after unblinding
is attributed to the reduction in statistics. No anomalous pulls are observed for the mean
positions and standard deviations of the constrained signal and !2°I peaks. The same is
true for the 83™Kr peak with higher statistics.

A clear peak at E»yxx was identified. The mean energy and peak width obtained from the
spectral fit to the unblinded data are pyvkx = (64.2 +£0.5) keV and o2vxx = (2.6 £0.3) keV,
respectively. Converting the fit to a total event count yields Nizs; = (9 £ 7) events from the
decay of 1257 and Noykx = (126 +29) events from 2vKK. Compared to the null hypothesis
the \/A_Xz of the best-fit is 4.4 [31]. The y? profile for Nyyxx is shown in figure 3.22. A
significance of 4.4¢ is derived from the /A y2 between the best-fit and a null result.

Several consistency checks were carried out in the scope of [207]. It was verified that
the signal is homogeneously distributed in space and that it accumulates linearly with the
exposure. The linearity of the energy calibration is verified by identifying the 2° activation
peak at its expected position in background-subtracted data that was recorded directly after
aneutron calibration. This is illustrated in the bottom panel of figure 3.23. The top panel
shows a zoom on the ROI with a tonne-year scale on the vertical axis. The middle panel
shows the symmetric residuals in this energy region.

Considering the systematic uncertainties on fiducial mass, elemental abundance and cut
acceptance, the observed number of Noxx = (126 +29) events is converted into a half-life.
Rearranging equation (1.31) gives the half-life as a function of the measured events with

enNamt

TN =n@) o=,
A%

(3.39)
where M4 = 131.293(3) &mol [180] is the mean molar mass of xenon*, N, is Avogadro’s
constant, and ¢ = 177.7 d is the live-time of the measurement. The acceptance of the
data selection criteria between 55 keV and 75 keV is constant within the uncertainties at
€ =0.967 +£0.007¢a + 0.0335ys. The additional systematic uncertainty accounts for the fact
that for a few data selection criteria only a lower limit on the acceptance was measurable.
With the measured 2*Xe isotopic abundance nﬁfé‘; = (9.94 £0.144¢4¢ £ 0.154ys) % 10~4 mol/mol
and the fiducial mass m = (1502 + 9sy) kg, the half-life is

T2 = (1.8 4+ 0.541 + 0. 15y5) x 107 yr. (3.40)

This is the longest half-life measured directly to date. Indications of a similarly-long half-life
for 2vKK were reported for “8Kr [253]. Within their uncertainties the half-lives are on the
same level, but the uncertainty of the result for 1246 in this work is a factor two smaller.

4The minor deviations from the natural abundances assumed in this number can be neglected here, but
would have to be taken care of in experiments using targets enriched in 24Xe or 136Xe.
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Figure 3.20: Fit of the signal and background models to the measured energy spectrum
after unblinding of the data. Uncertainties on the data points are symmetric
v'N Poisson uncertainties. The final exposure is 177.7 d in the 1.5 t fiducial
volume, which is segmented into inner (bottom panel) and outer (top panel)
subvolumes that were fitted simultaneously. The sum spectrum is indicated
by the solid red line with y?/ndf = 527.3/462 = 1.14. The residuals are shown
individually for each volume. Background sources constant in time are shown
as solid lines while those that vary over time are shown as dashed lines. The
material interpolation below 100 keV is indicated by a dashed brown line. The
formerly blinded region is signified by the grey band and includes the 2vKK
signal peak (solid black) and the 2°1 background peak (dashed coral). Modified
from [31].
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Figure 3.21: Parameter pulls of the 15 constrained parameters from the fit to the unblinded
data in the segmented 1.5 t fiducial volume and 177.7 d of data.
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Figure 3.22: )(2 profile for Noyxx (solid blue). The minimum and the zero-intersect are
marked by dashed green lines. The intersect for N,k occurs at \/Ay? = 4.4.
Modified from [31].
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Figure 3.23: Zoom on the fit in the ROI for 2vKK in '2*Xe. The 2vKK best-fit peak with

Naovecec = 126 events is indicated by the solid black line. The full spectral fit
is shown as the solid red line. The peak from 2°T with Nizs; = 9 events is iden-
tified by the the dashed coral line. It is clear that the background-only model
without the 2vKK peak, shown in dotted red, cannot describe the measured
data. Residuals for the best fit are given in the central panel. The bottom panel
shows a histogram of the background-subtracted '2°I activation peak. The peak
was found in 6 d of data after a dedicated NG calibration. The peak is identified
at its expected mean position at 67.3 keV. Modified from [31].
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Figure 3.24: Comparison of the 2vKK half-life from this work with theoretical predictions
and the experimental 90% C.L. lower limits from XMASS [145] (dashed yel-
low) and XENON100 [254] (dashed red). The measured half-life (solid blue)
with the 10 and 20 statistical uncertainty bands indicated in green and light
green, respectively, is compared to results from nuclear structure calcula-
tions [106,108,110]. An agreement is found for all measurements. The theo-
retical half-lives from the quasiparticle random-phase approximation (QRPA)
were calculated for the KK capture as well as for captures from higher electron
shells which have not been observed yet. Accordingly, they have been scaled
up by the KK-fraction f,vxx = 0.765 of the decay [89]. This was not necessary
for the effective theory (ET) and nuclear shell model (NSM) half-lives already
given for 2vKK. Modified from [31].

Moreover, it is found that the result is compatible with the lower limit from XMASS [145].
This is presented in figure 3.24 alongside theoretical predictions of the 2vKK half-life from
nuclear structure calculations. These calculations used the QRPA [108, 110] approach, a
novel effective theory [106], and the NSM [106]. The QRPA half-lives had to be scaled with
the KK-capture fraction foyvxkx = 0.765 [89] since they were given for all double-electron
captures, but only the double-K capture was observed. Overall, the calculation results
match the observed half-life well, but stretch over more than two orders of magnitude. Still,
a systematic analysis of several nuclei in the mass range from A = 100-130, QRPA (2015)
states the smallest uncertainty and at the same time matches the observed half-life best.

While it is still below the 50 threshold, this first direct observation of 2vECEC in 124Xe
showcases the potential of xenon-based Dark Matter search experiments for nuclear and
neutrino physics. With the increased target mass and world-leading ER background level of
XENONTIT, the direct observation of a previously inaccessible process could be achieved.
The next generation detectors XENONNT [18], LZ [17] and PandaX-4T [255] are either under
construction or in commissioning and will be able to probe the 2vKK with precision. Yet,
the potential of the existing XENON1T data is not exhausted at this point.
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Table 3.7: Best-fit parameters on the 177.7 d dataset in the segmented 1.5 t fiducial volume.

Parameter Fitresult Constraint/limit Unit
Solar v 1.00 +0.02 1+0.02 1.8-10°8s 1kg™!
136xe 0.995 + 0.029 1.00 +0.03 3.96 1Bq/kg
85Ky 7.0+1.1 6.6+1.1 0.1 ppt
2l4pp 7.8+0.4 - uBq/kg
125Xe -0.025+0.016 - 1Ba/kg
133xe —-0.003+0.012 - uBq/kg
238y 0.2+0.5 positive scaling
226Ra 0.000 £ 0.009 positive scaling
232Th 124 +25 positive scaling
228Th -8+14 - scaling
80Co 0.046 £ 0.023 positive scaling
40K 0.001 +0.004 positive scaling
Agsmy, (4.05+0.05)-1072 - kg~'d™!
[83my; 41.466 +0.025 41.5+0.6 keV
O83my, 2.306 +0.021 - keV
Agsmi migp | (7-2%£1.5)-107* - kg'd™!
H83mys misiD 32.6+0.4 32.1+0.6 keV
O83mis misiD 2.4+0.6 - keV
A131my, (5.26£0.23)- 1073 - kg~'d™!
[4131my, 165.36 +0.21 163.9+0.6 keV
0131my, 4.65+0.19 - keV
A129my, (2.06£0.30)- 1073 - kg~'d™!
[4129my 236.8+0.5 236.2+0.6 keV
01291my, 5.4+0.8 - keV
Vinner 1.007 +0.009 1.00+0.01 1052 kg
Vouter 0.993 +0.009 1.00 +0.01 448 kg
Kinner 0.7+0.21 % + % scaling
Kouter 0.33+0.32 2+ scaling
Nizs; 9+7 10+7 events
[125] 67.3+0.5 67.3+0.6 keV
o125, 2.8+0.5 2.8+05 keV
Noyxx 126 + 29 - events
H2vKK 64.2+0.4 64.33 +0.58 keV
O 2vKK 2.59+0.21 2.64+0.24 keV




Extended Search for
Two-Neutrino

Double-Electron Capture
with XENONI1T

The original search for the two-neutrino double-electron capture in '?*Xe used a conser-
vative data selection in order to largely avoid background from '2°I. Owed to the detailed
modelling of this background it is possible to use additional exposure. Moreover, while
background from misidentified 33™Kr events limited the original study to simultaneous
captures of two K-shell electrons, an improved signal selection also allows the search for
the simultaneous capture of a K- and an L-shell electron, the KL-capture. This section will
describe the extended analysis.

4.1 Additional data

The XENON1T low-energy ER analysis [14] demonstrated that it was possible to analyse a
larger portion of the SR1 data than was conservatively used for the double-electron capture
analysis [31]. In the first data selection step of the low-energy ER analysis, data taking runs
within 24 h of 8™Kr and ??°Rn calibrations were removed in order to avoid the background
from residual calibration isotopes in the detector. After this selection, the total live-time
corrected for cut-related exposure reductions is 226.9 d [14]. In a second step, the data was
subdivided into two categories, which are referred to as the clean and dirty data. Clean data
is at least 50 d of real time away from NG or AmBe neutron calibrations. Accordingly, it
exhibits a lower background from neutron-activated xenon isotopes and especially lower
background from !2°1. The total live-time of this data is 171.2 d. The remaining 55.8 d of
dirty data contain larger background contributions from neutron-activation. The clean SR1
data contains 164.3 d of data from the 177.7 d dataset used in [31]. The dirty partition of
SR1 contains only data that has not been investigated in the former analysis.

Figure 4.1 shows the distribution of the science and calibration data over SR1. The clean
data is located at the start of the science run up to mid-March 2017 and then starts again in
mid-July 2017 extending to the end of the science run. The dirty data is located in between
these two blocks of clean data and contains a two-week AmBe calibration as well as shorter
NG calibration runs. The remaining calibration data is evenly distributed over the science
run.

On top of the SR1 data, 24.3 live days of data from SR2, recorded between 7th February
2018 and 24th September 2018, can be used. This is clean data 50 d away from neutron
calibrations that was used for a cross-check of the low-energy ER result [14]. Due to
frequently changing detector conditions associated with hardware tests and modifications,
the total amount of usable data in this research and development run is smaller than for
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Figure 4.1: Data distribution over SR1. The clean and dirty science data periods are indi-
cated by the blue- and purple-coloured areas, respectively. Calibration data is
indicated in red for NG and Ambe, orange for ??’Rn and green for 83™Kr. The
cumulative live-time corrected for losses due to cuts is indicated by the dashed
light blue line for the clean data, the dashed purple line for the dirty data and
the solid dark blue line for all science data.

the Dark Matter SR1. The relative amount of clean data is also smaller in SR2 due to more
frequent and longer NG calibrations as well as an extended 33™Kr calibration. No dirty data
has been selected for SR2 due to the large amount of expected background from '?°I (cf.
section 4.2) and 83™K.

The distribution of data over SR2 is shown in figure 4.2. Here, the clean data is mainly
distributed in three blocks in early March, late May and September 2018. Data with the NG
was taken twice in March for approximately two weeks in total and again in mid-July for
four days. Notably, the last calibration campaign was followed up immediately with ?2°Rn
calibration data. In April it was decided to leave the 33™Kr source open in order to allow
for continuous calibration. Two notable operations are also indicated in the plot. In June
the QDrive pumps of the gas purification system were exchanged for a new magnetically
coupled piston pump [208]. This lead to two changes of detector conditions relevant for
the analysis presented here: Since those pumps were among the largest contributors to
the XENONIT ???Rn budget the associated background was reduced as shown in figure 2.9.
Moreover, the larger purification flow is expected to impact the time constant of the 12°1
removal. This will be further examined in section 4.2. In late July 2018 the Kr-distillation
column was operated in a specialised radon distillation mode [73, 77] further reducing
the 222Rn activity concentration to (4.5 + 0.1 uBd/kg) [76]. The amount of clean SR2 data
with radon reduction from the MagPump and distillation is 36.2 %. Assuming that in the
remaining data the 2?2Rn activity concentration is the same as in SR1 with (13.3 +0.5 1Ba/kg),
the time-averaged 2??Rn activity concentration in the clean SR2 data is (10.1 + 0.3 1Bd/kg).
This is (76 + 1) % of the SR1 mean. Assuming that the 2l4py, background follows the 222Rn
activity concentration one would expect a corresponding background reduction.

Due to hardware operations it is possible that ambient air — and with it 8Kr — was in-



4.1 Additional data 97

30

= Cumulative, clean 220Rn |
== = Start of Rn distillation SR2 (clean) |
25 | == = MagPump installed 83mKr I
NG |
|
E 20 - I
v :
= 15| -
+ | |
3 ! !
— 10 | | I
| |
| |
2 | I
| |

0 1 1 1 ' b 1

‘b'& %QV ‘b’o(o %’Qb %’6\ ‘b’db Q)'Qq
.3 % % Yy % "% %
» D D » » » D
Date

Figure 4.2: Data distribution over SR2. The clean science data periods are indicated by
the blue-coloured areas. Calibration data is indicated in red for NG, orange for
220Rn and green for 83™Kr. The cumulative live-time corrected for losses due to
cuts is indicated by the solid dark blue line. The completion of the MagPump
installation and the start of the Rn distillation are shown as the vertical dashed
black and gold lines, respectively.
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Figure 4.3: Concentration of "'Kr in xenon during SR2. Four RGMS data points are available
(black markers) with the error bars containing both statistical and systematic
uncertainties [256]. Clean data periods are indicated in blue. The fitted average
concentration before the MagPump installation is "Kr/xe = (0.74+0.15) ppt (red),
while it is "'Kr/xe = (1.99 + 0.38) ppt (orange) after.
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troduced to the detector. Moreover, it was observed over SR1 that the 8Kr level increased
over time which would be compatible with a minor air leak in the system [238]. Figure 4.3
shows the behaviour of the "'Kr concentration in xenon over SR2 based on four RGMS
data points [256]. The fitted average concentration before the MagPump installation is
"iKr/xe = (0.74 + 0.15) ppt (red), while it is "Ki/xe = (1.99 + 0.38) ppt (orange) after'. This
indicates a negligible increase compared to the "Ki/xe = (0.66 + 0.11) ppt in SR1. In the
data with reduced ???Rn level, the 8 Kr background is expected to be thrice as high as
in the SR1 data®. The exposure-weighted average concentration in the clean SR2 data is
"Kr/Xe = (1.19 £ 0.17) ppt.

It was decided to use the data processed with PAX version 6.10.1 as used in [14] since it
offered various benefits over version 6.8.0 [216] used in [31]. First, it enables the use of the
improved position and energy reconstruction from [201] (cf. section 6.1). With this, the
energy resolution in SR1 is

o (0.313+0.007) keV'"?
== +(0.0017 + 0.0002). 4.1)

E vVE
While the published energy calibration parameters can be used for SR1, they had to be
derived anew for SR2. Following the method outlined in section 3.1 the depth-dependent
calibration parameters

21(2) = (0.146+0.027) 2% 4 7. (6.3+0.8). 1075 — P
ph ph-cm
— pe _, pe
gZ(Z) - (10.8 i2.l) —_——2Z- (1-54‘i 0.20) . 10 (4.2)
€ e-cm

were found [257]. These are compatible with the SR1 parameters from [201]. The energy
resolution [257] o g for SR2 was parametrised with

op (0.339+0.005) keV'"?
== +(0.0023 + 0.0008). 4.3)

E VE
As a second benefit, the analysis can take advantage of redefined cuts with higher accep-
tances as well as newly developed cuts. These include a cut that removes the low-energy
shoulder of the 83™Kr peak (cf. figure 3.14) — enabling the search for the KL double-electron
capture in addition to the KK-capture. The cuts will be discussed in the following.

4.1.1 Cuts for the extended double-electron capture analysis

The cuts applied in this analysis are for the most part the same as in [14]. Most of these
cuts are updated versions of those in [31]. Only notable differences will be outlined here
together with the determination of the combined acceptance for both science runs. The
cuts are summarised in table 4.1.

The SIMaxPMT cut was removed from the low-energy ER cut list. This cut removes
all events with Z < —92.9 cm which is the lower boundary of the fiducial volume used
in [14]. Since the superellipsoid for the double-electron capture analysis stretches further
towards the cathode, it was not possible to use the cut. The new PAX version uses a
lower two-PMT coincidence threshold for S1 signals compared to the former three-PMT
coincidence in order to achieve a lower energy threshold. For the low-energy ER analysis
the old coincidence criterion was recreated with the S1PMT3fold cut. In this analysis, the

1A goodness of fit discussion is forgone for two data points each with the given uncertainties.

2In part this will negate the benefits of the radon distillation in this data. In XENONNT the krypton will be
removed from the xenon inventory as for XENONI1T SR1. This way XENONnNT will take full advantage of the
reduced radon level [18] from distillation and other reduction techniques.
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cut is also applied, but should not affect the data of interest since only events above 10 keV
are selected. At this energy, S1 coincidences below 3 PMTs do not occur. In addition to the
ERband cut from chapter 3 the SimpleSurfaceCut and S2Threshold cuts remove inwards-
reconstructed events from radon progeny decays occuring on the PTFE wall that feature
anomalously small S2s. Owed to a redefinition, the S2PatternLikelihood featured a larger
acceptance than the version studied for [31], so it could be applied in this analysis. The
MisIDS1SingleScatter cut is central to the extended double-electron capture analysis since
it removes the low-energy shoulder on the 83™Kr peak that was still present in the former
analysis at all times of SR1. This shoulder obscured the expected KL-capture peak from
124Xe. Events fell into this shoulder when the secondary S1 from the two-step 33™Kr decay
was misidentified as an S2. Such an event would not be removed by the S1SingleScatter
cut. The new cut targets the largest S2 before the main S2. It removes this event population
down to the 10~ level compared to the main peak (cf. section A10 of the appendix) while
having 100 % acceptance for all other ER events in this energy region [258].

Two cuts were redefined for SR2 by A. Bismark: CS2AreaFractionTopExtendedSR2 and
S2PatternLikelihoodSR2. Both cuts use the PMT hit patterns and were affected by the
deactivation of PMTs during SR2 due to deteriorating PMT performance. The resulting
time-dependence of the cut acceptance could be overcome by the redefinition of the cuts
in a time-dependent fashion [259, 260]. A second notable change for SR2 is the omission
of the PosDiff cut. This cut compares the reconstructed interaction positions from two
different position reconstruction algorithms, the neural network and the top pattern fit.
Since only the new neural network from [201] was updated for the changes in the PMT
configuration in SR2, the top pattern fit algorithm does not produce meaningful results in
this data. Accordingly, the position difference cannot be used for a cut.

As in section 3.1.1, multiple methods are used in order to derive the combined cut
acceptance. The live-time reductions are again taken into account at the stage of the
exposure calculation. The acceptance of all analytic cuts is expected to be unity. Following
the analysis in [14] the N — 1 method is used on 220Rn data to derive a lower limit on the
acceptance for the remaining 8 cuts in SR1 and 7 remaining cuts in SR2. Figure 4.4 shows the
combined cut acceptance for SR1. The superellipsoid fiducial volume has been subdivided
into an inner cylinder (black markers) and an outer shell (gold markers) as in [31]. The
combined acceptances in both volumes are shown in the energy range from 0 to 210 keV
in 2 keV bins. The uncertainties on the data points have been derived in the same fashion
as in [14]. For the individual N — 1 acceptances they represent Bayesian 68.3 % credible
intervals [261]. These are in general asymmetric because the efficiency can neither exceed
unity nor go below zero. However, for less extreme cases and in the presence of large
statistics, they become symmetric. The final combined acceptance uncertainties are the
separately Gaussian-propagated upper and lower uncertainties of the individual cuts. In
figure 4.4 they are mostly symmetric due to the large available statistics from all ?2°Rn
calibrations over SR1.

Both fiducial volumes exhibit a sudden acceptance loss at larger energies as observed
in section 3.1.1. Again this is caused by the removal of true multi-site events by way of the
S2Width and S2SingleScatter cuts. While in the former analysis, this acceptance loss was
modeled, it was decided to exclude this data from the extended analysis, so the fit ranges are
chosen as 10 to 200 keV for the inner and 10 to 160 keV for the outer volume. The excluded
data is indicated in light and dark green, for the inner and outer volume respectively. Data
below 10 keV (orange patch) is excluded in order to stay clear from the low-energy ER excess
found in [14]. The data excluded at high energy is far from the signal region and the only
benefit from a larger fit range are stronger constraints on material backgrounds which start
to dominate around 200 keV. In the previous analysis these stronger constraints from data
were needed, since the material background constraints in the fit were relative constraints
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Table 4.1: Data quality criteria for the 2vECEC search with their acceptance derivation
method, the science run they are applied in, and a short description. The cuts
marked with an asterisk were redefined for SR2.

Cut name Acceptance  Science Description
derivation run
DAQVeto Live-time 1,2 Correct for DAQ deadtime
S2Tails Live-time 1,2 Remove high rate periods
following large S2s
Flash Live-time 1,2 Remove events after isolated
large light signals from muons
ERband Analytic 1,2 Remove NR events
InteractionExists Analytic 1,2 Check if event has
a valid S1+S2 pair
InteractionPeaksBiggest ~ Analytic 1,2 Check if largest peak is in
main interaction
S2Threshold Analytic 1,2 Main S2 > 200 pe
S1PMT3fold Analytic 1,2 Threefold PMT coincidence
for main S1
SimpleSurfaceCut Analytic 1,2 Remove PTFE surface events
MisIdS1SingleScatter Analytic 1,2 Remove low-energy shoulder of
83mKy peak
PosDiff N-1*Rn) 1 Remove events where PMT
pattern fit and neural network
reconstructed positions differ
S1SingleScatter N-1(#Rn) 1,2 Remove signals with multiple
S1s from consecutive nuclear
decays or pileup
CS2AreaFractionTop- N-1(**Rn) 1,2* Remove events with aberrant
Extended(SR2) relative PMT array
contributions to the S2
S1PatternLikelihood N-1(3Rn) 1,2 S1 signal distribution among
PMTs
S1AreaFractionTop N -1 (**°Rn) Remove events with aberrant
relative PMT array
contributions to the S1
S2PatternLikelihood(SR2) N -1 (**°Rn) 1,2* S2 signal distribution among
PMTs
S2Width N-1(32Rn) 1,2 Correlate S2 signal width
and interaction depth
S2SingleScatter N-13Rn) 1,2 Remove multi-site events
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Figure 4.4: Combined cut acceptance in SR1 for the inner (black markers) and outer (gold
markers) sub-volumes of the superellipsoid fiducial volume. The uncertainties
are the Gaussian-propagated Bayesian 68.3 % credible intervals from the individ-
ual cuts’ N — 1 acceptances. The linear fit functions are indicated by the dashed
black and gold lines for the inner and outer volume, respectively. The excluded
energy region containing the low-energy ER excess is coloured in orange. The
excluded high-energy regions are shown in light green for the outer volume and
dark green for the inner volume.
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Figure 4.5: Combined cut acceptance in SR2 for the 1-tonne fiducial cylinder (black mark-
ers). The uncertainties are the Gaussian-propagated Bayesian 68.3 % credible
intervals from the individual cuts’ N — 1 acceptances. The constant fit function
is shown as the dashed black line. The excluded energy region containing the
low-energy ER excess is coloured in orange. The excluded high-energy region is
coloured green.
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only. The absolute scaling required data with a sizeable material background contribution.
This analysis uses the absolute screening constraints that will be discussed in detail in
section 6.2.1 for the neutrinoless double- 3 decay search, so as in [14] a smaller fit range can
be chosen. For the outer volume the markers indicate that an extension of the data range to
200 keV would have been possible. However, a conservative 160 keV upper fit bound was
chosen in order to avoid an eventual y-background from the NG that will be discussed in
section 6.1.2 since it is more relevant for the neutrinoless double- 3 decay analysis.

The acceptances in both volumes are parametrised by fitting linear functions in the re-
spective fit ranges. The asymmetric uncertainties are considered by defining an asymmetric
test statistic

Xazlsym = Xlzlp + Xlzow- (4.4)
The summands are calculated indepently for points above and below the fit function

2 Z (facc(Ei) - ﬂi)z

Xup = 2 V face(Ej) — a; = 0,
i i,up
(facc(E)) — @)°
Xlzow = Z % Y face (Ej) —a; <0. (4.5)
j j, low

with the fit function f,c(Ejj), the energies of the tested bins E;; and the acceptance values
a;j. The upper and lower uncertainties are g, yp and gj jow, respectively. With linear fits of
the acceptance, the parametrisations fcc(E) for both volumes are obtained as

face, imner (E) = (6.1 £ 1.6) - 107 keV ™! + (0.922 + 0.002),
face, outer(E) = (=17.7 £3.7)- 1072 keV™! + (0.914 + 0.003). (4.6)

The fits yield ngym, inner/ A = 143.1/93.0 from 10 to 200 keV and ngym, outer/NAf=72.5/74.0
from 10 to 160 keV. This indicates a better description of the data in the outer volume. Since
the fit function for the inner volume is neither systematically lower nor higher than the
data and since a more complex, but arbitrary function could induce overfitting, the linear
model is accepted in both volumes for the further analysis. At 10 keV the lower limits on the
acceptance are (92.1 +0.2) %) for the inner volume and (91.2 + 0.3) %) for the outer volume.
The respective acceptance reductions from 10 keV to the end of the fit energy ranges are
(1.2+0.3) % and (2.7 +£0.5) %.

The combined SR2 acceptance from 0 to 210 keV in the inner 1 t cylinder as used in [14]
is shown in figure 4.5. As before, the bin size is 2 keV, but the 68.3 % credible intervals on
the data are more asymmetric and considerably larger due to smaller available statistics.
As observed before, at around 200 keV the acceptance starts to drop due to the onset of
true multi-site background that is cut by the S2Width and S2SingleScatter cuts. The first
data point with a significantly lower acceptance is just above 196 keV, so this is set as the
upper analysis boundary. The lower boundary is again set at 10 keV in order to avoid the
low-energy excess region [14]. For a constant fit from 10 to 196 keV one obtains a constant
acceptance of

face, sr2 = 0.931 % 0.001. 4.7)

with Xezlsym, spo/ndf =130.0/92.0. A linear fit yielded a slope compatible with zero without

an improvement in reduced y2, so the simpler constant model was chosen. The acceptance
of (93.1 £0.1) % is similar to that in the inner volume of the SR1 superellipsoid. The ~ 1%
larger acceptance over the whole energy range can be attributed to the omission of the
PosDiff cut.
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4.1.2 Reassessment of fiducial volume mass uncertainty

Since this analysis uses the updated position reconstruction algorithm, the systematic
uncertainty on the superellipsoid fiducial volume for SR1 has to be revised. Moreover, the
inclusion of SR2 requires the choice of a fiducial volume and the assessment of the system-
atic uncertainty. The analysis of SR1 uses the fiducial volume described in section 3.1.2
with the same inner and outer segmentation. For SR2 the cylindrical volume with

R <3694 cm,
-929cm<7Z2<-9.0cm (4.8)

from [14] is used since all SR2 cuts have been optimised for and tested in this volume.
The method outlined in section 3.1.2 is used for deriving the systematic uncertainty on
the fiducial volumes. A time-dependent correction for the altered drift path of ionisation
electrons due to charge-up of the PTFE walls is applied on the reconstructed positions [70].
With this it is possible that the position reconstruction would reconstruct events into
and out of the fiducial volumes in a time dependent fashion. Since this would affect the
clean and dirty partitions of SR1 differently, their fiducial mass uncertainties are calculated
independently. To this end, 83™Kr data within both partitions of the data is used for this
study. For SR2 all available 33™Kr data is used.

Table 4.2 summarises the results for the inner and outer volumes in the clean and dirty
SR1 data as well as for the cylindrical volume in the SR2 data. The uncertainties are the result
of the counting uncertainties on the numbers of 83™Kr events contained in each volume and
the uncertainty on the total LXe mass in the active volume m,¢ve = (2003.8 £ 5.2) kg. The
uncertainty on macve results from two other uncertainties: the LXe density at —96° C with
Pxe(—96° C) = (2.862 £ 0.004) g/cm?® [180] and the uncertainty on the true dimensions of the
detector at the millimetre level. The analytically calculated masses of the inner and outer
volumes are Minper = (1029.4 £+ 1.4) kg and mgyer = (464.3 +0.7) kg with the uncertainties
solely from pxe. The inner volume has, except for its curved edges, the same dimensions as
the cylinder used for the SR2 analysis. Accordingly, both feature the same mass. The central
values and systematic uncertainties on the fiducial masses then are:

Melean, inner = (1031.5 £ 2.95¢a¢ + 2.15ys) kg,
Melean, outer = (460.4 £ 3.4ga¢ + 1.95ys) kg,
Myirty, inner = (1029.1 £ 3.15¢a¢ £ 0.35ys) kg,
Mirty, outer = (460.0 £ 1.5tat +4.3sys) kg,
msgz = (1033.6 £ 3. 1gtar + 4.25ys) kg. (4.9)

The central value is the mean of the two different mass values per volume from table 4.2.
The semi-difference between the central value and the two base values is taken as the
systematic uncertainty. Due to the correlated statistical uncertainties between the Kr-
derived masses and the analytic masses, only the former were taken into account. For
SR1 the result is compatible with that in section 3.1.2. The systematic uncertainty for all
investigated volumes is < 1%. The results for the clean and dirty partitions are compatible
within the statistical uncertainties alone, so there is no significant drift of the position
reconstruction over time. The same is true when comparing the inner volumes of both SR1
partitions with the inner volume from SR2.

Figure 4.6 shows the distribution of 33™Kr events in the Z- and R?- (top) as well as the
X- and Y -directions inside the active volume for the clean partition of SR1. The physical
dimensions of the active volume in the XENON1T coordinate system are indicated by the
dashed black rectangle in the upper panel and the dashed black circle in the lower panel.
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Figure 4.6: Top: Distribution of 33™Kr events in the squared radial and axial directions of
the active volume after cuts. With 500 bins in both directions, the volume of
each bin is 1 cm®. Bottom: Distribution for the top view onto the TPC for the
same data. The area of each bin with 500 bins in both directions is 0.04 cm?. All
data is from the clean partition of SR1 with all analysis cuts applied. The 41.5 keV
line was selected in ¢S1-cS2y, space. The edges of the active volume are marked
by the dashed black line. The superellipsoid fiducial volume is indicated by the
solid orange line. The dotted orange line marks the segmentation between the
inner and outer sub-volumes of the superellipsoid.
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Table 4.2: Fiducial masses for SR1 and SR2 from 33™Kr and an analytic calculation.

Volume Contained 83™Kr [%] Mass from 83™Kr kgl Analytic mass [kg]
Clean SR1

Full active 100 % - 2003.8+5.2
Superellipsoid (74.37+0.08) % 1490.1 £3.9 1493.7+1.6
Inner (51.58 +0.06) % 1033.6+2.9 1029.4+1.4
Outer (22.78 +0.04) % 456.5+1.4 464.3 +£0.7
Dirty SR1

Full active 100 % - 2003.8+5.2
Superellipsoid (74.08+0.11) % 1484.4+4.4 1493.7+1.6
Inner (51.34+0.08) % 1028.8+3.1 1029.4+1.4
Outer (22.74+0.05) % 4556+ 1.5 464.3 +0.7
SR2

Full active 100 % - 2003.8+5.2
Cylinder (51.78 £ 0.08) % 1037.7£3.7 1029.4+1.4

The superellipsoid is shown as the solid orange line and the inner volume is indicated by
the dotted orange line. All SR1 cuts have been applied to the data and the 41.5 keV line was
selected with cuts in ¢S1-¢S2y, space. The data is homogeneously distributed inside the
active volume and the edges of the active volume are smeared out due to the uncertainty of
the position reconstruction. The same plots for the dirty partition and SR2 can be found in
section A7 of the appendix.

Only the inner fiducial volume of the dirty SR1 data will be used in the following analysis,
since the outer volume with the increased background would not offer added sensitivity
to 2vECEC. With this, the exposure is 0.93 t-yr. The main factor driving this decision
is the increased '2°I background level expected for the dirty partition. The detailed '?°I
background expectation will be discussed in the next section.

4.2 Extended '?°l model

Since an increased background contribution of 2°1 is expected in the dirty partition of
SR1, the '2°I predictions from the model derived in section 3.3 have to be updated for the
new data selections. Moreover, the inclusion of SR2 with its multiple neutron calibrations
requires the construction of a second '2°I model for this data. First, >°I predictions are de-
rived for the clean and dirty partitions of SR1 by integrating the model derived in section 3.3
over the clean and dirty data periods. The uncertainties from the 2°Xe data points and the
best-fit model are propagated in the same fashion as in that section. The distributions for
the numbers of predicted '?°I decays from '2°Xe toy datasets can be found in section A8 of
the appendix. For the artificial activation by neutron calibrations one obtains

1251

Nart, clean — (5.2+4.5) EVents/t,
N1251 =(102.7 +18.8) events/t 4.10)

art, dirty
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With thermal neutron components for activation in the purification loop outside of the
water tank

1251

Npat, clean = (9.1 £2.9) events/y,
125
NnatI, dirty ~ (1.7 £0.9) events/t @l1)

the total expectations for '?°] events in both partitions are

125
N = (10 & 5) events/y,

clean

Nyirty = (104 + 19) events/s, 4.12)
In the last step, the numbers have been rounded to full events. These are the total numbers
of 1?5 K-, L- and M-electron captures per tonne of xenon in the respective data partition3.
A preliminary version of these predictions has also been used in [14].

For SR2 the model has to be made from scratch using the measured rate in the 276.6 keV
line of 1?°Xe over time. Figure 4.7 shows the measured event rate in a 20 interval from
264.0 to 289.2 keV around the peak mean in the cylindrical SR2 fiducial volume. The data
during the three NG calibrations and 35.2 d of dirty background data were used in addition
to the clean SR2 data. Clear rate increases are identified during the NG calibrations. For the
NG data in July an ad-hoc energy calibration was required since a part of this data was taken
at an anode voltage of 3 kV instead of the nominal 4 kV during SR2. Accordingly, smaller
S2s were observed in this data. The adjustment of the energy calibration is summarised
in section A8 of the appendix together with the further data preparation steps for the 12°1
model and the uncertainty propagation. As in section 3.3, the '?Xe data was background-
subtracted, scaled up by the branching fraction and the coverage of the 20 interval, and
empty bins were filled using the exponential decay of *°Xe.

For the construction of the SR2 2°T model two notable changes have been made with
respect to SR1. First, after the installation of the magnetic pump, the constant background
level in the energy range of the '2°I peak is changed due to the reduction in >?Rn and the
increase in 8°Kr. Therefore, the model is divided into two parts with different background
levels separated by the date of the MagPump installation. Second, the new pump allowed
for a higher purification flow which should lead to a faster 12°I removal by purification.
Starting with equations (3.34) and (3.35) and assuming that the iodine removal is propor-
tional to the purification flow one can introduce the flow-specific purification constant Ao
with

A«pur,k = /‘10 ' fk~ (4.13)

Here, fi is the constant purification flow in the respective time period under investigation
with k = 1 before the MagPump installation and k = 2 thereafter. In principle this model can
be generalised to be continuous in time. However, in the data periods under consideration
the flows do not change significantly, so it is sufficient to derive time-averaged quantities.
For the purification constants in both periods one finds that the purification constant is
determined by the purification flow ratio rgq, with

A V2 2
Aoz _fo_ (4.14)

Apur,l - fl

3Note that in section 3.3 the the 121 predictions were given for K-captures only in the full superellipsoid and
177.7 d of data.

4The change in background level at the start of the radon distillation is not taken into account since the
additional reduction with respect to the initial reduction by the MagPump is small compared to the total
background level (cf. figure 2.9).
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Figure 4.7: Measured event rate over SR2 in a 20 interval (264.0 to 289.2 keV) around the
276.6 keV peak of '2°Xe. The black markers show the rate before background-
subtraction. The data from the cylindrical SR2 fiducial volume after cuts has
been corrected by the live-time per bin. Uncertainties are based on Feldman
& Cousins 68.3 % confidence intervals [262]. NG, 8™Kr and ?>Rn calibration
data are shaded in red, green and gold, respectively. Data points outside these
regions are from clean and dirty SR2 background data. The data points inside
the May 2018 krypton data are isolated dirty background runs. The MagPump in-
stallation is indicated by the dashed black line. The start of the radon distillation
is indicated by the gold dashed line.

The purification time constants are linked as

Tpur,1

Tpur,2 = (4.15)

Tflow
With this, rgow and 7pyr,1 are used in order to express Tpyr,2 in the 1251 model after the
installation of the MagPump. By using the mean purification flows and their standard
deviations from the XENON1T slow control in both periods one obtains

I'low = 1.59 £ 0.08, (4.16)

which is used as a constraint in the fit of the 1251 model. With this, the six fit parameters of
the 12T model in SR2 are the constant background levels before and after the installation of
the MagPump, the model scaling amplitudes in both periods, the purification time constant
in the first period, and the purification flow ratio connecting the time constant in both
periods.

For the 121 data points events in a 20 ¢ interval around the 67.3 keV K-capture peak, 61.4
to 73.2 keV; are selected from the same data as the 12°Xe. The points are scaled up by the
live-time per bin and the statistical coverage of the 20 interval. The lower data density
compared to SR1 does not allow time bins of 14-days with sufficient statistics for a y? fit.
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Figure 4.8: Fit of the 2] model to data with )(i/ ndf = 138/108. The data from a 20 interval
around 67.3 keV is subdivided into 1-day bins shown by the black markers. The
rate has been corrected for statistical coverage and live-time. The uncertainties
are based on Feldman & Cousins 68.3 % confidence intervals [262] and are for
illustration only. The 10 model uncertainty is shown as an orange band around
the solid orange line for the best fit. The installation of the MagPump, indicated
by the dashed black line, marks the separation point of the model into two
periods. The start of the radon distillation is shown by the dashed gold line.
The residuals in the bottom panel are given by the square-roots of the )(i [263]
summands. The 10 and 20 intervals for symmetric residuals are indicated by
the dark and light green bands.

Instead, 1-day bins are used with a binned X%l Poisson likelihood that is normalised such
that it can be interpreted in the same fashion as a y? fit [263]. It is defined as:

) bins . Vi
)(/1—2;Ai(p)—yi+yiln(;ti(ﬁ)). (4.17)
Here, the expectation value A;(p) is given by the value of the fit function f(p, x;) at x; for
the best fit parameters 5. The sum goes over the number of bins with y; counts per bin®.
As for a y? fit, the square-roots of the summands can be used as residuals. The sign of
each residual is given by the sign of A; — y;. It should be noted that these residuals are only
expected to be symmetric for bin counts = 10 since Poisson statistics lead to asymmetric
confidence intervals below.

Figure 4.8 shows the fit of the '2°I model to the data and the best-fit parameters are
presented in table 4.3. With xi/ ndf = 138/108 = 1.28 the goodness of fit is comparable to

5In the code implementation the second term in the sum has to be treated differently for empty bins with
¥i = 0 because those would lead to the undefined expression In0. Therefore, the second term is set to zero
in such cases.
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Table 4.3: Fit parameters of the 1251 model in SR2 with their best-fit values, constraints and
units.

Parameter Fitvalue Constraint Unit

Tour1 73427 - d
Filow 1.5940.07 1.59+0.08 -
background, | 3.6+0.5 - tla!
background, | 2.9+0.3 - tld!
scale; 0.5+0.1 - Aizsg
scale 1.2+0.5 - Aras

the SR1 model. The calibration campaigns in March 2018 are well described and single
outlier points in the residuals are present above and below zero. Two data points right after
day 50 are below the model by approximately 20. These would suggest a faster purification,
but this is constrained by the more numerous data points during the phase of increasing
rate associated with the two preceding neutron calibrations. For the neutron calibration in
July 2018 only three data points are available during the activation period and all are well
described by the model. Due to a ?2%Rn calibration and the start of the radon distillation
directly after the NG runs, no data is available for two weeks after the end of the neutron
calibration. The first available data points are already back at the constant background level.
According to the fit, the background in the second model period is reduced by 19.4 %, which
is expected from the reduced radon and elevated krypton levels. The purification time
constant Tpy,, 1 = (7.3 £2.7) d is compatible with the 7.5 d turnaround interval of the full
detector. Translated to T ; = (6.7+2.3) d it agrees with the value of 7¢¢ = (9.1+£2.6) d found
in section 3.3 within the uncertainty. The constrained flow ratio is reproduced by the fit and
leads to Tpyr,2 = (4.6 £1.7) d. The scaling parameters of both data periods agree within their
uncertainties. Since the scaling parameter scale, = (1.2 + 0.5) 125 for the second period is
constrained by a single data point, the uncertainty is relatively large. As in section 3.3 the
scaling parameters are different from unity since they incorporate cut acceptances and
single scatter reconstruction efficiencies.

The number of expected '2°I events is obtained by integrating the model over the clean
data periods of SR2. The statistical uncertainty associated with the fit of the model results
from the integration of the uncertainty bands. For the uncertainties arising from the 12°Xe
data underlying the model, toy datasets are drawn, fitted and integrated in the same fashion
as in section 3.3. For the artificial activation by the NG in SR2 one obtains

Nylsgo = (1.9 + 1.4) events/y, 4.18)
Here, the statistical uncertainty ANgg,¢ = 1.0 events/t and the 125 e uncertainty ANisy, =
1.0 events/t have been added in quadrature. With thermal neutron components for activation
in the purification loop outside of the water tank

1251

Npat srp = (1% 1) events/g (4.19)

n

the total expectation for '?° events in SR2 is

251

Nepa = (3 2) events/s, (4.20)

With the same calculation one obtains an expectation of N;:; dirty = (76 £ 38) events/t for the
dirty 35.2 d of data. This outweighs the expected € (10) events/t for signal by far, so this data
is not sensitive to the decay. Accordingly, it was not used in the analysis.
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Table 4.4: Relative probabilities of KK-, KL- and LL-captures for all 2vECEC decays. The
values have been obtained using the normalisations of the K- and L1-electron
wave functions in 124Xe. These can be found in [89] (table V therein) for the Dirac
solutions of a finite size nucleus with homogeneous charge distribution as well
as for the Schrédinger solution of a point nucleus. The 1.2 and L3 electrons have
not been considered here since their normalisations are an order of magnitude
smaller than for the L1 shell.

Decay Dirac Schréodinger  Absolute
fraction solution [%] solution [%] difference [%)]

Javkk 76.5 79.1 2.6
vk 22.0 19.7 2.3
foviL 1.6 1.2 0.4

4.3 Changes to signal model, background model and fit
method

The KL- and LL-capture peaks are added to the signal model in order to maximise sensitivity.
With this, the 2vECEC signal model consists of three Gaussian peaks. The decay energies
from sections 1.2.4 and 3.2 determine the peak positions at

Liavkk = (64.33 £0.13) keV,
LavkL, = (37.29 + 0.68) keV,
favir, = (10.01 £0.13) keV. 4.21)

For the KL- and LL-peaks no calculations for the double-hole energies in 12*Xe are available
in the existing literature. Accordingly, these values are assigned uncertainties as outlined in
section 1.2.4. The energy uncertainty for the KL capture has been symmetrised by taking
the mean of the upper and lower uncertainties. The energy resolutions at the respective
energies follow from the parametrisations for SR1 and SR2 in equations (4.1) and (4.3).

The relative fractions of the KK-, KL- and LL-captures, denoted as fovkk, fovkr and
foviL, give the relative scaling of the peaks for a total decay rate A»vxx. In absence of
a secondary source for the relative probabilities of the different captures, no meaningful
theory uncertainty can be derived. However, the authors of [89] provide two solutions
for the wave function normalisations of the low-lying electron shells in '2*Xe: the solution
of the Dirac equation for a finite size nucleus with a homogeneous charge distribution
and the solution of the Schrddinger equation for a point nucleus. The respective relative
probabilities are given in table 4.4. Here, only electron captures from the L1 shell have been
considered since the wave function normalisations of the L2 and L3 shells are an order of
magnitude smaller. The largest discrepancy when comparing both solutions is found for the
KK-capture with an absolute difference of 2.6 %. Taking the semi-difference between both
values as a systematic uncertainty would likely overestimate the actual theory uncertainty
because the Schrodinger solution for a point nucleus represents the most extreme case of
an approximation. Moreover, with = 10% relative uncertainties on the measured event
rate, XENON1T would not be sensitive to uncertainties on the KK- vs. KL-ratio on this level.
Accordingly, the relativistic Dirac solutions for a finite size nucleus are considered further
without assuming an uncertainty on these values. The absolute scaling of the signal is given
by the half-life according to equation (1.31).
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Figure 4.9: Double-electron capture signal and 2°I background peaks for SR1 and SR2. The
signal peaks in SR1 are indicated by the solid black lines, those for SR2 by the
dash-dotted black lines. The common scaling of all three peaks is given by the
KK-decay rate from section 3.4 divided by foyxx = 0.765. All peak widths are
governed by equation 4.1 for SR1 and equation 4.3 for SR2. The amplitudes of
the !2°1 peaks in the clean (solid coral) and dirty (dashed coral) partitions of
SR1 as well as in SR2 (dash-dotted coral) follow the central values of the 12°1
predictions from section 4.2.

4.3.1 Additional '*°I peaks

Additional 1?°1 peaks have to be considered together with the added signal peaks, namely
those arising from L- and M-shell electron captures whose atomic deexcitation cascades
are merged with the '2°Te 35.5 keV y-ray [231,245]. Accordingly, the 12°T background model
also consists of three Gaussian peaks. The relative fractions of K-, L-, and M-shell electron
captures [245] are

ﬁZSLK = 80.11(17) %,
ﬁ251,L = 1561(13) %,
fizsp v = 3.49(7) %. (4.22)

Opposed to the double-electron capture peaks uncertainties are given. However, they are at
the sub-percent level, so they can be safely neglected given that ¢ (100) events are expected
in the XENON1T data. The peak positions are obtained by adding the 35.5 keV y-energy to
the energies of the atomic relaxations [156, 264]:

HlZSLK =67.3 keV,
H125LL =40.4 keV,
sy \p = 36.5 keV. (4.23)

The uncertainties on the X-ray transition energies are on the eV-level far below the XENON1T
energy resolution, so they are not quoted here. The peak widths are again given by the
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energy resolutions in both science runs. The expected rates and their uncertainties are
given as the fit constraints summarised in table 4.6.

The 2vECEC signal and '2°I background models are illustrated in figure 4.9. The peaks
have been smeared using the energy resolutions for SR1 and SR2. The slightly worse energy
resolution leads to lower amplitude, but wider double-electron capture peaks in SR2 (dash-
dotted black) than in SR1 (solid black). The area contained under the curves is the same.
Here, the KK decay rate from section 3.4 has been used and divided by f,ykx = 0.765 in
order to obtain the total decay rate. The '2°I peaks are shown for the clean partition of SR1
(solid coral), the dirty partition of SR1 (dashed coral) and SR2 (dash-dotted coral). The
scaling of the peaks was performed according to the predicted decay rates from section 4.2
taking into account the exposure of the respective datasets. The uncertainties associated
with the peak scaling, the peak positions and the peak widths are not shown in order to
keep the plot readable. It is evident that the clean partition of SR1 provides the best signal
to background ratio with regard to '2°1. While there is still more expected signal for SR2
than 12°T background this is not the case for the dirty partition of SR1. The added L- and
M-capture peaks of 12°I mainly affect the >*Xe KL-capture. The LL-capture is not affected
by 1251 background. Still, only 3+ 1 events are expected in the 0.93 t-yr exposure, so this peak
cannot be detected on its own. Moreover, half of the peak is removed by the 10 keV analysis
threshold. As discussed in section 4.1.1 this threshold was introduced in order to avoid
the choice of a signal model for the low-energy excess [14]. Such choice would introduce
additional fit parameters for the excess components and it could affect fit parameters such
as the dominant 2!*Pb background. Since this would introduce a risk of biasing the KK-
and KL-capture peaks while offering no potential for detecting the LL-capture, the 10 keV
threshold of the fit is not lowered, but the LL-peak is kept in the model for completeness.
With better knowledge of the low-energy ER spectrum in future experiments, the LL-capture
will offer an event sample independent of 1251 modelling [18].

4.3.2 Updated fit method

Conceptually, the fit method is the same as the one outlined in section 3.2.3. Several detail
changes will be discussed in this section. Technically, the framework for handling measured
and MC data, cut acceptances, constraints and fitting was generalised and implemented
as a python package with specific modules for each task. The resulting Modular Matching
(MoMa) package takes care of all the steps outlined in figure 3.13 and provides auxiliary
functions for uncertainty propagation, toy-MC generation and fit diagnostics. The package
was made available to the XENON collaboration and has since been used for background
model cross-checks in [14]. It will also be used for the 13%Xe neutrinoless double- 3 decay
search in chapter 6.

As in equation (3.22) the combined cost function for the signal and background fit is the
sum of the individual cost functions of the respective datasets with the constraints added
on top:

datasets constraints
)(i combined (P K) = Z xi’n( Py Kn) + Z constraintj. (4.24)
n j

The fit parameters p, and the systematic uncertainty parameters for the cut acceptances
Kp are again included in the fit function. The fit parameters are summarised in table 4.5
for parameters that are shared among all datasets, and in table 4.6 for parameters that
are exclusive to a single dataset or only shared among a fraction of the datasets. Due the
decreased fit ranges the volume systematic parameters Vj, as used in section 3.2.3 would
have been degenerate with the background components that are now flat over the whole fit
range, such as the scaling of the 2!Pb background. Therefore, they are not considered in
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the fit. Instead, the systematic uncertainties on the fiducial masses will be included in the
calculation of the 2vECEC half-life. A notable difference to the definition in equation (3.22)
is the summation variable n. In the original analysis the combined y? was the sum of the
individual y? functions of the inner and outer volumes in 177.7 d of data. The extended
analysis consists of four datasets: the inner and outer volume of the clean SR1 data, the
inner volume of the dirty SR1 data, and the SR2 data in a single cylindrical fiducial volume.
Second, the cost function has been changed from y? to a generalised )(i binned Poisson
likelihood [263]. This is owed to the fact that the dirty SR1 and SR2 data feature limited
statistics. For each of the datasets one has:

) bins Nin
=2) Ain(Pn, Kn)—Nin+ N ln(f). (4.25)
Xi,n ; i,n(Pn, Kn i,n in Xin (B B
Here, Nj , is the number of events in each bin. For empty bins, the logarithmic term is set

to zero. The expectation value A; , for each energy bin E;j ,, is obtained with the fit functions
fn and f;, defined in equations (3.19) and (3.24):

Ai,n(ﬁnv Kn) = Cn ‘fn(Ei,n, ﬁn; Kn),
=Cn- fn(Ei,n, p)- an (Ej n, Kn). (4.26)

Since the fit function is defined as an event rate, the normalisation factor
Cn =ty -mp-AE, (4.27)

with the live-time t,, the fiducial mass m, and the energy bin size AE, is needed for a
conversion to events per bin in each dataset.

For the acceptance parameters it was found that in general the acceptance can no longer
be assumed constant at low energy with a high-energy polynomial tail (cf. section 4.1.1
and section 3.1.1). It now has to be accounted for over the whole fit range. Therefore,
the acceptance treatment is modified using the acceptance parametrisations fyc. from
equation (4.4) for the inner and outer volumes of SR1 and from equation (4.5) for SR2. Since
these represent lower limits on the cut acceptance, any value between f;.. and unity can
in principle be assumed. Using the acceptance parametrisation at the lower limit as the
acceptance in the fit would be prone to a systematic underestimation of the true acceptance.
This in turn would lead to a systematic overestimation of the 2vECEC decay rate. Therefore,
the acceptance scaling function in the fit is defined as the mean value of f,.. and unity:

face,n(Eijn, Kn) +1

an (Ei,n» 7?11) = 2

(4.28)

The parameters K = (Kconst, n» Kslope,n) Contain the acceptance constant and slope from the
linear parametrisations in the case of SR1 datasets and just the constant for SR2. The accep-
tance fit parameters are summarised in table 4.6. The systematic uncertainty associated
with this acceptance parametrisation is obtained in the same fashion as earlier. The differ-
ence between the mean best-fit acceptance and unity yields the upper bound of the relative
systematic uncertainty on the fitted 2vECEC amplitude. The relative difference between
the mean best-fit acceptance and the lower limit from the respective parametrisation ficc,n
yields the lower bound of the relative systematic uncertainty.

Energy resolution and reconstruction uncertainties are handled differently than in the
analysis presented in chapter 3. The energy resolution for each dataset is determined by
the parametrisations for SR1 and SR2 in equations (4.1) and (4.3). While the MC simu-
lated spectra for materials and intrinsic backgrounds are smeared before the fit, the width
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o of the mono-energetic peaks centred around pg can vary in the fit by including the
parametrization

OF = Gres "\ ME T+ Dres - HE- (4.29)

The resolution parameters a,es and byeg are independent for each of the three SR1 datasets
and the SR2 dataset. The respective constraints are given in table 4.6.

The treatment of the energy reconstruction uncertainty was also updated. In the original
analysis an energy reconstruction uncertainty was assigned to the Gaussian peaks by
allowing their mean positions pr to move within constraints. The MC simulated spectra, on
the other hand, were fixed in energy. This had two drawbacks. First, it only accounted for
energy reconstruction uncertainties for the peaks. Second, the treatment mixed theoretical
uncertainties on the true peak positions, such as the ones present for the KK-, KL- and LL-
peaks, with systematic uncertainties on the energy reconstruction. In order to disentangle
these sources of uncertainty and in order to account for reconstruction uncertainty for
the full signal and background model, the treatment is changed. First, all peaks without
theoretical uncertainties are now fixed to their theoretical positions. Peaks with theoretical
uncertainties on ug are still allowed to move within the corresponding constraints. Then,
the fitted energy Eg; for each signal and background component can be shifted from the
simulated energy E by adding an energy dependent shift AE(E) in the fit:

Eg(E) = E+ AE(E). (4.30)
The energy shift is parametrised as
AE(E) = ashift - (E — Dshift).- (4.31)

This linear parametrisation is taken from the high-energy analysis in chapter 6 where it
has been shown that the deviations of peak positions from their expected energies are well
described by a linear function. Therefore, the same treatment is applied here. The technical
details on the application of the shift in the fit are described in section 6.2.3. The energy
reconstruction shifts are applied independently for all datasets. This allows to account
for a spatial dependence, i.e. a difference of the energy reconstruction in the inner and
outer volume of the detector, as well as for an eventual temporal drift. This is obvious for
SR2 where the energy reconstruction and resolution parameters are different from those
determined for SR1. For SR1, the time partitions and the inner and outer volume have
to be treated separately. The SR1 energy calibration was only carried out in the inner 1 t
detector volume [201]. Accordingly, the energy reconstruction parameters for the outer
volume could be different. Moreover, time-dependent effects of the energy reconstruction
are averaged by using the full SR1 background data in order to determine g; and g» [201].
If the time-dependent corrections, such as the electron lifetime, were slightly imperfect,
this would lead to a temporal drift of the energy reconstruction. Therefore, the energy
reconstructions could differ for the clean and dirty partitions of SR1. Since no independent
calibration data is available over the whole duration of SR1 that could be used to formulate
constraints agpjf and bgphise are left unconstrained for all datasets.

In the spectral fit function f; from equation (3.19) the linear interpolation at low energy
has been removed. This is justified by improved absolute material background constraints
from screening. The relative contributions of the different detector components to the
background of each isotope are fixed as in the original analysis, but the normalisations of
the simulations were changed in order to derive absolute rather than relative constraints
for the material backgrounds. These constraints are discussed in detail in section 6.2.1.
They show that in areas with limited MC statistics the absolute background rate from
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Table 4.5: Fit parameters of the signal and background model that are shared among all
four datasets, namely the inner and outer volume of the clean SR1 data, the inner
volume of the dirty SR1 data and the SR2 data in the cylindrical fiducial volume.

Shared parameters

Parameter | Description Constraint Unit
Solar v external 1.00+0.03 1.8-108s kg™ !
136Xe intrinsic 1.00 £0.02 3.96 uBa/kg
B8y materials 1.00+0.58 scaling
226Ra materials 1.00 +0.48 scaling
232Th materials 1.00+0.59 scaling
228Th materials 0+0.59 scaling
%0Co materials 1.00 + 0.42 scaling
40K materials 1.00+0.26 scaling
H83my; mistD peak mean 32.1+0.6 keVv

O83myy misip | Peak width 1.3+£0.2 keV

f83my; misip | Peak fraction  (2.6+0.4) - 1074 )

H2vKK peak mean 64.33+0.15 keV
HovKL peak mean 36.74+0.48 keV
HovIL peak mean 9.86 +0.13 keV
AsvECEC peak area - events/kg.d

detector construction materials is low enough to not affect the fit even when only limited
statistics are available. This has been tested and confirmed by applying the new fit method
outlined here to the data from chapter 3. The results of the validation fits can be found in
section A9 of the appendix. The origins of the constraints for the remaining fit parameters
are presented in the next section.

4.3.3 Fit parameters, parameter assignment to datasets and updated
constraints

The definition of the total likelihood for the signal and background model includes 54
fit parameters. Of these, 32 parameters are constrained. Fifteen parameters are shared
among all datasets. They are summarised in table 4.5. The shared parameters include
the background sources that are constant in time such as detector construction material
backgrounds, solar neutrinos and 2vf{3 of 3Xe. The latter two backgrounds use the
constraints from section 3.2. For the material backgrounds the updated absolute constraints
are used. These are discussed in detail in section 6.2 where detector materials represent the
dominant background source.

Although it is reduced to the 10~* level by the MisIDS1SingleScatter cut, a residual low-
energy shoulder of misidentified 83™Kr events persists in the 41.5keV peak. Data from
calibration runs over the full SR1 have shown that the fraction of remaining events com-
pared to the area of the main peak fssmy, ;s is the same in the inner and outer detector
volume. Moreover, the residual events can be described by a Gaussian peak where the
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Table 4.6: Fit parameters of the signal and background model that are exclusive to SR1 and

SR2. The parameters in the first horizontal section of the table are shared among
both fiducial volumes in the clean and dirty partitions of SR1. Together with
the parameters from SR2 they add 4 parameters to the fit. The second section
contains parameters that are shared among both volumes in SR1, but that are
different for the clean and dirty partitions. Together with the SR2 parameters this
section of the table adds 10 parameters to the fit. The third section contains the
acceptance parameters that are the same in the clean and dirty partitions, but not
shared among fiducial volumes. In total these are 5 parameters. The last section
of the table contains fit parameters that are individual for each of the three SR1
datasets and the SR2 dataset. This adds 20 parameters to the fit. Parameters that
are not present in the respective dataset for a given line of the table are marked
as non-applicable (n.a.).

SR1 and SR2 exclusive parameters

Parameter | Description Constraint SR1 Constraint SR2 Unit
Shared among time partitions and volumes

85Ky intrinsic 6.6+1.1 11.9+1.7 0.1 ppt
2l4pp intrinsic - - uBq/kg
Shared among volumes

12E‘Xedlirty intrinsic - n.a. uBa/kg
133Xedean intrinsic - n.a. uBa/kg
133Xedirty intrinsic - n.a. uBa/kg
133X65R2 intrinsic n.a. - uBq/kg
As] dean peakarea (5.8+2.9)-107° n.a. events/kg.d
Azsy ity peakarea (1.8+0.3)-1073 n.a. events/kg.d
Ausp gRo peak area n. a. (1.2+0.8)-107% events/kg.d
Ausimye clean | Peak area - n.a. events/kg.d
Awsimye dgirty | Ppeak area - n.a. events/kg.d
Azimye SR2 peak area n.a. - events/kg.d
Shared among time partitions

Kconst,inner | acceptance 92.2+0.2 n.a. %
Kslope, inner | acceptance -6.1+1.6 n.a. 107 %/keV
Kconst,outer | acceptance 91.4+0.3 n. a. %
Kslope, outer | acceptance -17.7+3.7 n.a. 107 %/keV
Kconst, SR2 acceptance n.a. 93.1+0.1 %
Individual for each dataset

Assmy, peak area - - events/kg.d
Qres resolution 0.313+0.007 0.339+0.010 keVv'”?
Dres resolution (1.7+0.2)-1073 (2.3+1.5)-1073 -
Qghift energy shift - - -
Dshit energy shift - - keV
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constraints for the mean pigsmy, ,;p and standard deviation og3my, ,;;p have been de-
rived using said calibration data. Since this peak does not follow the energy resolution
parametrisation anymore after the cut, its standard deviation has to be treated differently
than for the other peaks. The study on calibration data can be found in section A10 of the
appendix.

The mean positions of the mono-energetic peaks from the 2vECEC of 2*Xe are also
shared among all datasets. The uncertainties on the means are given by the theoretical
uncertainties on the expected peak positions. As a last shared parameter, the 2vECEC decay
rate in the form of the peak area Ayygcrc is shared among all datasets.

The remaining 39 parameters that are not shared among all datasets can be grouped
into four different categories that correspond to the four sections of table 4.6. The first
category includes the parameters that are different for SR1 and SR2, so they are exclusively
applied to datasets in either science run. Among the three SR1 datasets, the clean and dirty
time partitions in the inner volume and the clean time partition in the outer volume, these
parameters are shared. These four parameters — 2 per row — include backgrounds that are
not constant in time, but can be time-averaged over the whole science run. Due to the
purification upgrade and radon distillation outlined in section 4.1, the 8°Kr level averaged
over SR2 is expected to be increased by a factor 1.80 + 0.40 when compared to SR1. While
the quantitative constraints from RGMS measurements can be applied to 8°Kr in SR1 and
SR2, for 21*Pb only the «-activity concentrations of the >22Rn and 2!8Po parent isotopes
have been measured. Their time-averaged activity concentration in SR2 is reduced by a
factor of 0.76 £0.01 compared to SR1. It was observed in [31] and [14] that the 2l4pp activity
concentration is not in equilibrium with the activity concentrations of the «-emitters. The
reason for this disequilibrium is not fully understood, but a fraction of daughter nuclei after
the -decays could be ionised. The ions would then drift to the cathode and their decays
would not occur in the fiducial volume. Plate-out of daughter isotopes on the inner detector
surfaces as observed for 2!Pb [11] could also play a role. Accordingly, it is unclear if the
reduction in 222Rn for SR2 can be translated directly to a corresponding reduction in 2!Pb.
Therefore, the 2*Pb fit components for both, SR1 and SR2, are left free in the fit.

The second category contains background parameters that cannot be averaged over the
whole science run. This is the case for the decay rates of the neutron-activated peaks of
1251 and 131MXe, as well as for the spectra of >°Xe and '33Xe. As they are connected to
calibrations, they are highly time-dependent. Therefore, they are different for the clean and
dirty SR1 as well as for the SR2 data periods. Yet, they are shared between the inner and
outer fiducial volume of the clean SR1 data since the neutron-activated isotopes are long-
lived enough to distribute uniformly within the detector. Due to its 16.9 h half-life 12°Xe
can only be present in datasets that are close in time to neutron calibrations. Accordingly, it
is only included in the fit of the dirty SR1 data. This category adds one fit parameter per
row, so 10 fit parameters in total.

The third category contains the acceptance parameters. These are assumed to be constant
over time, but differ in the inner and outer volumes of the detector according to section 4.1.1.
This category adds 5 parameters to the fit.

The fourth and last category consists of parameters that are both time- and position-
dependent. Accordingly, they are fitted individually for each dataset. This has already
been discussed for the energy-resolution and the energy-shift parameters in the preceding
section. For the 8™Kr decay rate Asmmy, the time dependence originates from the decay
of 3Rb that contaminated the detector leading to the presence of 83™Kr in the first place.
In the first half of SR1, where most of the dirty data was taken, the decay rate is higher
than in second half where most of the clean data was recorded. In SR2 the rate had further
decreased with the 33Rb half-life of 86.2 d [14,213]. The spatial dependence is a feature
of the event reconstruction. Since 33™Kr undergoes a two-step decay, events only appear
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in the 41.5 keV peak if the S1s and S2s from both the 32.1 keV and the subsequent 9.4 keV
isomeric transitions are merged by the data processor. While the S2s are usually merged in
any case due to their us width, the S1s can be distinguished depending on their separation
in time, usually 3-4 half-lives, and the decay position in the TPC. For the same 33™Kr activity
in the inner and outer volumes of the TPC this leads to a different area of the 41.5 keV peak
in both volumes. This consideration is not necessary for the remaining peak sources since
they do not exhibit the same double-decay structure with a rather long lived second state at
T1/2 = 154 ns [212-214]. This last category adds four parameters per row of the table, one
for each dataset, which adds up to 20 parameters in total.

4.4 Discovery of 2vECEC

The combined background and signal model is fitted to all four datasets simultaneously by
minimising the value of Xi from equation (4.24). The minimisation is carried out with the
MIGRAD minimiser in iMinuit [265]. The resulting best-fit background model, components
and data spectra are shown in figure 4.10. Each of the four panels shows the result for one
dataset: the clean inner, clean outer and dirty inner SR1 data, as well as the SR2 data. The
panels are segmented into the spectrum, best-fit components and full fit function at the top
and the residuals from square-roots of the )(i summands at the bottom. The clean inner
and outer spectra of SR1 are shown and fitted with a 1 keV binning while the dirty inner
SR1 and SR2 datasets use a 2 keV binning owed to the lower exposure and statistics®. The
uncertainties on the data points are 68.3 % Feldman & Cousins confidence intervals on the
counts per bin. These have been converted to the rate on the y-axis and are only used for
illustration.

The spectra in the inner and outer volumes of the clean SR1 partition are featureless
except for the mono-energetic peaks from the 2vECEC signal, the 83™Kr peak and the
neutron-activation peaks. The spectrum in the outer volume has a larger slope owed to
the larger material background contribution in this data. The dirty and SR2 spectra exhibit
the expected larger contributions of neutron-activated peaks as well as the step from the
merged (3 +7 signature of 133Xe. Due to the selection of datasets at least 50 d away from
neutron calibrations, the SR2 133Xe step is at a lower level. Overall, the neutron activation
contribution in SR2 is lower than in the dirty SR1 data, but higher than in the clean SR1
data. Notably, the SR2 data exhibits the smallest 33™Kr peak of all datasets since the 83Rb
contamination had decreased with its 86.2 d half-life [14,213]. The low-energy shoulder of
the 41.5 keV peak is not visible since these events have been largely cut from the data. The
fit describes the data well with

X, 517.9
ndf 508

= 1.02. (4.32)

The standard deviation of a y? distribution with 508 degrees of freedom would be Oy =
v2/ndf = 0.06. The above goodness of fit measure includes the contributions of the con-
straints
constraints
= Z constraintj =7.8 (4.33)
j

that will be discussed below. Without considering the constraints in the calculations of X%l
and ndf, the quality of the fit can be quantified solely on the deviation between the best-fit

6Different binnings of 0.5 keV, 1.0 keV, 1.5 keV and 2.0 keV were tested for all datasets, but these did not
significantly affect the fit results. Relative differences in the calculated 2vECEC half-lives were of G (1) %.
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Figure 4.11: Parameter pulls of the 32 constrained parameters from the fit to the four
datasets from SR1 and SR2 in the respective fiducial volumes and time parti-
tions. The pulls are defined in equation (4.35).

model and the data. With the number of data points r4at, and the number of fit parameters
Npar this yields

- 5101

~1.07. (4.34)
Ndata — Mpar 476

The standard deviation of the corresponding y? distribution would be G2 =0.06, so the
data is still well described. The residuals for all datasets are symmetrically distributed
around zero and do not exhibit distinct features.

The parameter pulls of the fit are shown in figure 4.11. The pulls are defined as the
deviation of the fitted parameter pg,j from the expected value pexpected,j nNormalised by the
uncertainty Apj of the respective constraint’ with

(Pfit,j — Pexpected, j)

(4.35)
Ap;

pulll =

The squares of the pulls correspond to the constraints from the combined xi binned
likelihood in equation (4.24), so one has

=) pullj2 =) constraint;. (4.36)
j j

None of the 32 pulls exceed 20 and the sum of the squared pulls is X = 7.8. For ny, pulls
where Apj originate from symmetric 68.3 % confidence intervals one would expect the
pulls to follow a normal distribution leading to X = npy. This could indicate that the fit
has not converged to the global minimum or that the uncertainties in the pull terms have

“While the pulls are unitless, in the plots they are given in units of o = A pj-
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Table 4.7: Best-fit parameters of the signal and background model that are shared among
all datasets with their fit constraints and units.

Parameter Value Constraint Unit
Solar v 1.00+0.02 1.00£0.02  scaling
136xe 0.99 +0.03 1.00+0.03  scaling
B8y 0.96 +0.39 1.00+0.58  scaling
226Ra 0.54+0.15 1.00+0.48 scaling
232Th 0.86 +0.42 1.00+0.59  scaling
228Th -0.06+0.38 0.00+0.59 scaling
0Co 0.57+0.18 1.00+0.42 scaling
40K 0.95+0.21 1.00+0.26  scaling
[83mKe misID 32.1+0.6 32.1+0.6 keV
O 83my misID 1.3+0.2 1.3+0.2 keV
fomgemistp | (2.6+0.4)-107% (2.6+0.4)-1074 -
H2vKK 64.30+0.13 64.33+0.13 keV
H2vKL 37.04+0.63 37.29+0.68 keV
H2vLL 10.01+0.13 10.01+0.13 keV
Apvecec | (7.67+1.24)-1074 ~ events/kg.d

been overestimated. A convergence failure was excluded by examining the )(i profiles
of all variables, by lowering the threshold for the estimated distance to the cost function
minimum in iMinuit, and by varying the optimisation strategy. The smallness of X~ can
be explained by taking a closer look at the individual pulls. First, for some parameters
Apj does not correspond to a statistical confidence interval from a measurement. This is
the case for the uncertainties on the double-electron capture peak positions povkk, H2vKL,
Uaviy as well as for the solar neutrino scaling. These are barely moved away from their
expected values. For other parameters, the fit is more sensitive to the constraint than it
is to the change of the fit function by that parameter. This is the case for the parameters
that describe the remaining part of the misidentified 83™Kr peak. Since the total area of the
peak is more than two order of magnitude below the signal rate, changes in its parameters
change the constraint terms more strongly than the residuals. Thus, the best-fit parameter
is at the expected value of the constraint. This is also the case for constrained background
components that have the same shape as an unconstrained background component. This
is the case for the SR1 and SR2 #Kr parameters. In the chosen fit range, the spectrum of this
constrained background has almost the same shape as the unconstrained ?!4Pb spectrum.
Accordingly, the fit stays at the expected parameter value and manages the residuals by
modifying the 2*Pb parameter. The same argument can be made for the acceptance
parameters as well as for the 13Xe background scaling. Therefore, the smallness of = does
not indicate a problem with the fit.

The best-fit parameters are given in table 4.7 for the shared parameters and in table 4.8
for the exclusive parameters. No unexpected parameter values are observed and a subset of
parameters is discussed in particular. For one, the amplitudes of the 1°I peaks correspond
to the expectations. While in the clean and dirty partitions of SR1 14% and 11 % lower
rates are measured than expected, this is well within the uncertainties. For SR2 the best-fit
rate is 17% larger than expected, but also within the 67 % relative uncertainty. The best-
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Table 4.8: Best-fit parameters of the signal and background model that are not shared
among all datasets or exclusive to one dataset with their fit constraints and units.

Parameter Value Constraint Unit
1 Pbgg, 9.4+0.3 - uBa/kg
214 Pbgp, 5.3+0.6 - uBa/kg
85Krsr1 6.6+1.0 6.6+1.1 0.1ppt
85Krgpo 11.9+1.4 11.9+1.7 0.1ppt
%X edirty 1.05+0.35 - uBd/kg
133X e ean (3.4+9.5)-1073 . 1Bq/kg
133 Xedirty 1.24+0.03 . uBg/ig
33Xespro 0.05+0.02 . uBg/ig
A5 dean (5.0+2.8)-107°  (5.8£2.9)-107° events/kg.d
Arosy girgy (1.6+£0.2)-1073  (1.8+0.3)-1073 events/kg.d
Aus spo (1.4+£0.8)-107%  (1.2+0.8)-10* events/kg.d
Asixe clean (6.5+0.3)-1073 - events/kg.d
Arixe dirty (4.26+0.03)-107¢ - events/kg.d
Aisixe sr2 (5.9+0.2)-1072 - events/kg.d
Kslope,inner (-6.2+£1.5)-107° (-6.1+1.6)-107°>  keV!
K const,inner 0.922 +0.002 0.922 +0.002

Kslope,outer (-17.8+3.7)-107° (-17.7+3.7)-107°>  keV~!
Kconst,outer 0.914 +0.003 0.914 +0.003 -
Kconst,SR2 0.931+0.001 0.93140.001 -
Assmg cleaninner | (9:7+0.3)-1073 - events/kg.d
Assmg cleanouter | (9:1£0.4)-1073 - events/kg.d
Assmgs dirtyinner | (1.900.06) -1072 - events/ig.d
Assmig; sR2 (1.9+0.4)-1073 - events/kg.d
Ares clean inner 0.317 £0.005 0.313+0.007  keV'”?
Dres clean inner (1.74£0.2)-1073  (1.7+0.2)-1073 -
Gres clean outer 0.315+0.006 0.313+0.007  keV"”
Dres clean outer (1.74£0.2)-107%  (1.740.2)-1073 -
Ores, dirty inner 0.317 +£0.002 0.313+£0.007  keV'"
Bres,dirty inner (1.6+£0.1)-1073  (1.7+0.2)-1073 -
Qres SR2 0.330 +0.006 0.339+0.010  keV"”
Dres,sr2 (-3.1+5.5)-107% (2.3+1.5)-1073 B
Ashift,clean inner (55+2.1)-1073 - .
bshift,clean inner 56.7+12.1 - keV
Ashift,cleanouter | (—1.6+3.1)-1073 - .
Dshit,clean outer 59.3 +60.6 - keV
Ashift,dirty inner (1.8+0.6)-1073 - -
Dghift,dirty inner 137.2+15.4 - keV
Qshift, SR2 (2.54+0.2)-1072 - B
Dshift,sr2 93.7+4.7 - keV
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Figure 4.12: The )(i profile of the double-electron capture decay rate Azvrcgc (solid blue).
The minimum at Asygcgc = 280 events/tyr is indicated by the dashed orange
line. The left y-axis gives the A Xﬁ between the best-fit rate at the minimum
and the respective value of Ayypcec on the x-axis. The right y-axis marks the
significance level from the comparison to a null-result. The integer significance
steps are marked by the blue-shaded areas. The significance according to the
profile is 6.80.

fit 21*Pb activity concentration in SR1 is close to the expected 10 uBa/kg with 2!4Pbgr; =
(9.4 +0.3) HBd/kg. For SR2 the best-fit activity concentration is >*Pbgg, = (5.3 +0.6) 1Bd/kg, 50
the ratio between SR2 and SR1 is 0.56 +0.07. This is in tension with the expected 0.76 +0.01,
but as stated before, a reduction in the ??2Rn activity concentration inside the detector
does not necessarily translate to the same reduction in the activity concentration of 214Pb.
Moreover, there is the aforementioned degeneracy with the constrained 8°Kr component in
the fit. If this component were overestimated, it would reduce the best-fit 214pp Jevel.

The significance of the 2vECEC signal is derived from the )(i profile of Asygcec as shown
in figure 4.12. The best-fit double-electron capture rate Ayygcec from the KK-, KL- and
LL-capture peaks is

Aovicic = (7.67 +£1.24) - 10~ events/kg.d
~ (280 + 45) events/t.yr, 4.37)

The difference A )(i =~ 46.9 between the best-fit rate and a null result yields a significance of
6.80 for the presence of a double-electron capture signal. This marks the first significant
detection of a two-neutrino double-electron capture in any isotope that exceeds the 50
discovery threshold [4]. Moreover, it is the first measurement of this process in any isotope
that leverages the signatures of the KL- and LL-captures.

A total of Naygcpc = (260 +42) events is found in the 0.93 t-yr exposure. This is inserted
into equation (3.39) in order to calculate the 2vECEC half-life

T2YFCEC = (1.13 4+ 0.184ta¢ £ 0.055y5) - 107 yr. (4.38)

Here, M = 131.293 8/mol [180], s = (9.94 + 0.14gtar + 0.1555) - 10~ [207], and the respec-
tive fiducial masses and live-times from section 4.1.2 were used. Since the acceptance is
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Figure 4.13: Comparison of the 2vECEC half-life from this work with theoretical predictions
and the experimental 90 % C.L. lower limits from XMASS [145] (dashed purple)
and XENON100 [254] (dashed red). The published result from the previous
XENONIT analysis is indicated by the solid orange line [31]. The value was
scaled down by fovkk [89]. The uncertainty is given by the error bars on the
right of the plot. The updated central value of the measured half-life is shown as
the solid blue line. The 10 and 20 uncertainty bands are indicated in blue and
light blue, respectively. Four results from nuclear structure calculations [106,
108, 110] are indicated by the black uncertainty bars. An agreement within 20
is found for all measurements.

already included in the fit function, € = 1 was used. For comparison with the result from
chapter 3 the fractional KK-capture half life is calculated using f>vkk. The resulting half-life
is

T2 = (1.47 02450 + 0.074y5) - 10°% y. (4.39)

The systematic uncertainty on the half-life has three individual contributions, namely the
cut acceptance, exposure and the '2*Xe isotopic abundance. The respective uncertainty
contributions are obtained by Gaussian uncertainty propagation with equation 3.39. The
uncertainty on the acceptance is obtained by calculating the average acceptance over the
whole energy range for each dataset. The difference of the exposure weighted sum of these
average values from unity is taken as the systematic uncertainty Ae. The uncertainty on
the exposure Amt is obtained from the fiducial volume uncertainties of each dataset that
are multiplied with the corresponding live-times and added in quadrature. For An the
statistical and systematic uncertainties of ) are added in quadrature as in [31,207]. With

this the individual contributions to the systematic uncertainties on T%/XK

1/2 are:

ATHE =0.05-10% yr,
AT, =0.003-10% yr,

ATES X =0.02-10% yr. (4.40)
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The total systematic uncertainty is obtained by adding the individual components in quadra-
ture. The systematic uncertainty contributions for TIZ/"ZECEC can be calculated by multiplying
the values for T2/ with foyxx.

In figure 4.13, the half-life is compared with the results from the same four theoretical
approaches as in section 3.4. These still are the most recent theory results. Due to the
shorter half-life compared to the former analysis, the agreement with the QRPA (2013)
calculation is improved [108]. At the same time the new half-life value is 20 below the
lower bound of the QRPA (2015) result [110] . Both, the ET and the NSM calculations are
compatible with the updated half-life [106]. Here, the result from this work is at the lower
bound of the ET half-life range, while for the NSM it is in the upper half of the range.

While the central value of the first XENONIT result was less than 1o below the 90 %
C.L. lower limit of XMASS, the updated result is more than 20 below the XMASS limit.
Accounting for the statistical and systematic uncertainties, there is considerable tension
between both results. A wrongly estimated cut-acceptance in either analysis would lead
to such a discrepancy, yet this is already included in this analysis. Given that the fit in this
work reproduces the expected background levels of all components, this is unlikely and
small discrepancies are accounted for in the systematic uncertainty. Another source of the
discrepancy could be an overestimation of the 12°I background in the XMASS analysis. While
the double-K capture peak of '2*Xe and the K+y peak of 12°1 are separated by more than 1o g
in XENONTT, this is not the case in XMASS. Here, both peaks almost fully overlap, so the
background fit relies heavily on the 1>°Xe production rate. If this rate were overestimated,
for example due to an overestimated thermal neutron flux at the experimental site, this
would lead to an overestimation of the '2°I decay rate. Due to the degeneracy of both peaks
this would push the fitted double-electron capture rate down leading to an apparently
longer half-life. Due to the better energy resolution and peak separation in XENON1T the
fit in this work is less susceptible to this. A final verdict on the matter will be possible with
an independent detection by an upcoming next-generation xenon TPC such as LZ [151] or
XENONNT [18].

4.5 Consistency with the published XENONI1T result

In the previous section the updated result on le/‘éECEC and Tf/‘éKK was compared to the-

oretical values and limits from other experiments. This section discusses if the current
result

T pdated = (147 +0.245ta0 £0.075y5) - 107 yr (4.41)

is consistent with the published result from [31]:
le/vzlffubnshe 4= (1.8+0.55ta¢ £ 0.1y5) - 10°% yr. (4.42)

These two values cannot be compared in terms of their statistical uncertainties, because
the majority of the underlying data taking runs is shared between both analyses. The total
overlap contains a live-time of 164.3 d in the full 1.5 t superellipsoid which amounts to
a 0.68 t-yr exposure, while the total exposures are 0.93 t-yr for the updated analysis and
0.73 t-yr for the published analysis, respectively. Therefore, both results are partly correlated
from the data selection alone.

However, there is no full correlation even in the overlapping exposure since both anal-
yses use different versions of the PAX raw data processor, a different energy and position
reconstruction for individual events, and different cuts on the data. The differences are
summarised in table 4.9. The changes to the PAX 6.10.1 data processor are mostly relevant
for analyses in the MeV energy range [201] and will be discussed in chapter 6. Since the
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Table 4.9: Comparison of the datasets in the published double-electron capture analysis
from [31], discussed in chapter 3, and the updated analysis.

Published Updated

PAX version 6.8.0 6.10.1
Live time 177.7d (SR1) 171.2 d (clean SR1),

55.8 d (dirty SR1),

24.3d (SR2)
Fiducial 1.5 t superellipsoid 1.5 t superellipsoid (clean SR1),
volume 1 t cylinder (dirty SR1, SR2)
Cuts Subset from [12], table 3.1  Subset from [14], table 4.1
Position Neural network [12] Updated neural network [201]
reconstruction
Energy z-dependent g; and g, [31] z-dependent g; and g» with
reconstruction reconstruction improvements [201]

energy calibration of the updated analysis relies on y-lines at MeV-energies such as those
from °Co, improvements on the energy reconstruction in the 100 keV range of this analysis
are also expected. At the event-level this means that the same events can be reconstructed
at different energies, e.g. inside or outside a double-electron capture peak. In turn, this
impacts the degree of correlation between both datasets. The same argument holds for the
different position reconstruction algorithms that can reconstruct the same event inside the
fiducial volume in one dataset, but outside in the other. The newer and optimised set of
cuts for the updated analysis [14] leads to different cut acceptances in both datasets. At the
event level this means that events present in one dataset do not appear in the other, again
reducing the degree of correlation.

In a first step, the effect of the new model on the old PAX 6.8.0 data is investigated. For
this the validation fits of the new signal and background model from the updated analysis
on the data from the published analysis can be used. These are summarised in section A9
of the appendix. A half-life of

TYKK = (1.72 4 0.4241¢ + 0.074y5) - 10% yr (4.43)

1/2,validation

was found, so the updated method yields a lower half-life than the old method on the same
data. It was found that removing the KL- and LL-signal peaks leads to

2vKK _ 22
T} slidation, Kk-only = (177 045510t 0.075y5) - 107 yr, (4.44)

which is the same result as in the original analysis before rounding to the first decimal. This
does not only validate the new fit method, but also shows that not including the KL- and
LL-capture peaks in the model leads to an overestimation of the half-life by 0.05 - 10?2 yr
in the published analysis. Since the half-life of the >*Xe double-electron capture was not
known at the time of the published analysis, it was assumed that XENON1T would have no
sensitivity to the KL- and LL-captures due to their lower relative frequencies. Moreover, due
to the misidentified 83™Kr events on the left flank of the 41.5 keV peak it was expected that
these events would be fully obscured.

After accounting for this systematic effect, a 0.25 - 1022 yr difference between the pub-
lished and updated results remains. The origin of this difference is further investigated by
quantifying the correlation of the old and new datasets. In a first step, the two datasets are
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Figure 4.14: Energy histograms for PAX 6.8.0 and PAX 6.10.1 data from the overlapping data-
taking runs that are used in the published analysis [31] as well as in this work.
Only events in the 1.5 t fiducial superellipsoid are selected. The solid dark blue
histogram and the coral line histogram show the full data in PAX 6.8.0 and PAX
6.10.1, respectively. The events that are present in the old and new data are
shown in medium blue and red. The events that are exclusively contained in
either dataset are shown in light blue and orange.

reduced to the overlapping data-taking runs, i.e. the data taking runs used in both analyses,
in SR1 within the 1.5 t fiducial superellipsoid. Figure 4.14 shows the energy histograms
from 0 to 200 keV in these datasets for the old PAX 6.8.0 and new PAX 6.10.1 data. For better
comparability the MisIDS1SingleScatter cut has not been applied to the PAX 6.10.1 data.
The histograms for events contained in both datasets and for events contained only in
either dataset are also shown.

There are several notable differences between the datasets. For instance, there are less
41.5keV 83™MKr events in the PAX 6.10.1 data while more events are misreconstructed into the
low-energy shoulder of the peak. This can be explained by the tuning of the peak clustering
in the newer PAX version that leads to less merging of subsequent S1s. Accordingly fewer
events appear in the merged 41.5 keV peak. On the other hand, the larger number of 9.4 keV
S1s that can be separated allow for more misidentification of these signals as S2s, so the low-
energy shoulder of the 41.5 keV peak becomes more peak-like. In general, the events that
are exclusively found in the newer data appear more peak-like, also in the KK-capture/!2°1
region. This hints at the improved energy reconstruction and energy resolution in PAX
6.10.1. As an example, the 31™Xe peak at 163.9 keV is shifted to higher energies in the PAX
6.8.0 data while for the PAX 6.10.1 data it is found at the expected energy. Even though
features in the older data appear smoother, the LowER excess from [14] is present in both
datasets. Since the cuts below 10 keV are less stringent in the PAX 6.8.0 data, the exclusive
dataset contains more low-energy events from nuclear recoils and misreconstructed >'°Pb
decays from the PTFE surfaces [11].

Most importantly, except for the energy region below 10 keV and the 33™Kr peak, there
are less events in the PAX 6.8.0 data. According to the parametrisations in equations (3.1)
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Figure 4.15: Ratio of the cumulative histograms of overlapping PAX 6.10.1 and PAX 6.8.0 data
in the 1.5 t fiducial superellipsoid (blue markers). The energy range is 50 to 200
keVin 5 keV bins. The expected ratio from the cut acceptance parametrisations
in equations (3.1) and (4.6) is indicated by the solid orange line. This needs to
be shifted upwards by 3.5% in order to describe the data (dashed coral line).
No uncertainties are shown.

and (4.6) a higher acceptance is expected in the PAX 6.8.0 data. This observation is quan-
tified by making cumulative histograms of the full overlapping PAX 6.8.0 and PAX 6.10.1
datasets starting at 50 keV in order to avoid a bias from the 83™Kr peak. The ratio of both
histograms is shown in figure 4.15 together with the expected ratio from the acceptances. In
order to describe the observed ratio, the expected ratio has to be shifted upwards by ~ 3.5 %.
This indicates a lower cut acceptance in the PAX 6.8.0 data. Since the acceptance parametri-
sations resemble lower limits the difference can be explained by the true acceptance in the
PAX 6.10.1 data just being further away from the lower limit. This is accounted for by the
3.4% relative systematic uncertainty on the half-life in equation (4.40).

In order to remove the effect of cut acceptances in a next step only events that appear in
the PAX 6.8.0 data as well as in the PAX 6.10.1 data are considered. This removes approxi-
mately 12.5% of the data in the PAX 6.10.1 dataset. In the following it is assumed that the
exposure in both datasets is reduced accordingly. The energy spectra of the overlapping
events are fitted with the updated signal and background model. The fit results are sum-
marised in table 4.10. The full spectra, )(i profiles, pull-plots and best-fit parameters can
be found in section Al1 of the appendix. Note that the PAX 6.8.0 data requires fewer fit pa-
rameters since the energy calibration, resolution and cut acceptance have been derived for
the full 1.5 t superellipsoid in this data. Accordingly, the inner and outer spectra share the
respective fit parameters. This is not the case for the PAX 6.10.1 data where the individual
fit of the acceptance, resolution and energy shift adds six parameters.

The trends that were already observed in the full datasets are reproduced in the event-
overlap. First, the goodness of fit, both with and without considering the pull terms, is
better in the PAX 6.10.1 data. Comparing the raw )(i yields a difference of

2 2
X1,6.80 " X2,6.101 =29 (4.45)

while the difference in degrees of freedom (fit parameters) is 2 (6). Therefore, the updated fit
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Figure 4.16: Energy spectra between 50 and 80 keV for the fit of the overlap in events be-
tween the published PAX 6.8.0 data (black markers) from [31] and the updated
PAX 6.10.1 data (orange markers) from this work. Spectra are shown separately
for the inner (top) and outer (bottom) sub-volumes of the 1.5 t fiducial superel-
lipsoid. The best-fit total spectra for the PAX 6.8.0 and the PAX 6.10.1 data are
indicated by the solid black and orange lines, respectively. The background-
only spectrum and the KK-peak are indicated by the dashed and dash-dotted
lines of the same color. Uncertainties on the data points resemble 68.3 % Feld-
man & Cousins confidence intervals and are used for illustration only.
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Table 4.10: Fit results for the fit of the overlap in events between the published PAX 6.8.0

data from [31] and the updated PAX 6.10.1 data from this work.

Published (PAX 6.8.0) Updated (PAX 6.10.1)
Ndata 340 340
Npar 29 35
Nconstrained 18 22
ndf 329 327
x5 333.5 304.5
\/ 2 0.08 0.08
ndf . .
3 6.7 8.4
X
4 1.01 0.93
xi-Z
m 1.05 0.97
2
VAXS 4.8 5.3
NavEcEC [events] 146 +37 161 +32
T32CEC [10% yr] | 1.28 +0.325ta1 £0.056ys  1.16 £ 0.23(q £ 0.065y5
THXK (102 yr] | 1.68+0.42(5; +0.07gys 1.51 £ 0.305ta¢ 0.075ys

describes the data significantly better. From the )(i profile on the double-electron capture
decay rate, the significance and number of events is higher in the PAX 6.10.1 data with
(161 +32) events at 5.30 vs. (146 + 37) events at 4.80. The fits of the overlapping spectra
reproduce the trend found in the full datasets where the PAX 6.10.1 half-life is 10 % shorter
than the one found with PAX 6.8.0. For the KK-capture one obtains

TE .0 = (1.68 £ 042410 £ 0.075y) - 10° yr,

TE 101 = (151 £0.30star £ 0.075y) - 10° yr. (4.46)

It should be noted that the systematic uncertainties originating from exposure and cut
acceptance are independent for the PAX 6.8.0 and PAX 6.10.1 datasets. Disentangling the
shared abundance uncertainty from the independent uncertainties one obtains

TP 650 = (1.68 £ 0.421a¢ £ 0.075ys 6.8.0 £ 0.024ys shared) - 10°% T,

TZVKK

6101 = (151 £0.30s¢0: + 0.064ys,6.10.1 £ 0.03sys, shared) - 10?2 yr. (4.47)

Even though the A7 systematic uncertainty is the same for both datasets, the central values
of the exposure and cut acceptance in the calculation differ. Together with the rounding
this leads to different respective values of the shared systematic uncertainty for both PAX
versions although the source of the uncertainty is the same. The independent systematic
uncertainties further reduce the observed discrepancy between the half-lives.

The difference in fitted events in both datasets is visible by eye in figure 4.16. The figure
shows the data and fit result in both fiducial volumes for the 50 to 80 keV energy region that
contains the KK-capture peak. Here, the best-fit peak in both volumes is visibly larger for the
newer PAX version. The background level in the inner volume is nearly the same as before
while in the outer volume it is lower which is caused by the lower assumed cut acceptance in
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Figure 4.17: Event-wise energy-difference between the overlapping PAX 6.8.0 and PAX 6.10.1
data as a function of the energy reconstructed with PAX 6.10.1 (2D histogram).
The orange markers and error bars show the arithmetic means and standard
deviations in 10 keV energy intervals. The zero difference is indicated by the
dashed white line.

the fit. Compared to the PAX 6.8.0 data the PAX 6.10.1 data points appear more peak-like in
the KK-capture region. For the black markers there is more fluctuation around the best-fit
sum spectrum. Moreover, the peaks in PAX 6.8.0 are shifted towards higher energies. Since
both datasets contain the same events, the fluctuations and the shift illustrate the difference
in both energy reconstructions. Together with the persistent difference in the best-fit half-
lives, this suggests that the principal difference of the published analysis and this work must
originate in the energy reconstruction. Differences in exposure and cut-acceptance have
been removed by selecting the overlap and also the independent systematic uncertainties
can only explain a part of the difference.

4.6 Dataset correlation and energy reconstruction

Due to the differences in the energy reconstruction the datasets containing the same events
are not fully correlated. This section illustrates the impact of the different energy recon-
structions in both PAX versions on the reconstructed half-lives using toy-MC simulations.
The analysis was performed with help from C. Weinheimer. Figure 4.17 shows the 2D distri-
bution of the event-wise energy difference between PAX 6.10.1 and PAX 6.8.0 as a function
of the reconstructed energy from PAX 6.10.1. One can clearly see that the orange markers,
which indicate the arithmetic mean of the differences in a 10 keV interval, exhibit a positive
offset from the zero-line. Moreover, the standard deviations of the differences, shown by
the orange bars, increase with energy.

This behaviour is expected since the reconstruction improvements in PAX 6.10.1 [201]
yield a significantly better energy resolution than in PAX 6.8.0. Both resolution parametri-
sations are shown in figure 4.18. It can be assumed that the energy resolution in either
PAX version is determined by the physical processes in the signal generation and measure-
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Figure 4.18: Energy resolutions for PAX 6.8.0 (0E,¢.8.0, solid red) and PAX 6.10.1 (0E,6.10.1,
solid blue) from equations (3.8) and (4.1). The solid orange line shows the dif-
ference of both parametrisations Ao ... The mean difference of reconstructed
energies determined from the data in figure 4.17 is shown by the black markers.

ment leading to o((E) and by the reconstruction leading to Ao g,¢.8.0(E) and Ao g 6.10.1 (E),
respectively®. The energy resolutions can then be rewritten as.

— 2 2
0E680=1/0+ A0 550
— 2 2
0FE6.10.1 = ‘/UO+AUE,6.10.1' (4.48)

Assuming that the distribution of event-wise energy differences Eg g o — Eg.10.1 can be de-
scribed by a Gaussian distribution with the standard deviation Ao, three different cases
present themselves. For oy = 0 both energy reconstructions would be fully uncorrelated
with

_ /2 2
A0 rec, max = \/UE,6.8.O *tO0E6.10.1- (4.49)

In this unphysical case the processes of signal generation and measurement would not have
an impact on the energy resolution and the correlation would be minimal with Ag e =
A0 rec, max at its maximum value. For 09 = 0k 6.10.1, the energy reconstruction by PAX 6.8.0
would add Ao g 6.8.0 yielding the maximum possible correlation with

_ _ 2 2
AOvec, min = ATE 6.8.0 = \/UE,B.B,O ~O0%6101° (4.50)

In this case of maximum correlation Agec = A0 rec, min @assumes its smallest value. In the
third case one would have 0 < 0y < 0g,6.10.1 and

A0 e, min < A0rec < AOrec, max- (4.51)

The means of Eg g — Eg.10.1 from figure 4.17 are are overlaid with Ao rec, max in figure 4.18.
The fact that the difference in reconstructed energies is well described by Ao rec, max suggests

8In the following the energy dependence is not explicitly stated for better readability.
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Figure 4.19: Setup of the toy-MC simulations. The signal is simulated as a sharp line con-
taining Ngjg = 141 events (solid red). The background is simulated as a box
containing Ny = 1437 events between 50 and 80 keV (solid blue). The sig-
nal+background spectrum is smeared with o 6.10.1 (solid orange).

a maximum correlation between both energy reconstructions. Above 100 keV the data
points show larger differences than expected for maximum correlation. This indicates that
at higher energies the correlation is reduced due to the missing high-energy optimisations
in PAX 6.8.0.

In the next step simulations of PAX 6.8.0 and PAX 6.10.1 toy datasets are made under
the assumption of full correlation. Figure 4.19 shows the setup of the simulations. For the
signal and background a sharp line at 65 keV and a box-spectrum are used. The numbers
of simulated signal and background events in the full 1.5 t fiducial volume are taken from
best-fit parameters of the PAX 6.10.1 data from figure 4.16. In the energy interval from 50 to
80 keV, Nsig = 141 events and Ny, = 1437 events are expected. The background spectrum is
extended beyond the bounds of the energy ROI in order to avoid artefacts from the energy
smearing. To this end, the Ny in the box is increased accordingly. Then, 1000 toy datasets
are drawn from the signal and background distributions. In the next step, the spectra are
smeared with 09 = 0 6.10.1- This yields the PAX 6.10.1 energy spectrum. The PAX 6.8.0
spectrum is obtained by a convolution of this spectrum with A e, max. For each simulation,
both spectra are fitted with a constant function and a Gaussian peak with constrained posi-
tion and width. The reproduction of the input parameters in the fits has been tested and
the distribution of fitted peak areas Agy 6.10.1 and Agq, 6.8.0 for both toy dataset ensembles are
shown in figure 4.20. The number of injected signal events is reproduced in both toy ensem-
bles and both distributions have a similar width. The difference AAg; = Afit 6.8.0 — Afit,6.10.1
of the fitted areas in both ensembles is shown in figure 4.21. The resulting distribution is
fitted with a Gaussian peak with a standard deviation of oa4 = 10.9 events.

Considering Nsjg = 141 events this simplified toy model shows that for the same under-
lying data and a maximally correlated energy reconstruction a relative deviation in the
number of reconstructed signal events larger than 7.7 % can occur with a relative frequency
of 31.7 %. For a half-life of T12/V2KK = 1.51-10?? yr this translates to ATIZ/EI,?ZC =0.12-10% yr.
Together with the independent systematic uncertainties that account for a half-life differ-

ence of ATIZ/*éKfys 6101 = 0.06- 10?2 yr, the results from the event-wise overlap of the PAX
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6.10.1 and PAX 6.8.0 data are compatible. Further differences in the full datasets arise from
the larger cut acceptance in PAX 6.10.1, the inclusion of the KL- and LL-peaks in the signal
model, and the 33 % larger exposure of the full dataset in the extended analysis.

Finally, it can be concluded that the published XENON1T result [31] from chapter 3 and
the updated result presented here are consistent. The significant detection of 2vECEC in
124¥e at 6.80 has been achieved. The half-life is lel"zECEC = (1.13 £ 0.18¢a¢ + 0.055ys) - 10%? VI.
Future xenon-based detectors with lower backgrounds and larger exposures will further
probe this decay in order to obtain constraints on NME calculations from the proton-rich
side of the nuclide chart. At Asvgcgrc = 280 events/t.yr XENONNT would measure 5600 double-
electron capture events in its projected 20 t-yr exposure. With a reduction in background
by a factor of ~ 7 [18] the half-life could be measured with a precision at the few-percent
level. Moreover, with more exposure and less background the remaining two-neutrino
and hypothetical neutrinoless decays of >Xe could become accessible. Their detection
prospects are discussed in the next chapter.






Detection Prospects for the
Second-Order Weak Decays
of 1**Xe

The Q-value of '?*Xe allows for three two-neutrino and neutrinoless double-weak de-
cay modes. With the two-neutrino double-electron capture only one of these has been
observed experimentally. Neither the two-neutrino nor the neutrinoless modes of the
double-positron emission or electron capture with coincident positron emission have been
detected yet. The same is true for the neutrinoless double-electron capture. This section
will outline the detection prospects of the remaining decays in future experiments. To
this end it will present the expected half-lives and signals, outline their simulation and
reconstruction and discuss experimental backgrounds. Finally it will give the sensitivity
of future multi-tonne xenon detectors and discuss the complementarity of >4Xe searches
and double-f3 decays in other isotopes. The results presented in this chapter have been
published in [155]. The main contributions in the scope of this work are the half-life calcu-
lations for the two-neutrino decays, the neutrinoless decay half-life calculations in close
cooperation with C. Weinheimer, the signal simulation that required an enhancement of
the DECAYO0 event generator, and the conception of the reconstruction algorithm in close
collaboration with A. Fieguth. The reconstruction efficiencies were evaluated by A. Fieguth
while the background sources and left-right symmetric constraints were evaluated by B.
Lenardo.

5.1 Half-life estimates for two-neutrino and neutrinoless
decays

Following equation (1.12), the half-lives for the two-neutrino decay modes are calculated
from
(7)™ = Gay| Moy %, (5.1)

with the PSF G, and the NME | M>, |>. While the PSF is different among the decay modes
(89,96,97], the NME differs only slightly between 2vECEC and 2vECR . Itis about a factor of
two smaller for 2v3*3* [108,110]. Since the relative uncertainty on the measured 2vECEC
half-life is still large at ~ 29 % [31], it outweighs the NME differences. One can assume

Movecec = Mavecp+ =2 Mayp+p+ (5.2)

and use the existing 2vECEC measurement to constrain M gcgc. The half-life value! for
the double-K capture from [31] has to be scaled by its branching fraction f,vxx = 0.765 [89]

I The analysis presented in chapter 4 had not been finished at the time of this study. Therefore, all calculations
for two-neutrino decays are based on the half-life from [31].
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Table 5.1: The different 2v decay modes of '24Xe with the corresponding PSFs, the assump-
tions of the corresponding NMEs according to equation (5.2), and the measured
or predicted half-lives according to equation (5.3) and equation (5.4), respectively.
The PSF values were taken from the review [97] which summarizes work by the
reviewers and from [89, 117]. Therefore, a range of PSF values is given. For pre-
dicting the half-lives of the decay modes 2vECR " and 2vR3*3* the central value
of this range is used as the most probable PSF value with the half-range as the
uncertainty. Taken from [155].

Decay Gy [yr 1] Mgy (5.2) Half-life [yr]
Measured (5.3) Predicted (5.4)

2vECEC (1.5-2.0)-1072°  Myygcec  (1.4+0.4)-10%
2vECB*Y (1.2-1.7)-1072'  Moyypcec (1.7+0.6) - 10%3
2vRTRY (4.3-4.9)-107% 3. Myyrcrc (2.240.7)-10%8

in order to obtain the total half-life?:
TEFCEC = (1.4 +0.4) - 102 yr. (5.3)

The literature values for the PSFs and TIZ/‘;ECEC can now be inserted into equation (1.12) and

solved for the unknown half-lives yielding

+  GovECEC
p2vEcp® _ Gav . T2VECEC

1/2 - G2vEC|?>+ 1/2 ’

+QR+ 4 G
27[3 B _ 2vECEC % le/\éECEC. (5.4)
1/2 G2V|3+B+

The resulting expected half-lives for 2vECR™ and 2vR* " are summarised in table 5.1
[155]. Due to the smaller available phase-space, the 2vECR ™" half-life is about one order of
magnitude larger than TIZ/‘;ECEC. The PSF difference is more drastic for 2v3*3*, where the
half-life is approximately six orders of magnitude longer. In turn, 2vEC* could be within
reach of next-generation experiments such as LZ or XENONnT while the measurement of
2v*R* will pose a considerable challenge.

The half-lives for the neutrinoless decays are calculated according to equation (1.16) with

the BSM-factor from equation (1.25) for light neutrino exchange:

_ (mpp)|?
(T%)™" = Goy | Moy |? | —22 ' : (5.5)
me
Here the effective neutrino mass
(mpp) =Y. (U5m;) (5.6)

i=light
has already been included as a linear combination of the light neutrino masses m; and
elements of the PMNS mixing matrix Uej [102,117] with i =1,2,3. The PSFs and NMEs are
different from their two-neutrino counterparts as established in section 1.2.2. For 0VECEC
aresonance factor R has to be added to equation (5.5):

2
‘mgp) |” g 5.7)

0VECECy-1 2
(Tl/\é )" = Gov|Mov|

e

2At the time of this analysis, the extended double-electron capture analysis from chapter 4 had not been
finished. Therefore, the published half-life values from [31] were used here.
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Figure 5.1: Resonance factor R for 0VECEC as a function of the energy mismatch between
the decay surplus energy and the excited '?*Te daughter state A = |Q — Eoy — Eexc|
(solid dark red) for I' = 0.0198keV. The currently most precise value of A =
(1.86 +0.15) keV [27] for double-K capture is indicated by the dashed blue line
with the uncertainty as the light blue patch.

This factor describes the availability of a suitable excited state of the daughter nucleus that
the decay can proceed to under the conservation of energy and momentum. It is mainly
driven by the mismatch A = |Q — Esi — Eexc| = (1.86 + 0.15) keV between the available energy
and the energy level of the daughter nucleus in the excited state Eexc [27]. With the two-hole
width I' =0.0198keV [102] it is
MeC?T
R=——-—=292+047. (5.8)
A2 +T1?%/4

The resonance factor R is plotted as a function of A in figure 5.1. If the resonance were
realised with A = 0, the decay rate would be boosted by almost five orders of magnitude.
Although this is unlikely given the present value from [27], the authors recommend an
independent validation measurement of their results. Such a measurement would enable a
verdict on the experimental feasibility of a search for 0VECEC in '?*Xe.

A source of uncertainty for the neutrinoless decay half-lives arises from the fact that the
NMEs have not been measured for any neutrinoless decay. Moreover, the effective neutrino
mass is unknown. For these half-life ingredients, different experimental constraints and
theory calculations have to be put to use. In order to account for the latter, two distinct
sets of experimental constraints are used to get lower limits for the expected half-lives of
neutrinoless double-weak decays of 12Xe. First, the most recent result from the KATRIN
experiment is used, which set the most stringent, direct, and model-independent limit on
my, < 1.1eV (90% C.L.) [22]. This limit is then combined with a global fit to neutrino oscil-
lation results [266]. The result is an upper limit range — corresponding to the uncertainties
in the Majorana and CP-phases of the PMNS matrix — on the effective neutrino mass:

(my) <0.3—-1.1eV/c? (90% C.L.). (5.9

The resulting half-life estimates for neutrinoless '>*Xe decays are listed under Constraints 1
in table 5.2.
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The second set of constraints is informed by the most stringent limits from searches for
0vp~ 3~ decay. The experiments CUORE [137], EXO-200 [138], GERDA [131], KamLAND-
Zen [25] and the MAJORANA demonstrator [267] use the isotopes '3Te, 136Xe, and "®Ge.
For their respective isotopes they quote lower limits of @(10?%) yr on the 0v[3~ 3~ half-life.
These can be translated into upper limits of @(0.1) eV/c? on the effective neutrino mass
considering the different NMEs and neutrino mixing angles. Since the KAMLAND-Zen
result [25] with a half-life limit of 7Y, > 1.07-10?% yr (90 % C.L.) for 136Xe, provides the

1/2
strongest constraints on the effective neutrino mass with

(mpp) <0.061 —0.165eV/c (5.10)

this range is used in the half-life calculations. The resulting half-life estimates for 1>4Xe are
listed in table 5.2 under Constraints 2. The two different sources of experimental constraints,
namely the direct neutrino mass measurements vs. 0v[3~ 3~ searches, provide different
information: The former are model-independent, but less constraining. Accordingly, the
resulting half-life lower limits are smaller. The latter are more constraining, but require
additional assumptions.

In equations (5.5) and (5.7) three available sets of calculations were taken into account.
The first set is based on the quasi-random phase approximation (QRPA) and was calculated
in [108]. The second comes from the interacting boson model (IBM) [102, 103]. The
third set is based on nuclear shell model (NSM) calculations as performed for the two-
neutrino case [106] and is limited by lower and upper values of the full shell model similar
to normal neutrinoless double-3 decay as shown in [104] and [268]. Both the QRPA and
NSM calculations provided good predictions of T/, for 2vECEC while there were no 2v-
predictions for IBM. The relevant PSF- and NME-values are summarised together with
the resulting lower half-life limits in table 5.2. Limits are given for the range of (m,) from
equation (5.9) [22,266] and from equation (5.10) [25]. The PSFs (Gp,) were taken from [102],
and the review [97] which summarises work by the reviewers and from [96, 269]. We use
the central value of the PSF-range as the most probable value and half of this range as
the uncertainty. The same is done for the NMEs (My+) in all cases were a range of values
is given in the original publication. For 0vECEC the NMEs values from QRPA [108] and
IBM [102] were used. The NME for IBM is obtained by taking the single value given in the
publication and assuming an axial vector coupling constant g4 = 1.269. The NME-range for
QRPA stems from the smallest and largest NME value for g4 = 1.25 under the assumption of
different bases and short-range correlations. For the 0VEC* and the 0vf3*3* QRPA [108],
NSM (calculated in [270] as in [106]), and IBM [103] NMEs were considered. The range of
NMEs for QRPA and the value for IBM are obtained as above. However, for the latter an
uncertainty is given in the publication instead of a value range. For the NSM the NME-range
is given by different model configurations, and the most probable value and uncertainty
are derived in the same fashion as for QRPA. All uncertainties are propagated by drawing
10° independent samples from the parameter distributions and multiplying with the upper
limit on (mgg). Then the 90 % C.L. upper limit on Tl‘/l2 is determined from the resulting
distribution and inverted to obtain the corresponding lower limit on T/7.

As for the two-neutrino decays, the mixed mode decay OVECP* is expected to have the
shortest half-life. In turn, it is the most promising candidate for an eventual experimental
observation. The other decay modes, 0v3*3* and resonant 0VECEC, exhibit considerably
longer half-lives. This is owed to unfavourable phase-space for the double-positron mode,
while the neutrinoless double electron capture appears unfeasible due to a lack of resonance
enhancement R. As expected, the half-life limits calculated with the first set of constraints
are systematically lower than the ones for the second. The capability to observe any of
the described decay channels is not only governed by the theoretical predictions on their
half-lives, but also by the detection efficiencies in a given experiment. In the following
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Table 5.2: Predicted lower limits on the half-life of the 0v decay modes of '?*Xe according
to equation (5.5) using equation (5.9) for constraints 1 (upper table) and equa-
tion (5.10) for constraints 2 (lower table). The (m.) limits are given in units of
eV/c?. Modified from [155].

Constraints 1

Decay Gov My Model Predicted lower T} /2
(10718 yr~1] limit [yr] (90% C.L.)
(my)<1.1 (my)<0.3
0vECEC 0.26 1.080-1.298 QRPA 1.8-10%° 2.4-10%
0.478 IBM 1.2-10% 1.6-103!
O0VECR™* 17-23 4.692-6.617 QRPA 8.7-10%° 1.2-10%
7.63(1.23) IBM 4.8-10% 6.5-10%6
2.22-477 NSM 1.6-10% 2.2-10%
ovpR* Rt 1.1-1.2  4.692-6.617 QRPA 1.5-10%7 2.1-10%8
7.63(1.23) IBM 8.6-10%6 1.2-10%8
222-477 NSM 2.9-10% 3.9-10%8
Constraints 2
Decay Gov Mo Model Predicted lower T /2
[10718 yr~1] limit [yr] (90% C.L.)
(my) <0.165 (m,) <0.061
0vECEC 0.26 1.080—-1.298 QRPA 8.0-10% 5.8-10%!
0.478 IBM 5.4-10%! 3.9-10%
0VECPR* 17-23 4.692-6.617 QRPA 3.9-10%7 2.8-10%8
7.63(1.23) IBM 2.2-10% 1.6-10%8
222-477 NSM 7.3-10%7 5.3-10%8
ovpR* R+t 1.1-1.2  4.692-6.617 QRPA 6.8-10%8 5.0-10%°
7.63(1.23) IBM 3.8-10%8 2.8-10%°
2.22-4.77 NSM 1.3-10%° 9.3-10%°

sections, the detection prospects for the yet unobserved decay modes are discussed for
future experiments which could have significantly larger samples of 12Xe.

5.2 Signal signatures, simulations and reconstruction
algorithm

As established in chapter 2.1.2, the energy and position of an energy deposition are re-
constructed in a liquid xenon dual-phase TPC using ionisation and scintillation signals.
Absolute position resolutions of few millimetres and relative energy resolutions of <1 %
at Q = 2.8 MeV can be achieved [201]. Paired with low backgrounds, large target masses
and 1 kg of 124Xe per tonne of natural xenon, this makes these detectors ideally suited to
search for 1>4Xe decays. We now investigate how the above signatures of 2vECR™*, 2vp 3+,
0VECEC, 0VECR* and 0vR* ™ can be detected in multi-tonne xenon TPCs. The following
discussion assumes a TPC with a dual signal readout of S1 and S2, but is not restricted to
Dark Matter detectors such as XENONI1T [88], XENONNT [18], LZ [79] or DARWIN [84].
Detectors with alternative light and charge readouts, by SiPMs and charge-sensitive tiles,
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Table 5.3: Signatures of the different decay modes of 12436, Taken from [155].

Decay mode Emitted quanta Coincidence

2VvECR* X-rays/eauger, €, 2V X-rays/eauger + €" and 2y from (e*+e"”)
0VvECR* X-rays/eauger, € X-rays/eauger + € and 2y from (e*+e™)
2vRTRT 2et, 2v 2e* and 4y from (2e+2e7)
ovR*p* 2e”* 2e* and 4y from (2e*+2e7)
0vECEC X-rays/eauger, 2 —3Y X-rays/eauger and 3y

such as nEXO [150] could also be capable of measuring the decays of '*Xe. However, due
to the planned > 90% enrichment in '36Xe and the associated depletion in ?*Xe for nEXO,
the isotopic composition of the xenon inventory would have to be changed.

The yet unobserved '?*Xe decays provide distinct signatures. These can be measured
by the coincidence and magnitude of energy depositions when they are contained in a
detector. The expected coincidence signatures are summarised in table 5.3. All decays
involving positrons would produce coincidence signatures from multiple y-rays on top
of the energy deposited by the positrons. The one- or two-positron energy spectrum is
continuous for two-neutrino decays and monoenergetic for the neutrinoless decays. Those
decays involving electron captures additionally feature the keV-range energy depositions
from the atomic deexcitation. The resonant OVECEC is characterized by the emission of
multiple y-rays (cf. figure 1.19). In order to fully exploit these coincidence signatures, it is
required that the individual energy depositions can be resolved.

The S1 signals from multiple energy depositions are usually merged, so a single scintilla-
tion pulse is measured for the entire event. The individual interactions sites can only be
resolved by the individual S2 signals arriving at the charge readout at different positions
and times. A schematic of the expected 0/2vECB* decay signature is shown in figure 5.2.
Five different S2s are measured in this example: The X-ray cascade from the refilling of the
atomic shells after the electron capture generates an S2 close to the position of the decayed
nucleus. In addition, the positron produces a short track of ionised xenon atoms that forms
a single S2. The remaining S2s are produced by the y-rays from the annihilating positrons.
One of these undergoes Compton scattering before photoabsorption. Note that the timing
of the measured S2s does not represent the time order of the interactions, but the depth
(z-coordinate) at which they occured. With sufficient position and energy resolution, one
can use this information to classify events and perform particle identification. This way
backgrounds can be separated from the signal of interest.

Multiple factors influence a detector’s capability to resolve to individual interaction sites:
the time resolution in the charge channel, the width of the S2 signals, and the x-y resolution
of the charge readout. These properties depend on the specific readout techniques in each
experiment. Furthermore, each S2 has to exceed the detector’s charge energy threshold. In
this work, the detection efficiency e for the various decay modes of '>*Xe is investigated as
a function of the x-y- and z-position resolution using MC simulations of the signals. The
dependence on the energy threshold is also checked. This provides efficiency estimates
that represent a possible range for existing and future experiments.
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Figure 5.2: Schematic of a 0/2vEC*-decay signature inside a xenon time projection cham-
ber. As shown in the bottom panel, an initial positron and atomic excitation
quanta are emitted and deposit their energy close to the nucleus. Two secondary
y-rays are emitted after the annihilation of the positron. One of those is di-
rectly absorbed and the other Compton-scatters before photo-absorption. On
the z-axis the ionisation signals of y1, y2,1 and vy » can be distinguished from
one another by their timing. The positron and atomic deexcitation signals are
merged with v, ; in this example. The top panel shows the corresponding hit-
pattern of the ionisation signal. In x-y-coordinates the individual scatters of v,
can clearly be distinguished from y;, while the discrimination of the atomic
deexcitation quanta and the positron from 7y, is not trivial. The scintillation
signal is merged for all energy depositions and is not shown in the figure. The
sizes of the scintillation signals in x-y and z-coordinates roughly correspond to
the magnitudes of the energy depositions. Taken from [155].
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Figure 5.3: Probability distribution W (0)ormed for the angle 8 between the two y-rays emit-
tedina0™ — 2* — 07 transition. The black points are taken from the momentum
vectors of 10° 0VECEC events generated with DECAY0. Only events with the
0" — 27 — 0" transition have been selected. The uncertainties represent Pois-
son counting uncertainties. The orange curve indicates the theory expectation
that has been implemented in the DECAYO Fortran code.

5.2.1 Signal simulations

The emitted quanta and their initial momentum vectors for each decay channel are gen-
erated with the DECAYO0 event generator [271]. The version used here has been modified
previously for the simulation of the positronic '2*Xe decay modes [272]. In the scope of this
work, the implementation was verified and the resonant 0VECEC decay mode with double-
K capture was added. The angular correlations for the y-cascades under the assumption of
JP = 0" for the resonantly populated [273,274] state were implemented. In this case the JP
sequences of the y-cascades are either 0 —2* — 0" or 0" — 2* — 2% — 0" for two- and
three-y transitions, respectively. For illustration, the angular correlation parametrisation
for the 0" — 2* — 0% transition is shown in figure 5.3. The angle 0 is defined as the angle
between the momentum vectors of the two y-rays. These vectors are generated for each
emitted particle in the respective decay and are handed to Geant4 as an input.

The particles generated for each decay are propagated through simplified models of the
detectors under investigation using the XeSim package [275], based on Geant4 [276]. These
detector models consist of a cylindrical liquid xenon volume in which we uniformly place
the primary positions of the 1>Xe decay events. In order to evaluate the efficiency, at least
10* events per decay channel were used. The liquid xenon volume is surrounded by a thin
shell of copper which is used for modelling the impact of external y-backgrounds.

Two different detector sizes are simulated and correspond to two classes of future ex-
periments: The Generation 2 (G2) experiments have the approximate dimensions of the
LZ [17] and XENONnNT [18] Dark Matter detectors, which will use dual-phase TPCs filled
with natural xenon. The future nEXO neutrinoless double- 3 decay experiment [150] can
also be grouped in this category. It will use a single-phase liquid TPC filled with xenon
enriched to > 90% in '35Xe. All G2 experiments are modelled as a right-cylinder of liquid
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Figure 5.4: Simulated 0OVEC* event with a signature similar to the one described in figure
5.2. The x-y-z axes mark the positions of energy depositions within a given
detector. The origin of the coordinate system is at the centre of the bottom face
of the cylinder. The size of each marker indicates the magnitude of the energy
deposition. The colour signifies the time difference of each energy deposition
with respect to the first energy deposition in the event. Accordingly, the positron
was stopped close to the nucleus where also the atomic deexcitation was reg-
istered. The first y-ray underwent multiple Compton scatters within a ~ 5 mm
radius before photoabsorption (y;). The second y’s Compton scatters occured
further from the nucleus. The location of the first Compton scatter of (y3,;) and
the ultimate photoabsorption (v, ) are separated by ~ 20 mm.

xenon with a height and diameter of 120 cm3. A Generation 3 (G3) experiment with the
dimensions of the proposed DARWIN Dark Matter experiment [277] is also simulated. Here,
the height and diameter are each increased to 250 cm. Experiments using "¥'Xe targets
contain approximately 1 kg of '?Xe per tonne of target material. Therefore, G2 Dark Matter
experiments would reach '?*Xe-exposures of ~ 50 kg-yr in 10 years of continuous operation.
Scaling the target mass up to 50 tonnes, the G3 experiment DARWIN will amass a ~ 500 kg-
yr exposure. For nEXO, the 24Xe would have to added into the target again. Approximately
50 kg of 12*Xe could be extracted from the 36Xe-depleted xenon that is left over from the
initial enrichment. These could be mixed back into the target. Thus, in a 10 year run time it
could compete with the ~ 500 kg-year exposure of a G3 natural xenon experiment.

Figure 5.4 shows an exemplary simulated OVEC* event from Geant4. The structure
of this event is similar to the one discussed in figure 5.2. The position of the markers
in x-y-z gives the position of energy depositions within the simulated geometry. The
origin of the geometry is located at the centre of the bottom face of the cylinder. The

31.Z and XENONNT will be slightly larger than this, but this assumption has a negligible impact on the efficiency
estimation as shown below.
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Figure 5.5: Total energy deposition histogram from 106 0vECB™* events directly from Geant4
output and not yet smeared with the energy resolution. In the majority of cases
the total energy deposition is equal to the Q-value (dashed red line). If a lower
total energy deposition occurs, individual quanta have left the detector before
depositing their full energy. This is more likely in proximity to the edges of the
detector volume and no fiducial cuts have been applied to the data. As promi-
nent examples the single- and double-y escape lines are indicated by the orange
and gold dashed lines. The reconstruction algorithm outlined in section 5.2.2
would remove all events except those within a 10 energy-resolution interval
(after smearing) around the Q-value.

marker size is proportional to the magnitude of the energy deposition and the marker
colour contains timing information: Energy depositions early in an event are coloured blue
while late energy depositions are coloured yellow. Accordingly, the positron and atomic
deexcitation quanta from the 0VEC* were contained within a few mm from the nucleus.
The first y-ray (y;) undergoes multiple scatters within a short ~ 5 mm distance before
photoabsorption in vicinity of the annihilation vertex of the positron. The second y-ray
undergoes a single Compton scatter further from the nucleus (y»,;) and travels another
~ 20 mm before photoabsorption? (y5,). An experiment with a spatial resolution of 10 mm
in all directions would be able to reconstruct a single S1 and four S2s: one for the positron
and atomic quanta, one for y;, and the remaining two for y,,; and vz 2.

A histogram of the total energy depositions of 10° 0VECB* events is shown in figure 5.5.
Most events exhibit an expected energy deposition equal to the Q-value. Since no fiducial
selections have been applied, events with only partially contained energy are present in the
spectrum. Here, quanta emitted in the decay have left the detector before depositing their
full energy. As prominent examples the peaks where a single or two y-rays leave the detector
are shown as dashed orange and gold lines. The total energy spectra and reconstructed
energies of individual energy depositions are highly dependent on detector properties and
reconstruction. They are discussed in the next section.

4The first energy depositions of the two y-rays and the annihilation site of the positron cannot be connected
by a straight line because one of the y-rays also Compton-scattered close to its origin.
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5.2.2 Reconstruction algorithm

Within this study all simulated detectors use the energy dependence of the resolution on
the combined signal as reported in [31] and detailed in section 3.1. The parametrisation of
the resolution is 4

OFE

E- T +b (5.11)
with o as the standard deviation of a Gaussian peak centred at the energy E. The recon-
struction parameters are a = 0.34 keV'2 and b = 0.0017. With this, an energy resolution of
~ 1% is expected at the Q-value. This is similar to the energy resolution achieved by the
EX0-200 experiment in this energy range [149]. Since the individual energy depositions can
only be distinguished by their S2 signals, the anti-correlation improvement of the energy
resolution is not applicable here. In order to model the deterioration of the charge-only
energy resolution compared to the combined light+charge reconstruction, the factor b
in equation (5.11) is scaled up to a value of bsy.ony = 4.4. The charge-only energy resolu-
tion resolution then is 6 % at the annihilation y-energy of 511 keV. This is consistent with
measurements reported in [278] and [279].

In order to reconstruct and validate the detection efficiencies for the unique event signa-
tures, several filtering and clustering steps are performed. The algorithm outlined in the
following is classical in the sense that all selections in an analysis step are based on a single
variable and a predefined cut value. The application of machine learning techniques using
highly multidimensional information in these filtering and clustering steps would likely
enhance the signal efficiencies and background rejection. As an example, boosted decision
trees could be used to distinguish signal event characteristics from background. This has
been applied in a search for 2vp~ B~ of 136Xe into the first excited 0* state of 1**Ba with
the EXO-200 experiment [280]. The decay in question also features a multi-coincidence
signature with a combination of two electrons and a y-cascade. However, the application
of machine learning models exceeds the scope of this work and would require simulations
with a significantly higher degree of realism. Accordingly, the conventional analysis outlined
here can be regarded as a baseline scenario.

In the first step, the events are filtered based on the total energy deposited in the detector.
This is supposed to remove events with only partially contained energy. For the neutrinoless
modes a total energy deposition within 1o around the Q-value is required. Due to the
continuous spectra, this criterion is relaxed for the two-neutrino decays. Here, a broad
energy range with a maximum cut-off at the Q-value is used. The decay-dependent lower
thresholds are 1022 keV and 2044 keV for for 2vECR™ and 2v* ™, respectively.

The individual interaction positions in each of the remaining events are sorted by their
depth (z-coordinate). Individual energy depositions are grouped within a spatial range
which is determined by the assumed axial position resolution of the detector. If a separation
in the radial direction is also possible, the grouping algorithm also takes the radial separa-
tion into account. In this direction a different position resolution is assumed because the
radial position resolution is driven by the signal readout and reconstruction algorithms. In
the axial direction diffusion dominates the position resolution. The energies of all clustered
interactions are summed. In a real detector these clusters would be measured as individual
S2 signals.

After the clustering the further filtering targets the reconstruction of the y-rays that
are either emitted in positron annihilation or in the resonant 0vECEC. All clusters in an
event are permuted to test each possible interaction combination. The energy sum of
each combination is compared to the expected value, e.g. 511 keV for a single vy from
positron annihilation. The combination with the smallest difference to the expected energy
is removed from the list of energy depositions. Under the condition that it lies within
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the energy resolution around the expected value, the counter of measurable signatures
in the event is raised by one. The procedure is repeated until all desired signatures have
been found. If the energy condition cannot be met, the event is discarded right away.
For example, in a 2vR* B+ four signatures, one for each v, have to be identified. Any left-
over clusters are checked if they resemble a point-like energy deposition which would be
expected from a positron and/or the electron capture atomic cascade. For 0OVECB* as
well as 2vECP ™" a single merged energy deposition of the positron and atomic relaxation
processes is expected. While one requires a fixed maximum value for a single signature in
case of the neutrinoless mode, a range of values is allowed for the two-neutrino decays —
between zero or the single K-shell energy and a maximum cutoff depending on the Q-value.
If multiple expected signatures are merged to a single cluster due to the limited spatial and
time resolution in an experiment, the corresponding events are discarded. If signatures are
otherwise missing or if energy criteria cannot be fulfilled, the events are also removed. The
efficiency e is then given as the ratio of all events surviving the filtering algorithm and the
original number of generated events.

5.2.3 Selection efficiencies

Even though the signals discussed above are generally at energies of ¢ (100 — 1000) keV,
individual energy depositions are lost to the reconstruction if they fall below the energy
threshold of a detector [155]. Accordingly, signal events would be discarded by the re-
construction algorithm due to missing energies in one or several expected signatures.
Effectively, an energy threshold would be given by the capability of measuring small in-
dividual S2s for the detectors and signals considered here. The S2 threshold is in the keV
range for Dark Matter detectors owed to the charge amplification in the gas phase. For an
experiment like nEXO the situation is different because it will measure charge directly. Here,
the energy treshold would be driven by electronic noise in the readout circuit. The impact
of the energy threshold on the efficiency is visualised in Figure 5.6 for three decay modes.

The threshold effect was invesigated for a single 1 cm position resolution in the radial and
axial direction. If an energy cluster was below a sharp cutoff energy, it would be ignored in
the filtering, so its information would be lost in the analysis. It is evident that the efficiency
decreases with an increasing energy threshold. As the above analysis focused on decays
involving electron captures from the K-shell, a threshold below this minimum energy has
to be achieved for maximum efficiency. Accordingly, for an experiment without charge
amplification, an improvement from @' (100 keV) as achieved in EXO-200 [147] would be
required for nEXO. Especially, in order to look for unambiguous evidence of the 0VECEC
decay, a threshold below Ey would be necessary. From here on it is assumed that the
achieved energy threshold is low enough in order to be negligible.

In a next step the impact of axial (z) and radial (x-y) position resolution® for multiple
energy depositions was investigated [155]. The results for several fixed radial resolutions in
G2 (black) and G3 (dark red) detectors are shown in Figure 5.7 for OVECR* as a function of
z-resolution. The efficiencies for all decays are summarized in table 5.4. For any detector
with an axial resolution better than ~ 50 mm a higher efficiency can only be achieved
by an improved radial resolution. At an achieved cluster separration of 10 mm in z, an
x-y resolution of also 10 mm would improve the efficiency by more than a factor of two
compared to the case of no radial cluster separation. In case of nEXO the radial resolution
is determined by the pitch of the charge readout strips [127]. Accordingly a radial cluster
separation of few mm is plausible. For dual-phase detectors the axial reconstruction is
more complex since it is determined by the electrode geometry, such as the pitch of wire

5The term position resolution is used as a synonym of cluster separation capability, i.e. the distance at which
a separation of individual energy depositions within one event can be resolved.
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Figure 5.6: Dependence of the charge-only energy threshold on the detection efficiency
for selected decay channels. The efficiency for the 0VECR™ (blue) and 2vECR™*
(black) show a decrease with energy up to about 250 keV with efficiencies ranging
from about 41 % to 10 %. The OVECEC (red), features a sharp cutoff as soon as
the double electron capture energy (64.3 keV) is below the threshold. Since this
signature is required within this analysis in order to provide a clear evidence
and necessary background suppression, the efficiency drops to zero in this case.
A fixed position resolution of 10 mm has been used in both directions. Taken

from [155].
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Figure 5.7: Comparison of reconstruction efficiencies for the 0VEC[* decay, for different
radial resolutions and detector sizes as a function of the axial resolution. The
black (red) lines show the efficiencies for a G2 (G3) detector with 3mm (solid),
10mm (dashed), 30mm (dotted) and no (dashdotted) x-y cluster separation
capability. Taken from [155].
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Table 5.4: Efficiencies for all evaluated decay channels in a G2 and a G3 experiment assum-
ing three different radial resolutions and an axial position resolution of 10 mm.
Threshold effects are considered to be negligible. We only considered the most
probable branch (57.42%) for 0VvECEC with a three-fold y-signature. An analysis
using the two-fold signatures would yield higher efficiency but can add coin-
cidental y-backgrounds, which would weaken the sensitivity of a given search.
Taken from [155].

Decay Onlyz([%] 30mmx-y[%] 10mmx-y[%]
G2 G3 G2 G3 G2 G3

2vECR* 22 24 27 31 42 47
2vB*RY 4 4 14 17 31 35
OVECEC 4 5 15 19 28 33
OVECR* 19 21 23 27 37 41
ovVR*Rt 2 2 8 10 25 29

electrodes [281], but also by signal saturation [201] and reconstruction algorithms [70, 281].
To this day, no xenon Dark Matter detector has reported its x-y resolution for multiple
energy depositions arriving at the charge detection plane simultaneously. For single energy
depositions the reported position resolutions depend on S2 size and are on the order of 1
cm [70,281]. In principle, a similar resolution should be achievable if the aforementioned
factors are under control.

Comparing a nEXO-like detector with a G2 geometry (black) and a G3 Dark Matter
experiment (dark red) in figure 5.7, both could have the same amount of '?*Xe within
different-sized detector volumes. The influence of the detector size on the efficiency, here
for OVECR™, is only on the order of a few percent. This is due to the marginally larger
number of events with only partially contained energy in a smaller detector that features a
larger surface to volume ratio. Factoring in a possibly better radial reconstruction a smaller
detector using enriched xenon could compete with a larger detector using natural xenon.
However, the larger surface to volume ratio also makes a G2 detector more susceptible to
external backgrounds. Accordingly, possible background sources have to be evaluated in
order to properly assess the discovery potential of G2 and G3 detectors [155].

5.3 Background sources

Factoring in the expected half-lives and efficiencies, 0v/2vEC[* are the most accessible de-
cays to experiments. The key characteristic of these decays is their positron-emission which
is supposed to enable efficient background rejection. Possible sources of backgrounds are
discussed in this section with estimates on the expected rates of events passing the topolog-
ical selection criteria described in section 5.2.2. The considered background sources are
radiogenic backgrounds from detector construction materials, intrinsic backgrounds from
222Rn, the charged-current scattering of neutrinos, and neutron-induced backgrounds. As
comparison points, the expected numbers of >4Xe decays per tonne-year exposure of "3'Xe
(0.95 kg-year of '2*Xe) are calculated using the half-lives estimated in table 5.1 and table 5.2.
After including the respective efficiencies for a G2 experiment with 10 mm resolution in
x-y-z and assuming a "*'Xe target, 8.3 + 2.9 decays per tonne-year are expected for 2vECR ™.
Given the most optimistic assumptions on NME, PSF and effective neutrino mass, a rate of
less than 2.6 - 1072 decays per tonne-year is expected for 0VEC™*.
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5.3.1 Radiogenic backgrounds

Radioactivity from the environment and detector materials are ubiquitous y-background
sources. Two main concerns arise from this background: First, an MeV y-ray undergoing
multiple Compton-scatters can mimic the expected 1>*Xe event signatures. Second, a y-ray
may create a positron by pair production. This positron will annihilate and produce a
background event that the filtering algorithm has been designed to identify as a signal.
Since they are present in most detector construction materials, y-backgrounds from the
2381 and #*2Th decay chains are investigated. For each decay step in the respective chains,
107 events have been uniformly generated with Geant4 in a 1 cm copper shell surrounding
the liquid xenon volume of a G2 detector®. The events with interactions in the liquid xenon
volume were evaluated with the same reconstruction and filtering algorithm as outlined in
section 5.2.2. It was found that the only relevant decays are [3-decays into excited states
due to the accompanying high-energy y-emission [155].

For the neutrinoless decay, the 3-decay of 2!*Bi in the 2*3U-chain is problematic [155].
It has a small branching ratio to the 2880 keV state of 2*Po. If this y-ray interacts via pair
production, it creates an event identical to the signal in energy. A number of 1.5-107°
events per 2*Bi primary decay pass the selection criteria. Another problematic transition is
the decay of 28Tl to 2%8Pb in the 2*2Th-chain [155]. Here, various transitions are available
in which different y-rays are detected in coincidence with the one from the 2614 keV
state. Here, 4.5-107° events per 232Th primary decay pass the selection considering the
35.9 % branching fraction for creating ?°®T1. Both sources of background can be reduced
by fiducialisation, as different y-rays with energies below 300 keV are paired with a high
energy v in the 28Tl decay. Due to LXe self-shielding these intermediate energy y-rays
cannot penetrate deeply into the detector. Cutting away the outer 10cm of LXe reduces
this background contribution by almost an order of magnitude. After doubling the radial
cut to 20 cm none of the simulated background events for any isotope passes the selection
criteria. Accordingly, these backgrounds can be eliminated by fiducialisation in a realistic
experiment [155].

Due to the lack of a sharp total energy deposition and the correspondingly less strict
selection criteria, radiogenic backgrounds impact 2vECR* searches more strongly [155].
Three isotopes in the 233U chain produce events that pass the selections [155]. Decays
of 2*Bi into manifold ?'*Po states are the major background component (>99 %) with
6.9-1073 events per 238U primary decay. Fiducial volume selections with 10 cm and 20 cm
cuts reduce the rates to 1.5-1073 and 1.1-10™* decays per primary, respectively. For the
232Th-chain, 29871 [3-decay is the main background (~ 75%) again. In addition, y-rays from
the 3-decays of 228Ac and 2!2Bi also contribute (~ 23 %/2 %). For the whole chain one has
7.3-1073 (no fiducialisation), 1.5-1073 (10 cm cut), and 1.3-10# (20 cm cut) events per
primary 232Th decay. The fiducial volume cuts are less efficient for the 28Tl events in the
case of 2vECR™, but still reduce the background significantly [155].

In conclusion both, the fiducial volume cut and the actual amount of contaminants sur-
rounding the TPC, influence the radiogenic background. In order to provide an exemplary
experimental setting, the reported contamination levels and experimental details projected
for the nEXO experiment [150] are considered and presented in figure 5.8. The main source
of external y-ray backgrounds for nEXO is the copper cryostat, with projected 233U and
232Th concentrations of 0.26 ppt and 0.13 ppt, respectively. The resulting background rate
amounts to 2.8 10° primary decays per year as indicated in Figure 5.8 by the dotted grey
line. It is evident that it would only require a 10 — 20 cm fiducial volume cut in order to
achieve a favourable signal to background ratio’. Dark matter experiments, in contrast to

6By simulating the same number of events for each decay, decay chain equilibrium is implicitly assumed.
“This assumes the ~ 650kg copper TPC vessel as the sole background source.
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Figure 5.8: Expected events detected falsely as signal for a given number of primary decays
per year for the 23U and 2*2Th decay chains. A reduction from the expectation in
the full detector volume (solid black) is achieved by cutting the fiducial volume
in all dimensions by 10 cm (red), 20 cm (blue) or 35 cm (gold). For reference
the number of expected 2vEC[* signal events is shown for a 50 kg-year '?*Xe-
exposure (dashed black) and for the respective fiducial volumes (dashed red,
blue and gold) with correspondingly reduced exposures. The expected number
of 232Th and 238U primary decays per year for the nEXO cryostat is indicated as
the dotted gray line. Taken from [155].

nEXO, are optimised for the low-energy regime, and typically have higher background levels
in the ~ MeV range. They may therefore require more aggressive fiducial cuts in order to
achieve a similar signal-to-background ratio. In any case, these results are a rough approxi-
mation. In a realistic experiment, a full likelihood analysis with a modelling of the events’
spatial components and energy distributions should improve background discrimination.
However, the detailed simulations for more precise estimates of these backgrounds are
beyond the scope of this work.

5.3.2 222Rnp

The B-decays of 2>’Rn progeny within the LXe volume create backgrounds if there is coinci-
dent y-emission [155]. The «-decay events can be easily rejected by the ratio of ionized
charge to scintillation light [282]). Only two {3-decays in the decay chain are energetic
enough to produce relevant background: ?!*Bi and ?'°Bi. The decay of 2!Bi is accompa-
nied by the subsequent x-decay of 21*Po within Ty, = 164 us [184]. This background can
be rejected efficiently via a coincidence analysis. The Q-value of 21°Bi is well below the ROI
for Ov signals at 1.2 MeV. Moreover, it decays with no accompanying y and does not pass
the signal selection criteria.

5.3.3 (Anti)neutrino charged-current scattering

Charged-current (CC) scattering of neutrinos and antineutrinos is extremely rare. However,
due to the rarity of the signals of interest, it may produce positrons which can exactly mimic
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them [155]. The CC scattering of antineutrinos with energies of a few MeV, such as reactor
antineutrinos or geoneutrinos, produces a fast positron in the final state. The threshold for
the charged-current reaction is given by the mass difference between the involved xenon
isotopes and their iodine isobars. The cross-sections from [283] were obtained in tabular
form from the authors.

The expected interaction rates for geoneutrinos were calculated for the two xenon iso-
topes with the lowest CC reaction thresholds (of those with > 1% abundance): 129%e and
131Xe, which have thresholds of 1.2MeV and 2.0 MeV;, respectively. Convolving the energy
spectra and flux with the cross section, interaction rates of 5.0x 1078 and 4.9x107% events
per tonne-year of "'Xe exposure are found for '?°Xe and !3'Xe, respectively [155]. In a "Xe
G3 detector less than 0.01 events would be measured in a 10-year exposure. An experiment
using xenon enriched in '3*Xe and '36Xe will be completely insensitive to geoneutrinos due
to their high thresholds for CC reactions at 5.1 MeV and 7.9 MeV, respectively [128]. There is
an expected factor ~ 2 variation of geoneutrino flux across the globe. A similar calculation
is carried out for reactor antineutrinos. Three possible locations were considered for an
experiment: SNOLAB (in Sudbury, Ontario, CA), Sanford Underground Research Facility
(in Lead, South Dakota, USA), and LNGS. The reactor antineutrino flux at each site was
calculated using reactor power and location data in the Antineutrino Global Map reactor
database [284]. The antineutrino flux and energy spectra were computed using the empiri-
cal models given in Ref. [285]. Neutrino oscillations were neglected for simplicity which
leads to a slight overestimation of the interaction rate. At SNOLAB, the location with the
highest flux due to nearby reactors, expected CC scattering rates of 9.1 x 10~" and 3.6 x 1076
events per tonne-year were calculated for scattering on >Xe and 3! Xe, respectively [155].
Accordingly, this background is negligible regardless of an experiment’s location.

In contrast to antineutrinos, low-energy neutrino CC scattering does not create positrons
directly. Here, backgrounds arise in the form of a prompt and a delayed component.
The prompt component features the emission of a fast electron after a CC reaction and
leaves a daughter nucleus in an excited state. This can emit ys and mimic the signal event
topology. The delayed component stems from the creation of a daughter isotope that
decays via 3 "-emission. Solar ®B neutrinos with energies of ~ 1 — 15 MeV may cause these
two backgrounds. Consequently, they are the only solar neutrinos with enough energy to
react above threshold and populate an excited state in the daughter nucleus. The energy-
averaged cross-section for these reactions is of & (10_42 - 10_41) cm? [283], so 10’s of events
per tonne-year would occur for each isotope in a "'Xe detector [155].

In order to pass the selection criteria, prompt events would need to deposit a total energy
below the 12*Xe Q-value. Due to the comparatively high energy of B neutrinos, ~ 90% of
neutrino CC events deposit more energy and are easily rejected. For 0VECR*, the narrow
energy ROI reduces the impact of this background to a negligible level. For 2vECR* the
individual events with allowed energy depositions would still need to pass the further
filtering steps. Therefore, this background is expected to be subdominant compared to the
signal.

Delayed events would mainly occur in the form of 128Cs and '3°Cs decays, which each
have half-lives of < 1hr and can decay via 3*-emission with Q-values of 3.9 MeV and
2.9 MeV, respectively. With the B-averaged cross sections [283] a production rate of 0.02
nuclei of 8Cs and 0.07 nuclei of 13°Cs per tonne-year of "Xe exposure was calculated [155].
The resulting B* decays are distributed across a broad spectrum, and simulations indicate
the expected background rates for the 2vECR ™ process are an order of magnitude lower
than the expected signal rate. The narrow ROI for 0v searches renders these backgrounds
negligible. Two isotopes of xenon feature CC reaction thresholds low enough to react with
CNO, "Be, and pp neutrinos: 3!Xe and '36Xe. Yet, the daughter isotopes either exclusively
undergo electron capture (131Cs) or 3~ -decay (136Cs) with a Q-value of (2548.2 +1.9) keV
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[286]. In turn, they are too low in energy for the 0VECR* selection and lack the positron
signature to mimic the two-neutrino decays. Moreover, they have half-lives of ¢(10) days.
Next-generation experiments plan to recirculate and purify the liquid xenon with a turnover
time of ~ 2 days [127] which would remove these isotopes from the LXe before their decay
[155].

5.3.4 Neutron-induced backgrounds

In neutron capture, the daughter nucleus is generally left in a highly-excited state leading
to the emission of y-rays. As the total energies in neutron capture are generally above the
Q-value for 1*Xe decay, these events should be easy to reject and are not considered further.
However, activated Xe-radioisotopes may decay via 3* emission in the region of interest.
The fast neutron scattering reaction 2*Xe(n, 2n)'23Xe was identified as the only significant
one. It has a neutron-energy threshold of 10.5MeV with a cross-section of ~1.4 barn
at ~ 20MeV neutron energy [287]. Due to the high threshold radiogenic neutrons from
(or,n) reactions cannot produce this background. It would be produced by muon-induced
neutrons, which can extend in energy up to the GeV scale. The muon-induced neutron
flux at Gran Sasso is 1079 n/cm?/s. It is downscaled by a factor of 1072 to account for the
expected reduction from shielding and veto typically employed in these experiments [82].
This yields an expected activation rate of ~1073 nuclei per kg (}2*Xe) per year. Each of these
nuclei will produce a background event in a detector. However, the decay has a small 3+
branching ratio [288]. Moreover, the Q-value of 1228.6 keV [288] prevents it from passing
the selection criteria for any of the signals except for the 2vECR*. Here, the continuous
spectra overlap between 1022 keV and 1228.6 keV. As the signal spectrum extends up to
2856.7 keV, an additional energy cut could fully remove this background with a minor signal
efficiency loss.

In summary, the only significant background for 2vEC* originates from external y-rays.
With strong fiducial volume cuts, a likelihood-analysis utilising energy information and y-
background suppression, the G2 Dark Matter detectors XENONNT and LZ that are currently
under commissioning may measure this decay mode in the near future. For OVECR*,
the searches in G2 and G3 experiments will be virtually “background-free". Here, the
experimental sensitivity will only be limited by the detection efficiencies and the achievable
124Xe exposure.

5.4 Discovery potential and complementarity with other
decay modes

The half-life measured by a detector with no expected background is calculated by rearrang-
ing equation (1.31) and inserting the reconstruction efficiency € for the decay in question.
If no events are observed in a background-free counting experiment, a 90 % C.L. lower limit
on Ti/2 can be calculated by inserting N = 2.3. In the following a detector with 10 mm
position resolution in the axial as well as the radial direction is discussed. The sensitivities
for a G3 experiment with a 500 kg-year '?*Xe exposure are summarised in table 5.5 for all
decay modes. A G2 detector enriched to 50 kg of 12*Xe would be approximately ~ 10% less
sensitive due to the lower detection efficiency. With a ™Xe inventory the sensitivity of a G2
experiment is ~ 10 times smaller due to the exposure. The sensitivities are compared to the
range of theoretical predictions from table 5.1 for 2v-decays, and table 5.2 for 0v-decays.
Among the two-neutrino decays, 2vECR* will likely be detected by a G2 Dark Matter
experiment if the y-background can be controlled. In this case a G2 experiment’s sensitivity
would exceed the predicted 2vECB* half-life by more than an order of magnitude. A G3
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Table 5.5: Theoretical predictions for the various decay channels of '?*Xe. The experi-
mental sensitivity is calculated for a 500 kg-year >Xe exposure assuming a G3-
experiment with 10 mm position resolution in all three dimensions, a negligible
threshold, and no backgrounds. The range of theoretical predictions for neutri-
noless decays is given between the weakest limit obtained with (mgp) < 1.1eV/c?
and the strongest limit obtained with (mgg) < 0.061eV/ c? (table 5.2). A G2 ex-
periment with enrichment would have an approximately 10 % lower sensitivity
due to the lower efficiency (table 5.4). Without enrichment the sensitivity of a
G2 experiment would be reduced by an additional order of magnitude. Taken
from [155].

Decay  Exp. Sensitivity [10’® yr]  Exp. Sensitivity/Theory

2vECR* 3.3 (1.9+0.7)-10°
2vRTBT 2.5 (1.3+0.4)-1072
0VECEC 2.4 1.3-1073-6.2-1077
0VECR* 2.9 6.0-5.5-1073
ovR* Rt 2.4 0.3-2.6-107*
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Figure 5.9: Projected 90 % C.L. lower limit on TIO/\;EC‘3+ for a background-free experiment

with 10 mm resolution in x-y-z, as a function of the exposure (red). This cal-
culation assumes the G3 geometry; the sensitivity curve decreases by ~ 10%
for a G2 detector at all exposures. Four ranges of lower limits on the 0OVECR™*-
decay half-life are shown. They correspond to the upper and lower ends of the
(mgp) ranges in table 5.2: (mpp) < 1.1,eV/c? (light blue) and (mpg) < 0.3 eV/c?
(light medium blue), as well as (mgg) < 0.165,eV/c? (dark medium blue) and
(mpp) <0.061eV/ c? (dark blue). The respective lower bounds are given by the
weakest limit among the three NMEs for each (m,). The dashed black line
represents an exposure of 500 kg-year. Taken from [155].
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Dark Matter experiment like DARWIN or an enriched nEXO-like detector could measure a
few thousand signals. The 2v3** will likely be out of reach for all experiments discussed
here. The same is true for 0vp*3* with half-lives inaccessible to experiments. As the
0vECEC half-life is similarly large in the absence of resonance enhancement it is also out of
reach given current measurements of decay energies and '>4Te energy levels [27,157]. Still,
an independent measurement of the energy mismatch as recommended by the authors
of [27] would be worthwhile in order to make a final verdict. This leaves 0OVECR™* as the
most promising neutrinoless '?*Xe decay candidate.

For OVECR* the experimental sensitivity is compared to the four different half-life sce-
narios from table 5.2. Scenarios one and two are based on the effective neutrino mass
range of constraint 1 from equation 5.9. Scenarios three and four are based on constraint 2,
using the KamLAND Zen effective neutrino mass limits from equation (5.10). The results
are shown in figure 5.9 as a function of exposure. Within a 500 kg-year '?*Xe exposure,
a background-free experiment would cover a significant portion of the parameter space
given by the first constraint. Once this value is reduced, e.g. by phase cancellations in
the PMNS-matrix, the lower limits on the half-life are an order of magnitude above the
experimental sensitivity. Assuming light-neutrino exchange as the decay mechanism for
136Xe and 2Xe, the expected half-lives are two orders of magnitude above the experimental
sensitivity taking into account the current limits placed by KamLAND Zen. Exposures larger
than 10* kg-year would be needed to probe this parameter space [155].

5.4.1 Discussion

After calculating the half-lives for the second order weak decays of '?*Xe, investigating
signal efficiencies of future detectors to the respective channels, and discussing possible
background sources, the sensitivities of G2 and G3 experiments could be established. For a
G2 Dark Matter detector a detection of 2vECR™* is feasible. A background-free experiment
is a realistic prospect for 0OVECR™, but only a G3 Dark matter detector or a nEXO-like
detector enriched in >*Xe would barely be sensitive enough to probe the most optimistic
half-life predictions. This most optimistic predictions would require a mechanism that
leads to a different decay mechanism in proton-rich and neutron-rich nuclei. Otherwise the
accessible parameter space would already be excluded by existing constraints on 0V~ 3.

In the case of extensions to the SM that predict exactly this effect, a measurement of
0VECP* would provide complementary information on the physical mechanism mediating
the neutrinoless decay. Therefore, detectors with the capability of measuring '?*Xe and
136Xe decays simultaneously would be an attractive proposition. An example mechanism
are left-right symmetric models, in which a right-handed weak sector is added to left-
handed SM neutrinos [28]. By adding right-handed terms to the Standard Model Lagrangian,
a new expression for the half-life of neutrinoless second-order weak decays can be derived:

[T}, 0f —0P)1 7! =

(my)\? a
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Here, a represents the decay mode (0v3~ 37, 0VECR ™, etc.), (mgp) is the effective neutrino
mass, and (1) and (1) are newly introduced effective coupling parameters that contain right-
handed currents from the new interaction. The coefficients C;". are decay-mode specific,
and contain nuclear matrix elements and phase space factors. The A terms are significantly
enhanced in the case of the mixed-mode decays [28], so the shape of the parameter space



5.4 Discovery potential and complementarity with other decay modes 157

(A) x 108
0.6

- Ti)/szCB*’,124>2.9.1026yr

Tos P 13%>1.07-10%yr

(my) [eV/c?]

Figure 5.10: Comparison of exclusion limits at 90 %C.L. for left-right symmetric models,
in the (mgpg) vs. (1) plane. Parameter space outside the colored regions is
excluded. Here we assume (1) = 0. The exclusion limits compare the present
limits on the 0V~ ~-decay of 36Xe [25] with the possible limits on OVECR™"
derived in this work. We assume the full 500 kg-year exposure for the '?*Xe
search — comparable to the 504 kg-year exposure used for the '35Xe measure-
ments. The dashed line represents the boundary of the excluded zone after
arbitrarily scaling the NMEs for 124Xe by a factor of three, to mimic uncertain-
ties in NME calculations. Taken from [155].

explored by 0OVECR ™ searches differs from that explored by 0v3~ 3~ experiments. This is
illustrated in figure 5.10. The possible limit for 0OVECR™ derived above for a G3 experiment
is compared to the current limit for the 0v3~ 3~ of 13%Xe decay from Kamland-Zen [25].

As observed earlier, the sensitivity of 0VECB " in 24Xe to the (m.) is significantly weaker
due to the reduced phase space in the positron-emitting decay mode. Still, the sensitivity of
the mixed-mode decay for the right-handed coupling (A) is within a factor of two of that of
136Xe decay. This is within the factor ~ 3 uncertainties typically assumed for nuclear matrix
element calculations. Consequently, the 124Xe measurement would provide complementary
information in the event of a discovery of a 0v decay mode in either isotope. Future
experiments expect to reach sensitivities considerably larger than those shown in figure 5.10.
Unless the 0vB~ B~ decay of 36Xe is discovered with a half-life just beyond the existing
limits, the ?*Xe mixed-mode decays will not be competitive in constraining left-right
symmetric models with a G3 experiment’s exposure. Still, proton-rich isotopes could still
play a role in determining the mechanism of lepton number violation. Examples would
be a discovery of neutrinoless decays in either only >*Xe or in both ?*Xe and 36Xe. This
would indicate that neither the light neutrino exchange nor right-handed currents mediate
neutrinoless second order weak decays, which would point towards alternative BSM physics.
In light of these possible surprises, future xenon-based TPC experiments should explore
O0VECR™ in 1?*Xe.






Sensitivity of XENONI1T to
the Neutrinoless Double-(3
Decay of 3%Xe

Although XENONI1T was designed for the detection of low-energy nuclear recoils of WIMP
Dark Matter it can be used as a demonstrator for high-energy searches in xenon dual-
phase TPCs. Dedicated high energy reconstruction algorithms provide excellent energy
reconstruction linearity and resolution for electronic recoils in the MeV range [201]. This
chapter presents a sensitivity study for 136Xe neutrinoless double- 3 decay that was carried
out as a prerequisite of an unblinding of the XENON1T 0v[3[3 data. This study showcases
the physics potential in this channel for upcoming experiments such as XENONnT and
DARWIN with their lower background and larger exposure. It also sets an example for other
high-energy signal searches, e.g. those for 0VECB* in 124Xe. The contents of this chapter
represent the work of the XENON1T high-energy analysis group that has been headed by C.
Capelli (reconstruction, data selections and fiducial volume as published in [201] and [289]),
E Gao (reconstruction and general coordination) and the author of this work (background
model and statistical inference). The data has been unblinded recently, but due to the
XENON publication policy the unblinded data cannot be shown in this work. A publication
by the XENON collaboration containing the contents of this chapter and chapter 4 is in
preparation.

6.1 Event reconstruction, fiducial volume and data selections

Several improvements in the reconstruction of high-energy events, i.e. the treatment of
signals from energy depositions in the MeV-range, in PAX version 6.10.1 enabled the search
for neutrinoless double- 3 decay with XENON1T [201]. Although the author of this work
was only involved in the analysis as an internal reviewer, the improvements are outlined
here in order to appreciate the results and their impact on the analysis. The primary
concern when measuring signals in the MeV-range with a detector designed to probe
nuclear recoils of few keV energy is saturation. While a WIMP interaction is expected to
result in S2s with @ (10%) pe, signals and backgrounds in the blinded 0v33 signal region
will produce S2s of G(10°%) pe (cf. figure 3.3). Accordingly, the PMTs themselves as well
as the readout electronics are susceptible to saturation from large S2 signals. Saturation
leads to information loss in affected PMT channels and adversely affects energy- and
radial position-reconstruction. S1 signals are not expected to cause saturation since they
lack gas-amplification and are more evenly distributed among the PMT channels in both
arrays [201].

Figure 6.1 shows two typical single-PMT waveforms in high-energy events before and after
saturation corrections. The uncorrected waveforms are denoted as Wy in the figure. The
left waveform from a ~ 2 - 10° pe S2 is truncated at the 2.25 V upper bound of the digitiser’s



160 6 Sensitivity of XENONIT to the Neutrinoless Double-f3 Decay of 136 Xe

— V\IS

— AZUAR X Wy
Reference Region 12
Saturated Region

Amplitude [V]
& * g
7
=L 2 ;

3

BV \N_

3 4 5

S-

1 2 3 4 5
ime [us] Time [ps]

12
w
L

| [
L

12

_|O

Figure 6.1: Example single PMT waveforms from S2s with a size of ~ 2-10° pe (left) and
~108 pe (right) before and after saturation corrections. The uncorrected wave-
forms Wy as measured by the digitiser are shown as solid grey lines. They are
centred around zero in time. Both waveforms are truncated at the upper end
of the digitiser’s dynamic range. The corrected waveform model A"/ A%t - Wy is
overlaid as the solid red line. The red shaded region in each panel marks the
1 ps reference region before the first truncated sample that is used to define
the saturated waveform and model waveform areas AEEf and Alr\j’[f, respectively.
The hatched region stretches from the first truncated sample to the end of the
pulse and indicates the range where the waveforms are corrected. Modified
from [201].

dynamic range. The right waveform originates from a ~ 10° pe S2 and is similarly truncated.
In addition the tail of the waveform exhibits the effects of pre-digitiser saturation caused by
a non-linear response of the PMT’s voltage divider circuit and amplifier [201]. Since the S2
signals are highly localised in the radial direction, PMT channels that are further away from
the S2s centre of gravity do not exhibit saturation. The sum waveform of the unsaturated
PMT'’s is used as a waveform model Wy which is treated as the hypothetical shape of the
total sum waveform in absence of saturation [201]. Each of the saturated waveforms is
corrected using this model. The correct per-PMT scaling of W), is derived by integrating
the pulse areas Agef and Aij’[f of the saturated and model waveforms, respectively, within a
1 us reference region before the first saturated pulse. These reference areas are indicated by
the red shaded regions in the figures and the corrected waveforms are shown as solid red
lines. The corrections are applied up to the first pulse in the waveform that does not exceed
the dynamic channel-specific threshold anymore.

Apart from saturation, high-energy waveforms contain signals that are not directly caused
by particle interactions: light and electron emissions triggered by the primary S1 and S2
signals. The two main types of these secondary signals are photoionisation (PI) and PMT
afterpulses (AP) [201]. If a PMT’s vaccuum seal is imperfect, gas can enter the PMT body.
It can subsequently be ionised by accelerated electrons between the photocathode and
the first dynode when a PMT measures a photon signal. The drifted ions produce AP
signals with a specific delay caused by the mass over charge ratio of the respective gas [204].
Scintillation light impinging on exposed metal surfaces or electronegative impurities creates
individual electrons that cause PI signals in the form of spurious small S2s. Due to the
magnitude of the primary signals both AP and PI are abundant in high-energy waveforms
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Figure 6.2: Exemplary sum waveform from a high-energy multiple Compton-scatter event.
The raw sum waveforms in the main plot and insets are shown as solid grey lines
while the smoothed waveforms are the solid red lines. The physical narrow S1
and wide S2 peaks are followed by AP and PI secondaries. The effects of the two
clustering algorithms on each peak are shown in the insets. The left and right
peak edges are indicated by red and blue circle markers. These mark the local
minima and 3¢ cutoff points. Taken from [201].

and have to be separated from the primary S1s and S2s. Otherwise they would bias the
primary signals towards larger areas and consequently larger reconstructed energies.

Figure 6.2 shows a typical high-energy sum waveform caused by multiple Compton
scatters inside the detector after saturation corrections. A single S1 peak and three S2 peaks
are identified. All these primary peaks are followed by AP and PI secondaries and the S2
peaks overlap with one another. In order to separate the secondaries from the primaries and
to distinguish the individual primaries, two complementary algorithms were incorporated
in the PAX peak clustering plugin. In the first algorithm, the sum waveform (solid grey)
from all PMTs is smoothed in order to minimise the impact of noise. Local minima in the
smoothed waveform, indicated for the S2 peaks by the solid red lines, define the end of the
S1 peak and the onset of each new S2 peak [201]. The local minima are indicated by the red
circle markers in the figure. At this point the left boundary of each peak is set. The second
algorithm sets the right peak boundaries in the form of an amplitude cutoff. The cutoff
threshold on the falling edge of each peak is placed at the amplitude of a Gaussian function
at a 30 distance from the peak centre. The maximum amplitude of the Gaussian matches
that of the respective peak. The Gaussian peak model is motivated by the longitudinal
diffusion of the electron cloud during the drift [290]. For a Gaussian peak, the 3o falling edge
cutoff leads to a loss of only 0.13 % of the peak area while removing most of the secondary
signals [201]. The cutoff points are indicated by the blue circle markers and vertical lines.

As the interaction position in the radial direction is reconstructed from the S2 hit pattern
on the top PMT array, the saturation correction causes an improvement in position recon-
struction. This is shown in figure 6.3 for 2614.5 keV 28Tl y-events from an external ??2Th
source. The reconstructed radial positions from a neural network with four hidden layers
shows good agreement between the reconstructed and the true TPC edge (black dashed)
in the corrected data (solid red). In the uncorrected data (solid blue) the radial position
reconstruction shows an inward bias due to the information loss from saturation. In the
figure drift-field inhomogeneity is taken into account as in [70].
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Figure 6.3: Radial position distributions of 2°®TI events from external ?*Th calibration
source. Data processed with waveform saturation corrections (solid red) repro-
duces the true TPC edge (dashed black) as well as the expected distribution
- scaled to match the data — from MC simulations (dash-dotted green). The
uncorrected data (solid blue) exhibits an inward bias due to saturation affecting
the PMT hit patterns which are used by a neural network for radial position
reconstruction. Taken from [201].

The energy reconstruction of high-energy events works by the same principle as outlined
in section 3.1 and the code developed in the scope of that analysis was used by the high-
energy reconstruction team. Figure 6.4 shows the reconstructed energy spectra, energy
resolution and deviation of the reconstructed energies from the true peak energies for
events with a single (blue) and multiple S2 signals (red). These are referred to as single-
and multi-site events, respectively. For the latter population the energy is reconstructed
from the sum of corrected S2 signals within the event. The separation of the individual
S2s allows to reconstruct the interaction position for each S2 individually, so the correct
position-dependent S2 corrections can be used. A fit of both single- and multi-site light
and charge yields resulted in consistent energy reconstruction parameters [201]

g1 = (0.147 £ 0.001) pe/ph,
g2 = (10.53 + 0.04) pe/e. 6.1)

The z-dependence of these parameters was determined in the same fashion as in section 3.1,
but parametrised such that one has ¢S1(z) and cs2y,(z) while g; and g, are constant [201].
Figure 6.4 shows the reconstructed energy spectra, the relative energy resolution and
the relative deviation of the reconstructed energies from the true peak energies. These
observables are given for single-site (blue) and multi-site (red) events in a cylindrical 1t
fiducial volume.

Starting with the spectra in the top panel of figure 6.4, the fiducial volume selection
leads to a lower rate of multi-site events at low energies. Single site events in the low
energy region are still mainly caused by the 8Kr, 2!4Pb and !3¢Xe single- or double-{
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Figure 6.4: Energy reconstruction observables as a function of the reconstructed energy

after high-energy enhancements of PAX. Top: Electronic recoil energy spectra
for single-site (blue) and multi-site (red) events in a central cylindrical 1 t fiducial
volume of XENON1T with the rate in arbitrary units. The light blue shaded region
marks the blinding of the energy region around the '**Xe Q-value Qg for single-
site events. Black dashed lines mark mono-energetic peaks and are labelled
with the source isotopes. The fiducial volume selection leads to a lower rate of
multi-site events at low energies while the increasing Compton-scattering cross-
section leads to a higher multi-scatter rate above ~ 350 keV. Middle: Relative
energy resolution for single- and multi-site events in XENON1T derived from
the standard deviation o (E;) and mean p(E;) of Gaussian fits to mono-energetic
lines. The data points are fitted with the empirical function from equation 5.11.
Results from XENON100 [197], LUX [227], EXO-200 [138] and PandaX-II [291]
are included for comparison. Bottom: Relative deviation of the reconstructed
mean energies p(E;) from the expected values E; for single- and multi-site events.
Taken from [201].
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emitters. External y-rays only contribute here if they have undergone Compton-scattering
outside of the sensitive volume and if they are absorbed in the fiducial volume in a single
resolvable interaction. Above ~ 350 keV the multi-site events dominate over single-site
events due to the increasing Compton-scattering cross-section in LXe. With regard to the
energy resolution, a 40-region around the 36Xe Q-value QEEX" =2458.7(0.6) keV [154] was
blinded. The blinding cut was implemented before the high-energy enhancements in data
processing. Accordingly, the energy reconstruction and resulting resolution have changed
afterwards. This can cause fringe-effects: Events that had reconstructed energies outside of
the blinded region with the preliminary energy reconstruction can move into the blinded
region with the new energy reconstruction and vice versa. Accordingly, for the present
analysis a larger energy window from 2300 to 2600 keV is excluded from the analysis before
unblinding.

Among the xenon TPCs shown in figure 6.4, XENONI1T offers the best energy resolution
for single-site events. The resolution was determined by fitting mono-energetic peaks in the
measured spectrum with Gaussian functions where the ratio of the fitted standard deviation
o (E;) and mean u(E;) gives the relative energy resolution. The resulting resolution data
points were then fitted with the phenomenological function from equation (5.11). The
parametrisation for the single-site energy resolution as a function of the reconstructed
energy E; is

o(Ey) _ (0.313+0.007) keV'"
((Ey) VE

With this, the single-site energy resolution QEEXe is (0.80+£0.02) % [201]. For comparison,
the dedicated double- 3 decay experiment EXO-200 achieved (1.15+0.02) %. The energy
resolution for multi-site events is slightly worse at (0.90 +0.03) % [201]. Multi-site events are
not considered further in the analysis since the majority of 0v[3 3-events are expected to be
single-site due to the few-mm range of the emitted electrons. In XENONnNT a consideration
of multi-site events would allow to place stronger constraints on backgrounds. Since the
XENONIT study is a proof-of-principle analysis and since it is not expected to yield a limit
that can compete with EXO-200 [138] and Kamland-Zen [25], it was decided to analyse the
single-site energy spectrum only.

The single-site energy spectra will be fitted with MC simulations as in section 3, so the
linearity of the energy reconstruction is a central concern. For the fitted monoenergetic
peaks it is evident that the reconstructed mean energies p(E;) show relative deviations from
the expected values E; that are below 0.2 % for single-site events [201]. This would translate
to an absolute 5 keV deviation from the expected energy at QEEXE.

+(0.0017 £0.0002). (6.2)

6.1.1 Fiducial volume and cuts

At MeV energies — depending on the fiducial volume already at 500 keV [66] — the back-
ground energy spectrum is dominated by y-rays from detector construction materials. As
the background composition differs from the radon-dominated Dark Matter and double-
electron capture searches, the optimal fiducial volume is expected to be different. In order
to obtain the optimal fiducial volume, a similar method as in section 3.1.2 was applied [289].
The total active volume of the detector was segmented into 64 bins with 8 bins each in
the squared radius R? and depth Z directions. The sensitivity figure of merit Sy, ; from
equation (3.5) was calculated for each bin, denoted by the index i, using events within 40 g
energy-resolution windows of the 2.2 MeV 2'*Bi and 2.6 MeV 2°8T] peaks. The resulting
grid of sensitivity values was smoothed to 100 contour levels of S,. The result is shown
in figure 6.5. The optimal fiducial volume is not centred in Z, but shifted towards the
bottom of the sensitive volume. This is expected, as the LXe layer between the bottom
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Figure 6.5: Sensitivity figure of merit contours in the active volume of the XENON1T detec-
tor. The TPC was segmented into 8-8 bins in the R? and Z directions (dashed
black). The sensitivity figure of merit for each bin was calculated according to
equation (3.5) using events within 40 energy-resolution windows of the 2.2 MeV
214Bj and 2.6 MeV 2%8T1 peaks. The resulting 2D histogram was then smoothed to
100 figure of merit contours shown in the plot by the colour scale. Six exemplary
contours are indicated by the white solid lines. Modified from [289].

PMT array and the cathode offers more shielding from material backgrounds, especially
from the PMTs, than the GXe layer at the top of the detector. Accordingly, the contours of
equal Sy were fitted with an asymmetric shape function. This function consists of two
semi-superellipsoids from the top and bottom. The bottom superellipsoid is constrained to
Z-values above —94 cm in order to maintain a minimum clearance from the cathode. The
resulting total figure of merit values }_; Syoy,; for the fitted contours were then contrasted
with the enclosed fiducial mass. The optimal volume with a mass of (741 + 9sys) kg was
identified by fitting a parabola to the resulting distribution 6.6 [289]. The shape of the
optimal volume is shown in figure 6.6.

The data selection cuts are conceptually similar to those outlined in section 3.1.1. They
are summarised in table 6.1 together with the methods used to derive the cut acceptances.
Since most cuts were previously not defined up to the MeV range, they had to be updated
for the 0v[3 3 analysis [289]. These cuts are marked in the table with the suffix _HE. Cuts that
were not previously discussed are outlined in the following. The MuonVeto cut is used in this
analysis and removes events which were coincident with a trigger from the muon veto. This
cut effectively reduces the live time of the measurement, so the acceptance loss is treated
in the same fashion as for the DAQVeto and S27Tails cuts. The analysis uses PAX version
6.10.1 which only requires a two-fold PMT coincidence for S1 signals in order to achieve a
lower energy threshold. Since this is not needed for the high-energy analysis discussed here,
the previous three-PMT coincidence criterion was reintroduced with a cut that has unity
acceptance in the MeV energy range. The ERband cut targets a different event population
than in the double-electron capture analyses. There, the cut was supposed to remove NR
and wall background events. Here, the cut is supposed to remove y-X events. These events
occur at the bottom of the detector when a y-ray interacts in the LXe volume between the
bottom PMT array and the cathode. Ionisation electrons from this region cannot reach
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Figure 6.6: Optimal 741 kg fiducial volume for the 0v 3 3 analysis constructed from two semi-
superellipsoids and constrained to Z = —94 cm (dashed orange). The volume
is offset downwards from the centre of the TPC due to the lower background
at the bottom of the detector. The 2D histogram shows the background data
underlying the optimisation. Modified from [289].
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Figure 6.7: Cut acceptance for the 0v{33 analysis. The S1SingleScatter_HE cut features a
97.5% acceptance by definition (dashed orange). The combined acceptance
of the remaining cuts was calculated iteratively. Multiplying this with the
S1SingleScatter HE acceptance yields the black points. The vertical uncertain-
ties are the Gaussian-propagated binomial uncertainties of the single cut accep-
tances. The horizontal uncertainties from the variable binning with the energy
resolution are not shown in the plot. Since the acceptance of the ERband cut
was determined on background data, the blinded region was excluded from the
determination of the total acceptance. Modified from [289].
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Table 6.1: Data quality criteria (cuts) for the 0v[3[3 search with their acceptance derivation
method and a short description. The different methods of determining the cut
acceptance have been outlined in section 3.1.1.

Cut name Acceptance derivation Description

DAQVeto Live time Correct for DAQ deadtime

S2Tails Live time Remove high rate periods
following large S2s

MuonVeto Live time Remove events coincident

with muon veto trigger

S1PMT3fold Analytic Require threefold S1
coincidence

S2SingleScatter_HE Analytic Remove multi-site events

S1SingleScatter_HE Analytic Remove signals with multiple

S1s from consecutive nuclear
decays or pileup

ERband_HE Analytic, N -1 Remove events with
anomalous S2/S1 ratio

CS2AreaFractionTopExtended Iterative (229Rn) Remove events with anomalous
relative PMT array
contributions to the S2

S1AreaFractionTop_HE Iterative (>°Rn) Remove events with anomalous
relative PMT array
contributions to the S1

S2PatternLikelihood Tterative (2°Rn) S2 signal distribution among
PMTs

S2Width_HE Iterative (*°Rn) Correlate S2 signal width
and interaction depth

PosDiff HE Iterative (>2°Rn) Remove signals where PMT

pattern fit and neural network

yield different positions
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the top of the detector, so only S1 signals from these interactions are measured. If the y
interacts a second time, but this time in the active volume between cathode and gate, it will
display an anomalous S2/S1 area ratio due to the additional S1 from the first interaction.
Accordingly, a selection of the ER band removes such events. Since y-X events do not
occur at the top of the detector, the cut is defined on the central 98 % interval of the ER
band from events occurring in the top half of the effective volume. In addition to the cut
definition, this also gives the analytic acceptance of 98 %. The CS2AreaFractionTopExtended
cut is conceptually similar to the S2AreaFractionTop cut from the double-electron capture
analysis, but was redefined after the reconstruction updates in order to achieve a higher
acceptance. The PosDiff _HE cut compares the reconstructed interaction positions of two
different reconstruction algorithms, namely a likelihood fit of the top PMT array hit pattern
and a neural network [292]. Events with a difference in the reconstructed radial interaction
positions above a threshold value are discarded.

The combined cut acceptance was determined in the same fashion as in section 3.1.1
using the analytic, N—-1 and iterative acceptances [289]. The combined acceptance is shown
in figure 6.7. The dashed orange line shows the acceptance of the S1SingleScatter_HE cut.
This is the only cut with an analytic acceptance different from unity. Since it removes
2.5% of the data by definition, the upper bound of the cut acceptance is ayp = 97.5%. The
combined cut acceptance of the remaining cuts is multiplied with a,p which yields the black
data points. The uncertainties represent the Gaussian-propagated binomial uncertainties
of the single acceptances derived in [289]. The combined acceptance from these points can
be interpreted as a lower limit on the cut acceptance since the method assumes that all
events removed by the cut under investigation are signal events.

6.1.2 Exposure and neutron generator y-background

Initially it was planned to use the same 247 d dataset as in the SI-WIMP analysis [12].
This dataset had to be reduced to 202.7 d because of an additional external high-energy
v-background from the neutron generator. During SR1 the NG was immersed in the water
tank and next to the TPC for extended periods of time, namely from 10th February 2017
to 13th April 2017 and from 1st May 2017 to 8th June 2017. In the first period several tests
of the NG were carried out and the second period was used for more tests and a neutron
calibration. During most of these periods, the NG was not in operation. The live time of
science data with the neutron generator next to the TPC is 44.5 d while there are 202.7 d of
data without the NG. Figure 6.8 shows the exposure-corrected event rate per tonne and day
in an energy range from 300 to 3200 keV in the 741 kg fiducial volume for each of the 6362
data taking runs of 247 d dataset from [12]. The upper bound of the energy range is the
upper analysis bound for 0v[3 3 in this analysis. The lower bound has been chosen in order
to remove the time-varying rate of neutron-activated xenon isotopes (cf. table 3.2). Periods
with the NG next to the detector (red) exhibit a clear increase in event rate compared to
periods with the neutron generator removed (blue)!. Moreover, the rate in the blue data
without NG is stable while it varies in the red data. This could be attributed to moving the
neutron generator to different positions in the water tank. However, these positions cannot
be reconstructed from the entries in the XENONIT runs database or electronic logbook.
Since neutron calibration data is excluded in the data shown in the figure, the additional
rate must stem from y-rays emitted from the inactive NG.

The energy-dependence of the rate increase can be inferred from comparing the rate in
the blue periods alone with that from the red periods. The corresponding spectra in the

1The neutron generator was not extracted from the water tank in these periods, but pulled towards the top
of the tank. Thus, a few metres of water shielded the TPC from the NG. Next to the TPC this shielding is
reduced to a few centimetres.
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Figure 6.8: Exposure-corrected event rate per tonne and day in an energy range from 300
to 3200 keV in the 741 kg fiducial volume for each of the 6362 data taking runs

in the 247 d dataset from [12].

Only background and no calibration data is

shown in the plot. Data with the inactive NG next to the TPC is indicated by the
red data points, data with the NG removed is shown in blue. The introduction
and removal dates of the NG are illustrated by the solid and dotted black lines.
Uncertainties on the data are Poissonian for each data taking run.
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Figure 6.9: Energy spectra in the 741 kg fiducial volume from 1600 to 3200 keV. The data
with the NG next to the TPC is shown in red. The live time of this data is 44.5 d.
The 202.7 d of data with the NG removed are shown in blue. The binning of the
data is 10 keV and uncertainties are Poissonian. The blinded region is shown in
light blue.
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Figure 6.10: Absolute rate difference between the data with the neutron generator inside,
Rjn, and the data with the neutron generator outside, Ry, of the water tank
(black points). The energy region is 1600 to 2800 keV. The binning of the data is
10 keV and uncertainties are Gaussian-propagated Poissonian uncertainties
from the datasets with and without the NG. Several y-lines of 2!4Bi and 2°8T1 are
marked by the vertical red and orange lines, respectively. The mean energies
are given next to the lines [183,184]. The blinded region is shown in blue.

energy range relevant for 0v3 3 of 136Xe in the 741 kg fiducial volume are shown in figure 6.9
with the same colour-coding as before. A clearly increased event rate in the data with NG
is found. In the 2%8TI1 peak at 2614.5 keV [183] the rate in the red data is almost twice as
high as in the blue data. Going higher in energy, the event rates in both datasets are the
same since no y-rays above the 28Tl energy are expected. The absolute rate difference
from 1600 to 2800 keV is shown in figure 6.10. Several y-lines from ?!“Bi (red lines) [184]
can be identified in addition to the aforementioned line of 28Tl (orange). This points to the
presence of of 28U and 232Th in the NG. Other regions of increased background around
1600 keV and 2000 keV cannot be easily identified with isotopes from those decay chains
and could be related to neutron-activation of the NG’s aluminium casing itself [293]. Since
it was not considered as a permanent background source, the NG had not been screened
and eventual backgrounds from its construction materials had not been considered in the
XENON1T MC simulation?. Since 2!4Bi peaks are present in the measured spectrum, the
2447.70 keV line [184] is expected to appear in the blinded region. According to the MC
simulations presented in the next section, this is the main background line for '36Xe 0v[33.
With this, the NG-inside data contains a significant background that cannot be modeled
sufficiently. Consequently, the data with the NG next to the TPC is removed from the final
analysis dataset resulting in a final exposure of 0.41 t-yr.

A final concern arises from the fact that data with the NG next to the TPC is present
in both, the clean and dirty, datasets used for the double-electron capture searches in
chapters 3 and 4. In these analyses the fiducial volumes extend further outwards, so
external backgrounds have a larger impact. The event rate per run from 300 to 600 keV in

2Internal studies on the background impact of the NG next to the TPC were carried out during SR1. None of
these studies used the full SR1 background dataset and all analyses targeted the low-energy WIMP search
region. There, the rate increase was found to be unproblematic. The energy region relevant for 0v[3 3 was
not considered.
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the full 1.5 t superellipsoid for the clean and dirty 2vECEC data from chapter 4 is shown
in figure 6.11. Although the energy region is smaller, the rate increase with the NG is more
pronounced due to the larger fiducial volume.

The spectral shape of the NG-induced y-background is again investigated by looking
at the rate difference between NG-inside and NG-outside data. Since the effect of the
v-background from the NG could be obscured by neutron-activated xenon, only NG-inside
data before the first neutron calibration in SR1 is used, which amounts to 15.7 d of data.
For the NG-outside data, the remaining 155.4 d of clean data according to [14] are used.
The rate differences for the inner (blue) and outer (red) fiducial volumes from the 2vECEC
analyses in chapters 3 and 4 are shown in figure 6.12. As expected, the absolute background
contribution is more pronounced in the outer volume and the continuous shape can be
attributed to Compton-scatters. At low energies, the rate difference fluctuates around zero
in both volumes, so the 2vECEC peaks are not affected by additional background. The onset
of NG-background occurs at ~ 200 keV in the outer and at ~ 350 keV in the inner volume.
This is just above the energy range used for the 2vECEC analysis in chapter 3 and [31] and
the relative fraction of NG-inside data in the 177.7 d dataset was small. In conclusion, there
is no impact on this analysis. For the analysis in chapter 4 the NG-background was already
known and the energy ranges used in the fits were reduced accordingly. It should be noted
that this background would not manifest itself as a peak at the 2vKK and 2vKL energies,
but as a Compton continuum that would increase the overall background level.

6.2 Background model

This study uses the same simulations and fitting framework as the 2vECEC searches in
chapters 3 and 4, albeit in a different energy range from 1600 to 3200 keV and with a stronger
emphasis on material over intrinsic backgrounds. The numbers of simulated events for
each background can be found in table 3.4 for material backgrounds and in table 3.5 for
intrinsic backgrounds. Only two isotopes are expected to produce background for the 0v[3[3
search from inside the LXe: '3%Xe and ?!*Bi. The former has been discussed in detail in
section 3.2 and the corresponding simulations and background constraints are also used in
this analysis.

The background from ?'*Bi was not relevant for the former analyses and two separate
contributions have to be considered. First, 214Bi decays inside the active volume of the
detector. This background can be rejected due to the second S1 from 2!4Po decay in so-
called BiPo events (cf. section 3.2). Assuming an equilibrium of 214Bj with the ~ 10 1Bq/kg
activity concentration of 2!4Pb and a 90 % BiPo rejection efficiency, a residual >'*Bi activity
concentration of 1 #Bq/kg is expected in the active volume. The spectrum after the selection
of single-site events consists of the continuous ?!*Bi 3-spectra from decays to various
excited states of 214Po. These are merged with the energy depositions of the >*Po y-rays
where the individual scatters could not be distinguished from one another and the f3-
interaction. The second 2!'*Bi background originates from the uninstrumented LXe shell
surrounding the TPC. For this background the - and (3-particles emitted in the 2!4Po decay
cannot be measured, so BiPo coincidences cannot be used to reject these events. With
this the activity concentration in the LXe shell contributing to the background spectrum is
~ 10 #Bd/kg. Only y-rays from the ?!“Bi decay can reach the fiducial volume and produce
multiple peaks.

The expected intrinsic and material background spectra are shown in figure 6.13. At
the expected activity levels, the intrinsic backgrounds are subdominant to the material
backgrounds. In addition, an exemplary 0v {3 3-peak from '36Xe is shown. The decay rate
leading to the displayed peak assumes the measured '3%Xe abundance of nissx, = 8.49% and
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Figure 6.13: Expected intrinsic and material background energy spectra for the 136Xe 0v3 3
search. The intrinsic backgrounds are comprised of 136%e (solid blue, cf. ta-
ble 3.2), 214Bi from the active volume of the detector (solid green, 1 #Ba/kg with
BiPo rejection) and 214B; from the uninstrumented LXe shell around the TPC
(dash-dotted green, 10 #Bd/kg). The sum of material backgrounds is indicated
by the solid orange line (cf. table 3.3 and section 6.2.1). An exemplary 0v[33
peak is shown for Ny, = 8.49% and T, llj;Xe = 10%* yr as the dashed black line.
All energy spectra have been smeared with the parametrisation of the energy

resolution for single-site events from [201].

a half-life of 102* yr. This would correspond to 111 decays in the 0.41 t-yr exposure. Note that
the most stringent lower limit on this half-life by KamLAND-Zen is two orders of magnitude
higher at Tlljﬁzxe >1.07-10%6 yr (90% C.L.). Even at the much shorter half-life shown here,
the signal peak is still an order of magnitude lower in rate than the background. Taking the
KamLAND-Zen limit as the central half-life value would yield a single 0v[3[3 event in the
exposure used in this analysis. Accordingly, the XENON1T exposure and background level
render the achievement of a competitive sensitivity challenging. Especially the material
background - even in the optimised fiducial volume - is expected to adversely affect the
achievable limit. The derivation of the absolute material background expectation from

figure 6.13 will be discussed now.

6.2.1 Absolute material background constraints from screening

While in chapter 3 the screening expectations from table 3.3 were merely used to fix the
relative contributions from each detector component to the background caused by each
isotope, in this analysis they are also used to formulate absolute activity constraints. As
the high-energy spectrum exhibits a multitude of y-peaks, the degeneracy of the different
background components, which is caused by the featureless Compton-continua at low
energy, is partly overcome. Particular care is given to the absolute normalisation of the
material backgrounds. In order to derive and use absolute activity constraints from the
material screening, the first MC simulation normalisation from [66] has to be extended
with two more considerations: The decay chain treatment of the XENON1T MC simulation
based on Geant4 and the decay of ®°Co after the screening and during the science run.
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Table 6.2: Screening dates, time difference to the start of SR1 and decay correction factors
for %9Co material screening measurements. In addition to the exponential decay
before SR1, the correction factors include a downscaling for the activity reduction
over SR1 with Ssg; = 0.938. If no exact screening date could be determined, it
was assumed that the screening measurements were made on the 15th of the
respective month. The PTEE is not considered since no significant ®°Co activity
was found in this material [68].

Component Screening date Time to SR1 [yr] Correction factor
Cryostat shell July 2013 3.56 0.59
Cryostat flanges December 2012 4.14 0.54
Copper October 2015 1.30 0.79
Steel October 2013 3.30 0.61
PMT bases 23rd September 2013 3.36 0.60
PMTs 23rd September 2013 3.36 0.60

The screening measurements give the activity concentrations of the respective parent
isotope for the 238U and 23Th decay chains. The total activity from the decay chain is in
fact higher due to the additional decays of the daughter isotopes. In the XENON1T MC
simulation, a new decay event is generated for each «- and (3-decay within a chain while
the associated y-rays are written into the same event. Accordingly, the number of simulated
events does not correspond to the number of parent isotope decays for a decay chain. In
order to obtain the correct target normalisation of 1 1Ba/kg for the activity concentration of
the parent isotope, the spectrum has to be scaled up by the number of decay steps within
the chain. The 238U was split at °Ra in the simulation. The first part of the chain has 5
steps and the part starting at 2°Ra has 9 steps. The ?3>Th chain was simulated in full with
10 steps. The ??8Th part of the chain with 7 steps can then be added or subtracted in order
to account for chain disequilibrium. The “°K and %°Co decays are considered as single-step
decays in the scope of this analysis.

While the activity for almost all screened isotopes does not change significantly over the
operation time of the experiment, the half-life of %°Co is Tf(/)go =5.27yr [182] leading to a
relative activity decrease of 12.3 % per year. Some screening measurements were made as
early as 2012 [68] while the analysed data was taken mostly in 2017. Therefore, the screening

. . o e . GOCO
predictions on the activity concentration A_ - . g have to be reduced by the amount of

decayed ®°Co in the time ¢ between the start of the measurement campaign:

In(2)-t

A1) = ALE0, e T 6.3)
Table 6.2 gives the dates of the screening measurements and the corresponding correction
factors. Since the isotope also decays during the measurement, the correction factors
already include an additional downscaling Ssg; = 0.938 for the activity reduction over SR1.
These factors are multiplied with the °Co screening expectations and their uncertainties
from table 3.3. This treatment assumes that the samples had reached saturation activ-
ity from cosmogenic activation at the time of the screening [78] and that underground

activation can be neglected due to reduction in muon flux [294].
With this it is possible to fit the data directly with the simulated MC spectra using the
screening uncertainties. Screening measurements that only yielded upper limits on the
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activity are not considered in the fit (cf. table 3.3). In the following the background contribu-
tions from these isotopes in the respective components are fixed to zero. For the remaining
isotopes and components the absolute constraints can then be taken directly from table 3.3
after the application of the correction factors from table 6.2 for ®*Co. Here, the screening
activity concentration is the expected mean fit value and the uncertainty is the expected 1o
deviation from the mean.

6.2.2 Modification of the °Co screening constraint in the cryostat shell

Before discussing the background fit with the final constraints, ®°Co is considered once
more. It was found during the analysis outlined in chapter 4 that the ®*Co best-fit with
fixed component ratios was lower than expected. Since the material spectra are largely
degenerate at low energy, it has to be checked if this is also the case at high energy. Two
60Co lines at 1173.2 keV and 1332.5 keV [182] are accessible and outside of the planned fit
range from 1600 to 3200 keV. The merged peak of both y-rays is within the blinded ROI
at 2505.7 keV. Therefore, the expected background from this peak is solely based on the
screening. Since the fit of the background model discussed in this section will be used in
order to derive the sensitivity before unblinding, an overestimation and overconstraint
of ®°Co could lead to a too low sensitivity estimation. This would then manifest itself
in a stronger final limit than predicted before the unblinding. Enlarging the fit range to
include the ®°Co peaks was tested, but the residual peak energy shift could not be corrected
sufficiently over a 2 MeV energy range (cf. section 6.2.3). Instead, for now only a small
300 keV fit range from 1100 to 1400 keV containing both 5°Co peaks is considered. Only
the 136Xe 2v3 3-spectrum and the material backgrounds are fitted to the data using the
screening constraints. No other backgrounds are expected to contribute significantly to the
background in this energy range. Notably, the 214Bi background rate is expected to be two
orders of magnitude smaller than the material background rate. Owed to the high rate in
this energy region, the fit is a y fit with a 1 keV binning.

The fit with y?/ndf = 420/300 and the residuals are shown in figure 6.14. The param-
eter pulls are shown in figure 6.15. Apart from slight mismodelling around the peaks at
1173.2 keV and 1332.5 keV the residuals are symmetrically distributed. The mean and width
of the residual distribution are p = 0.04 and o = 1.09 in units of the data Poisson uncertainty.
Accordingly, the data is well-described by the model. The y?/ndf is largely driven by the
single 6.50 pull of %°Co in the cryostat shell. No other anomalous pulls are observed. As
expected for 28 constrained parameters, 5 further pulls exceed 1o, but are within 20 of the
expectation. The best fit for %°Co in the cryostat shell is 2.46 + 0.09 mBq/kg while the expected
activity is 5.7 + 0.5 mBa/kg. Since no other large material background pulls, e.g. for the 21Bi
peaks in the 2?6Ra chain, are observed and since the pulls go in both directions, it is unlikely
that an overestimation of the cut acceptance or single-scatter reconstruction efficiency
lead to this result®. A similar behaviour would be observed if the activity concentration of
0Co were overestimated or if the systematic uncertainty of the screening measurement
were underestimated. This is a likely explanation for the following reasons: The mass of
the cryostat shell is 870 kg. For the screening, 10.1 kg of NIRONIT AISI 304L stainless steel —
1.1% of the total component mass — were screened for 6.7 d with the GeMPI II germanium
detector [68]. It can be reasoned that the sample featured an activity concentration for °Co
that is not representative for the whole cryostat shell. The uncertainty given in the paper
does not take the systematic effect from the sample selection into account. The mean of the
original screening expectation and the best-fit activity concentration from above is used in
the following. The semi-difference between both values gives the systematic uncertainty.
The new constraint for %°Co in the cryostat shell is (4.1 + 1.6) mBq/kg.

3This would require an overestimation of the efficiency by more than a factor of two.
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Figure 6.14: Top: Fit of the ®°Co background peaks in the 741 kg fiducial volume with
y?/ndf = 420/300. The fit range is 1100 to 1400 keV with a 1 keV binning.
Uncertainties on the measured data (black) are Poissonian. The total fit (red)
consists of intrinsic 13¢Xe background (blue), %°Co from materials (green) and
the remaining material backgrounds (orange) according to table 3.3. Only the
red curve is scaled with the best-fit cut-acceptance and has the energy-shift
correction applied. Bottom: Residuals of the fit in units of the measured data
Poisson uncertainties. The 10 and 20 bands are indicated in dark and light
green, respectively.

Looking at the pulls further it is evident that the fit components for the PMT bases and
stainless steel components inside the TPC exhibit near zero deviations from the expecta-
tions?. Since no convergence issues for the fits were found, this is an indicator that some
parameters are underconstrained. This is due to the fact that the material background
spectra are still degenerate. The fit components with low absolute background contribu-
tions, due to their low component mass or large distance from the active volume, have
only little effect on the shape of the background fit function. Thus, they are fitted to their
constrained mean value. Consequently, the relative contribution of each component to a
given isotope’s background will be fixed using the screening inputs, as it was done in chap-
ters 3 and 4. Here, each MC simulation is normalised and weighted such that the expected
activity concentration corresponds to a fit value of unity. The only exception is 2?8Th, as it is
either subtracted from or added to the 232Th chain. Here, the baseline expectation is decay
chain equilibrium corresponding to a fit value of zero. Table 3.3 is used for the weighting.
Components with only an upper limit for the activity concentration of a given isotope from
the screening have been excluded, i.e. set to zero activity. In the screening their activity
was too small to be measured, so no significant background is expected from them. The
screening activities for %°Co were decay-corrected using table 6.2. The uncertainties are
the Gaussian propagated relative screening uncertainties of the individual components
per isotope. The absolute constraints for the fixed-ratio fits are summarised in table 6.3
together with the constraints on intrinsic backgrounds and systematic parameters.

4The pulls also contain systematic uncertainty parameters for the residual energy shift of peaks and the cut
acceptance. These will be discussed next in section 6.2.3.
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Figure 6.15: Parameter pulls for the ®°Co fit (black bars) in units of the constraints’ stan-
dard deviations. The 10 and 20 bands are indicated in dark and light green,
respectively. The systematic uncertainty parameters for the energy shift and
acceptance are discussed in section 6.2.3. The material background constraints
have been taken from table 3.3 and scaled for °Co with the correction factors
from table 6.2. The constraint for 136Xe was taken from table 3.2.

6.2.3 Systematic uncertainties from residual peak energy shift and cut
acceptance

The cut acceptance and bias of the energy reconstruction have to be considered as system-
atic uncertainties in the background model. The latter manifests itself in an apparent shift
of mono-energetic peaks from their expected positions. It has been shown in [201] that
the absolute shift in the energy range considered here is expected to be smaller than 5 keV.
Figure 6.16 shows the measured energy spectrum in the 741 kg fiducial volume in the upper
panel and the fitted peak means in the lower panel. Several y-peaks of 214Bi (red), %°Co
(blue), 4°K (green) and 2°®T1 (orange) can be identified and by eye no significant bias of the
energy reconstruction can be discerned. A selection of lines in the shown energy range was
fitted with Gaussian peaks in order to quantify an eventual energy shift, namely the %°Co
line at 1173.2 keV [182], the 2!Bi lines at 1120.3 keV, 1238.1 keV, 1764.5 keV] 2118.5 keV and
2204.1 keV [184], and the 2°8Tl1 line at 2614.5 keV [183]. The remaining peaks were not used
because either they contained unidentified smaller peaks in their flanks, which lead to a
bias of peak position and width, or they displayed a strong residual z-dependence of the
energy reconstruction. The latter is the case for *°K which is primarily located in the PMTs.
Even after the z-dependent energy reconstruction, the full peak still consists of two slightly
offset peaks in energy, one originating from the bottom PMTs, the other from the top PMTs
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Table 6.3: Fit parameter constraints for the MC-background model. Ten out of the 11 fit
parameters are constrained. The table is horizontally divided into sections for
the material backgrounds, intrinsic backgrounds and systematic parameters for
acceptance and energy reconstruction bias. The only unconstrained parameter
is 214Bi inside the TPC since the BiPo removal efficiency of the single scatter
cut is not known. The activity concentration is expected to be lower than ~
10 1Ba/kg. For the material backgrounds, the relative contributions of the detector
components to the background from each isotope have been fixed using table 3.3
with the ®°Co decay corrections from table 6.2. The uncertainties originate from
the Gaussian-propagated relative screening uncertainties. Components with only
an upper limit for the activity concentration of a given isotope from the screening
have been excluded, i.e. set to zero activity.

Parameter ‘ Constraint/Limit Unit
50Co 1.00+£0.42 Scaling factor
232Th 1.00+£0.59 Scaling factor
228ThH 0.00+£0.59 Scaling factor
8y 1.00+£0.58 Scaling factor
226Ra 1.00+0.48 Scaling factor
136xe 1.00+0.03 Scaling factor
214Bj (TPC) <10 uBa/kg
214B;j (shell) 10+5 uBq/kg
Pa 5+5 Scaling factor
Ag slope (1.5+£0.2)-1073 -
Ag constant —4.4+0.3 keV

(cf. left plot in figure 3.7). Therefore, the peak width and position of *°K are not suitable for
determining energy reconstruction bias. The data points are fitted with a linear function
as an effective model that describes the trend of the data well in the chosen energy range,
which it is limited to. The linear model yields y?/ndf = 14.8/5.0 which is almost exclusively
driven by the 30 deviation of the 2!*Bi line at 2204.1 keV [184]. Still, the model describes
the remaining data points well. Moreover, the peak fits used a simple linear background
parametrisation that could lead to systematic uncertainties that are currently not included
in the fit. All in all, the peak shift is at the expected level from [201] also in the 741 kg fiducial
volume. The remaining shift is included in the background model by allowing the simulated
energies Epc to shift with

Eﬁt = EMC +AE,
AE=(1.5+0.2)- 1073. E,—(4.440.3) keV. (6.4)

Here, Eyc is the energy of the MC simulation. Ideally the shift would be applied on an
event-by-event basis. However, the linear slope and constant in AE are optimised during
the background-model fit, so an event by event energy shift for > 10% events per fit step is
not feasible computationally. Instead, in each iteration of the fit the MC spectra are first
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Figure 6.16: Top: Measured energy spectrum from 1000 to 3000 keV in the 741 kg fiducial
volume (black). The bin size is 5 keV and the uncertainties on the data points
are Poissonian. The blinded region is shaded blue. The y-lines of 214Bj (red),
50Co (blue), *°K (green) and 2°®TI (orange) can be identified. The expected
peak energies are given next to the solid vertical lines [182-184]. Bottom:
Linear fit of the difference between the reconstructed mean energy E; and the
expected energy E, of selected y-lines with y?/ndf = 14.8/5. The means and
their uncertainties were extracted from Gaussian fits of the peaks with linear
backgrounds.

binned to 0.1 keV. After the shift within each fit step, a coarser binning is applied to the
spectrum before comparing it with the binned measured data.

The cut acceptance from [289] (cf. figure 6.7) is implemented by allowing it to float
between the lower limit given by the combined acceptance data points and the upper
bound given by the analytic cut acceptances. As there is no obvious parametrisation of the
total acceptance, it is interpolated with a univariate quadratic spline as implemented in
the SciPy package [295]. The corresponding SciPy function allows to assign weights to the
data points. The symmetrised biomial uncertainties o, ; for the acceptance a; from [289]
are implemented as weights w; for each energy bin E; with

1
wl = —. (6.5)
Oa,i

The smoothing factor s of the spline f;(E) is set to the number of acceptance data points
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Figure 6.17: Cut acceptance implementation in the background fit. The quadratic univariate
spline fit a(E) (dashed black) to the combined acceptance (black markers)
represents the lower limit of the acceptance. The uncertainties on the data
points are the Gaussian-propagated binomial uncertainties from [289]. The
scaling function g(E, p,) from equation 6.8 is used to vary the fitted acceptance
agi(E, pa) between the lower acceptance bound a(E) and the upper bound
ayp- Above ayp was set to unity for illustration. The fitted acceptance ag(E, pa)
is shown for different p, (coloured solid lines). At energies beyond the last
combined acceptance data point, the spline a(E) is fixed to the value it assumed
at that last point. An extrapolation would yield unphysical negative values.

N;. With the smoothing condition
N

Y w?(ai- fi(E))*<s (6.6)

i=0
this approximates a y? fit where the quadratic spline is defined such that s/N; ~ y?/ndf = 1.
The resulting continuous function

a(E) = fo(E) 6.7)

is solely determined by s and can now be included in the fit by binwise multiplication with
the summed energy spectrum. In order to let it float between the lower and upper bounds
in the fit, it is scaled using the function

g(E, p) = alB) + (aup— a(B)) - (1 - 7e') 6.8)

with the fit parameter p, and the upper bound of the accepptance ay;. The fitted accep-
tance then is

at(E, pa) = a(E) - (E, pa) (6.9)

and the asymptotic behaviour of g(E, p,) leads to the fitted acceptance approaching the
upper and lower limits when going to zero or infinity, respectively:

pall»ni}oo aﬁt(E, pa) =a(E),

plil},l() agt(E, pa) = Aup. (6.10)
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The fitted acceptance ag(E, p4) is shown in figure 6.17 for several values of p, with ayp =1
for illustration. In practice, the lower limit is reached at p, = 10. Going closer to the upper
bound, the acceptance is also continuously flattened and becomes featureless at unity.
Within the blinded region, the acceptance is expected to be flat with the lower limit at
~ 88%. One data point with a fairly large uncertainty is located below the spline. In the
fit, the acceptance is constrained such that it can reach both limits within a 1o pull with
Pa=5%£5.

6.2.4 Background model fit to the blinded data

The measured background spectrum from 1600 to 3200 keV is fitted using the MC-based
background model. The blinded region from 2300 to 2600 keV is excluded from the fit. As in
chapter 4 (cf. equation (4.25)) the likelihood is a binned )(i likelihood [263]. A 5 keV binning
is chosen and will also be used after the unblinding in order to always have > 20 events per
bin in the blinded region based on the background expectation from figure 6.13°. The fit
result and the residuals from the summands of )(i are presented in figure 6.18. The data
is well described by the fit with y3 /ndf = 311/319 = 0.98. A y* distribution with the same
number of degrees of freedom would have a standard deviation of v2/ndf = 0.08.

The residuals are the square-roots of the summands of )(i where the sign of the residual is
given by the positive or negative difference between the rate of the measured data and the
rate predicted by the model. The visualised uncertainties are based on Feldman & Cousins
68.3 % confidence intervals [262]. Taking a closer look at the distribution of the residuals in
figure 6.19 reveals that over the full fit range (orange), the residual distribution is asymmetric
with the mean at -0.16 and a standard deviation of 1.07. This asymmetry is induced by the
low-count tail of the energy spectrum that comes above the 28Tl peak. In this region, each
bin contains less than five events and the uncertainties are highly asymmetric. Since the
fit function can only assume physically meaningful values that are positive, a symmetric
residual distribution is not possible in this region. In the energy region between 1.6 MeV
and 2.3 MeV (black) the higher count rates lead to symmetric uncertainties. A symmetric
residual distribution centred around zero with a standard deviation of 1.05 is found here.

The best-fit parameters together with their constraints are summarised in table 6.4 and
the associated parameter pulls are shown in figure 6.20. No pulls above 3o are observed
while two pulls exceed 20 as expected for ten pull terms. Both 233U and ?*Ra exhibit down-
ward pulls hinting to an overestimation of this background. Moreover, their fit parameters
assume the same value suggesting decay chain equilibrium. The antipodal pulls for the two
parts of the thorium chain hint at decay chain disequilibrium. Since its rate is two orders of
magnitude below the other fit components and since it has a loose constraint, the pull for
the LXe shell contribution of 21Bi is near zero. Another near zero pull is observed for ®°Co
since it is mostly contained in the blinded part of the spectrum. The squared sum of all ten
pulls is 4.8. The acceptance scaling in the fit prefers the lower bound.

The best fit activity concentration for the fraction of 2!4Bi contributing to the energy
spectrum is 1.72+0.11 #Ba/kg which is mostly constrained by the low-count tail of the energy
spectrum. This suggests a BiPo tagging efficiency of approximately (82.8 +1.1) % for an
assumed 2!“Bi activity concentration of 10 uBa/kg. Since the S1 single-scatter cut is the only
cut applied in this analysis that targets BiPo events, the tagging requires that the >*Po decay
occurs in the same event and that the S1 can be identified. This would not be possible if it
is obscured by the S2 from the 2!*Bi decay. The 2'4Po half-life is 164.3 us, so approximately

51t is noted that an unbinned likelihood should offer a better sensitivity. However, the background level is
the main factor limiting the sensitivity of this analysis. An unbinned likelihood would only offer a marginal
benefit and require substantial changes of the fitting framework originally developed for the analysis in
chapter 4.
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Figure 6.18: Top: Fit of the MC-based background model to measured data with }(i /ndf =
311/319 = 0.98. The fit range is 1600 to 3200 keV in 5 keV bins (black points).
The displayed uncertainties for each bin are Feldman & Cousins 68.3 % confi-
dence intervals [262]. The blinded region (blue) is excluded from the fit. The
136Xe double- decay Q-value is marked by the dashed purple line. The best-fit
model, is indicated by the solid red line. It consists of the sum of material back-
grounds (solid orange), 3¢Xe (solid blue), ?!Bi inside the TPC (solid green),
and 2Bi in the uninstrumented LXe shell (dash-dotted green). Bottom: Resid-
uals from the square-roots of the summands of xi (black points). The 1o and
20 regions are marked by the light and dark green bands.

93.6% of 214Po decays occur within a 650 ps time window — the maximum drift time inside
XENONIT [88] for events occurring near the cathode. For events in the middle of the TPC
with half this drift time the fraction is 74.6 %. Since the fiducial volume is not centred in
the TPC, larger drift times are favoured. Taking into account that high-energy S2s can have
widths of tens of microseconds (cf. figure 6.2) the detection efficiency should be less than
100 % due to S2s overlapping the S1s. With these assumptions, an efficiency of 82.8 % is
plausible enough that a detailed analysis on this subject can be forgone. However, it is
noted that the BiPo tagging efficiency could be improved by cuts that identify S1s over
multiple events. Moreover, the high ratio of S1 over S2 for «-events could be used to identify
the 214Po S1s if they are obscured by S2s.

For the sensitivity estimation, the best-fit background model is used for the production
of toy-MC energy spectra. To this end the model uncertainty has to be determined. Since
the fit parameters are correlated, the model uncertainties have to be propagated using the
covariance matrix [4]. The uncertainty propagation is based on a modified implementation
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Figure 6.19: Residual distributions from the bottom panel of figure 6.18 in two energy
ranges: for the full energy range (solid orange) and the reduced energy range
from 1.6 to 2.8 MeV (solid black). Thirty bins from -7 to 7 are used for both
distributions and the histograms are normalised such that the area under each
histogram is unity. A unit Gaussian with y = 0.00 and o = 1.05 of the reduced
energy range is drawn as a dashed black line.

Table 6.4: Fit parameters for the fit of the MC-background model to the blinded 0v[3 3 data
with the best-fit results, the parameter constraints and the corresponding units
from the parameter definitions (cf. table 6.3).

Parameter Fitresult Constraint/Limit Unit
60Co 0.96 +0.31 1.00+0.42 Scaling factor
232Th 1.61+0.13 1.00+0.59 Scaling factor
228ThH -0.79+0.15 0.00+0.59 Scaling factor
238y 0.62+0.10 1.00+0.58 Scaling factor
226Ra 0.620 +0.007 1.00+0.48 Scaling factor
136¥e 1.006 + 0.030 1.00+0.03 Scaling factor
214Bi (TPC) 1.72+0.11 <10 uBa/kg
214B; (shell) 10+5 1045 uBq/kg
Pa 73+3.4 5+5 Scaling factor
Ag slope (1.4840.10)-107%  (1.5+0.2)-1073 -
Ag constant —-4.63+0.18 —-4.4+0.3 keV
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Figure 6.20: Parameter pulls for the background model fit of the '36Xe 0v3 3 search before
unblinding. The pulls (black bars) are given in units of their uncertainty o. The
lo and 20 bands are shown in dark green and light green, respectively. The
sum of the squared pulls, as they contribute to the cost function of the fit, is 4.8.
The best-fit values and constraints together with their respective uncertainties
are summarised in table 6.4.

from the kafe data analysis package [296] which was provided by V. Hannen. Here, the
numerical derivatives of the model with respect to the fit parameters are used together
with the covariance matrix in order to derive a model uncertainty band. The best-fit model
and the associated uncertainty band are shown in figure 6.21. While the band is narrow
over a large part of the fit range, it is widened at the ®°Co peak in the blinded region. This
reflects the enlargement of the fit constraint in section 6.2.2. The background rate within a
symmetric 20 g window around Qg;xe is (2297 +53) events/t/yr or (942 + 22) events in the
0.41 t-yr exposure. With this, the sensitivity for the 0v[3 3 peak can be investigated.

6.3 Sensitivity to 0v33 of 3¢Xe

The sensitivity for setting a 90% C.L. lower limit on the 3¢Xe neutrinoless double-f decay
half-life TIO/\;B ® was determined in collaboration with M. Pierre and T. Wolf. M. Pierre
determined the single-site event fraction of 0v[33 events with MC simulations [297]. T.
Wolf made the toy-MCs from the background model derived in this work and fitted these
with the framework described above. The Poisson likelihood Z for the construction of the

log-likelihood ratio (LLR) test statistic is defined as

Nbins Neonstraints
£ (Aov, Moy, P) = [ Poisson (Nj, Ai(Aoy, P))- []  Gauss(pj, g, 0y), (6.11)
i j
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Figure 6.21: Top: Fit of the MC-based background model to measured data with model
uncertainties as in figure 6.18. The 10, 20 and 30 model uncertainty bands
are indicated by the red shaded bands around the best fit (solid red). Bottom:
Residuals as in figure 6.18. The 10, 20 and 30 model uncertainty bands after
subtraction of the best-fit model are indicated by the orange shaded bands
centred around zero.

where Agy is the amplitude, i.e. the decay rate, of the 0v[3[3 peak, p are the nuisance pa-
rameters, and N is the energy histogram of the toy dataset with Ny, bins. Then N; are the
toy-MC counts in a single bin and A; is the expectation value given by the fit function. The
constraints are again added as Gaussian terms for the constrained parameters p; with the
mean ; and the uncertainty oj. Apart from the normalisation this binned likelihood func-
tion is equivalent to the xi defined in equation (4.17). The test statistic is then constructed
as

0 for Agy <0
—21IR = (6.12)

_ &£ (Agv, Pfixed)
2 IOg(—f(AOV,m,ﬁﬁt)) for Agy = 0.

Here, Ay is the tested rate and pPgyeq are the best-fit nuisance parameters for the fixed value
of the tested Agy. These are contrasted with the likelihood for the best-fit rate Ay, 5 and
the remaining best-fit parameters pg;.

Figure 6.22 shows the result from the evaluation of —2LLR for a large ensemble of toy-MCs.
In a first step, only toy datasets without artificially injected signal have been generated (blue
points). Each point for a tested Agy represents the median of the —2LLR distribution for
10* toy fits. In the asymptotic case, where Ay, follows a y? distribution, the limit sensitivity
would be given by the 90% confidence interval of a y?-distribution with one degree of
freedom. This is indicated in the figure by the dashed black line. Since no signal is present
in the toys, the negative log-likelihood ratio continuously grows, indicating a deteriorating
goodness of fit in the enumerator of —2LLR. The asymptotic case is not necessarily realised,
so a second likelihood scan is performed in order to identify the asymptoticity threshold.
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Figure 6.22: Sensitivity estimation before unblinding based on toy-MCs using the negative
double ratio between the log-likelihoods with the tested and the best-fit rate for
0v 3. The blue points represent the median of the log-likelihood distribution
from 10 toy experiments at each tested rate without signal injected into the
toy-MCs. The red points stem from the 90 % quantile of the log-likelihood
distribution from 10* toy experiments at each tested rate with the tested signal
injected into the toy-MCs. At larger rates they approach the 90 % quantile of a
x? distribution with one degree of freedom (dashed black). The crossing point
of the likelihood and threshold scans gives the estimated upper limit on the
0v[33 decay rate (solid orange) Aoy < 144 events/t/yr at 90 % confidence level.

Here, the peak for the tested Agy is injected into the toy MCs (red points). Every point
represents the 90% quantile of the —2LLR distribution for 10 toy fits. With increasing
signal, i.e. larger Agyy, the points are flatly distributed around the asymptotic limit. The
crossing point of the red and blue data points is in the asymptotic limit and gives the upper
limit on the decay rate with Ay < 144 events/t/yr at 90 % confidence level.

Since only single-site events are selected from data and MC, the fraction of single-site
events in the 0v[3 3 peak was determined using MC simulations [297]. The initial momenta
of 108 electron pairs were generated with DECAYO [271]. The decay positions were uniformly
distributed in the whole LXe volume of XENONIT. Then, the electrons were propagated
using the XENON1T MC simulation framework and the energy depositions were clustered
with nSort [66]. Figure 6.23 shows the simulated two-electron energy spectrum from
the neutrinoless decay before single-site and fiducial volume selections. At the edge of
the TPC quanta may leave the detector before depositing their full energy, so a small
fraction of the spectrum is continuous down to low energies®. The major part of the
spectrum is concentrated in the Gaussian peak at QE;XE. After the fiducial cut, only this
peak is left. The single-site selection removes events with multiple distinguishable energy
depositions. Since the range of electrons is rather small these occur when a Bremsstrahlung
photon, which features an absorption length considerably longer than the range of the

6The peak at low energy is likely caused by atomic relaxation since its energy is in the region of the Xe and Ba
K-edges [156].
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Figure 6.23: Simulated two-electron energy spectra for the single-site efficiency estimation.
The spectrum before selections (solid orange) stretches down to low energies
owed to events with only partially contained energy. After the 741 kg fiducial
volume anld single scatter selections only a Gaussian peak (solid black) centred
around Q;;XE (dashed purple) remains. Taken from [297].

charged electron, is emitted by one of the electrons. The single site spectrum is indicated
by the solid black line and the fraction of single-site events in the fiducial volume is 90.9 %.
Including the single-site fraction and using equation 1.31 with the 3¢Xe isotopic abundance
niffgég = (8.49 + 0.045¢at = 0.134y5) - 10~2 mol/mol, the decay rate is translated into a half life.
With this, the expected sensitivity is

TOPP > 1.7.10% yr (90%C.L.). (6.13)

Upon completion of the sensitivity study the XENON collaboration decided to remove the
blinding in the energy region of interest. The unblinded data and analysis results cannot be
shown in this work, but a publication by the XENON collaboration is in preparation with
active participation of the author.

With Tf/vzﬁ > 1.7-10%** yr at 90% confidence level, XENON1T’s expected sensitivity is
between one and two orders of magnitude below the sensitivities of dedicated xenon-
based experiments such as EXO-200 and Kamland-Zen [25, 138]. With regard to Dark
Matter direct detection experiments the most stringent lower limit on the 0v[3 3 half-life
has been set by the PandaX-II experiment at Tl0 /\;BB >2.3-1023 yr at 90 % confidence level
with a 0.24 t-yr exposure [298]. With its lower background, factor 1.7 larger exposure and
four times better energy resolution, XENONI1T achieves an order of magnitude better
sensitivity. The achieved energy resolution, fulfilled background goals and stable long-term
operation of XENON1T lend credibility to the projected sensitivities of LZ, XENONnT and

DARWIN (18,151, 152].
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This work investigated neutrino physics in the context of direct Dark Matter detection with
a focus on the second-order weak decays of two isotopes: ?*Xe and 136Xe. The analysis
presented in chapter 3 was carried out in collaboration with A. Fieguth [207] and targeted
the two-neutrino double-K capture of *Xe in 0.73 t-yr of XENONIT data. In the scope of
this work an energy calibration method based on the anti-correlation of light and charge
signals was applied. A relative energy resolution of 4.1 % could be achieved for the 2vKK
signal at 64.3 keV. Before the unblinding of the data, a background model based on MC
simulations with the XENON1T geometry was developed and successfully fitted to the
blinded data. Here, systematic uncertainties and external constraints were considered in
the fit. A model for the neutron-activated '2°I background peak at 67.3 keV could only be
developed after an unblinding of the data. To this end, the decay of the '?°Xe parent isotope
was tracked over time and converted into an expected '2°I decay rate evolution that was
fitted to the measured rate in the unblinded '?°I energy region. The model suggested a
removal of iodine from the detector by the gas purification system, it lead to the reduction
of the dataset to the final 0.73 t-yr exposure, and it yielded the '2°I background expectation
with Nizs; = (10 + 7) events. The constrained '2°I background and the 2vKK peak were
added to the background model and a final fit was applied to the unblinded data. This
culminated in the first direct observation of two-neutrino double-K capture in >4Xe with a
4.40 significance and a half-life of

T2 = (1.84£0.5+0.1)- 10 yr. (7.1)

This value is in excellent agreement with those predicted in recent NME calculations. The
results were published in [31].

In chapter 4, additional data, extended signal and background models, as well as im-
proved analysis techniques brought a 50 discovery of >Xe 2vECEC with XENONIT in
reach. Using the XENONIT low-energy ER analysis [14] as a stepping stone, the exposure
was increased by 33 % to 0.93 t-yr. An updated position reconstruction algorithm required a
reassessment of the systematic uncertainties on the fiducial mass using homogeneously
distributed 83™Kr calibration events. Refined analysis cuts allowed to include the KL- and
LL-capture peaks in the signal model. This also required an extension of the '2°I modelling
in the extended data periods under the consideration of additional background peaks.
Beyond providing background constraints for the four different datasets considered in the
extended analysis, the model indicated that the 1251 removal from the detector was indeed
proportional to the gas flow in the purification system.

The fit method from the initial analysis was updated in order to handle the lower statistics
in the SR2 dataset and improved constraints on several background components were
implemented. The fit framework itself was optimised, generalised and made available to
the XENON collaboration and has since been used in several analyses. A fit of the extended
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Figure 7.1: Comparison of the 2vECEC half-life from this work with theoretical predictions
and the experimental 90 % C.L. lower limits from XMASS [145] (dashed purple)
and XENON100 [254] (dashed red). The published result from the previous
XENONIT analysis is indicated by the solid orange line [31]. The value was
scaled down by fovxx [89]. The uncertainty is given by the error bars on the right
of the plot. The updated central value of the measured half-life is shown as the
solid blue line. The 10 and 20 uncertainty bands are indicated in blue and light
blue, respectively. Four results from nuclear structure calculations [106,108,110]
are indicated by the black uncertainty bars. An agreement within 2¢ is found for
all measurements.

signal and background model to the data yielded a 2vECEC decay rate of
AsvicEC = (280 + 45) events/txyr. (7.2)
This translates to a fractional KK-capture half-life of
TEFK = (1.47 £ 0.245¢ £ 0.075y5) - 10% yr (7.3)
and a total double-electron capture half-life of
TZYFCEC = (1.13 4+ 0.1841a¢ £ 0.055ys) - 107 yr. (7.4)

At a significance of 6.80 this marks the first significant detection of 2vECEC in any isotope.
It is also the first result on the full double-electron capture half-life under the consideration
of KK-, KL- and LL-capture. Consistency with the previous result could be demonstrated
under the consideration of the added exposure, the inclusion of additional signal peaks,
systematic uncertainties, and the improved energy reconstruction from [201] that was
applied to the extended data. The decreased uncertainties provide nuclear theorists with
a benchmark from the proton-rich side of the nuclide chart for their NME calculations
(figure 7.1 from section 4.4). In its planned exposure of 20 t-yr XENONNT will measure
~ 5600 events from 2vECEC. This will reduce statistical uncertainties to the percent level. A
publication by the XENON collaboration that contains the extended XENON1T 2vECEC
results is in preparation.
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Figure 7.2: Projected 90 % C.L. lower limit on T{)/\;Eq5+ for a background-free experiment
with 10 mm resolution in x-y-z, as a function of the exposure (red). This cal-
culation assumes the G3 geometry; the sensitivity curve decreases by ~ 10%
for a G2 detector at all exposures. Four ranges of lower limits on the OVEC*-
decay half-life are shown. They correspond to the upper and lower ends of the
(mgp) ranges in Table 5.2: (mgp) < 1.1,eV/c? (light blue) and (mpp) < 0.3eV/c?
(light medium blue), as well as (mgg) < 0.165,eV/ c? (dark medium blue) and
(mgp) <0.061eV/c* (dark blue). The respective lower bounds are given by the
weakest limit among the three NMEs for each (m,). The dashed black line
represents an exposure of 500 kg-year. Taken from [155].

Chapter five presented a comprehensive study on the future detection prospects of the
yet undetected two-neutrino and hypothetical neutrinoless second-order weak decays of
124Xe. In a first step PSFs and NMEs were used in order to calculate the half-lives of the
decays. The mixed 2vEC* and OVECP* decays are favoured over double-* decays due
to the larger available phase-space. The 0vECEC would only be viable in the presence of
a resonant enhancement, but this is discouraged by existing measurements. The signal
efficiencies of future detectors to the respective decay channels were investigated for a
coincidence-based reconstruction technique on the basis of MC simulations of G2 and G3
experiments. Such simulations were also used in order to investigate how such searches
would be affected by background. It was found that the detection of 2vECR* with a half-life
of (1.7 +0.6) - 1023 yr is feasible in G2 Dark Matter detectors if backgrounds are sufficiently
controlled. Moreover, a search for 0OVECR* would likely be background-free. However, even
a G3 experiment such as DARWIN [152] would likely not be able to measure this decay
considering current limits on the effective neutrino mass by Kamland-Zen [25] (figure 7.2
from section 5.4). In this context, alternative left-right symmetric models were discussed. In
these the detection of both decays would allow to disentangle the mechanism that mediates
the neutrinoless decay. The results presented in this study have been published in [155].

Finally, the sensitivity of XENONI1T to the neutrinoless double- decay of 36Xe was
investigated. This analysis in the MeV range presented a considerable challenge since
XENONI1T was designed for the detection of keV-range NR interactions. Therefore, the high-
energy reconstruction improvements by XENON collaborators [201] and the data selection
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Figure 7.3: Top: Fit of the MC-based background model to measured data with )(i/ ndf =
311/319 = 0.98. The fit range is 1600 to 3200 keV in 5 keV bins (black points). The
displayed uncertainties for each bin are Feldman & Cousins 68.3 % confidence
intervals [262]. The blinded region (blue) is excluded from the fit. The 13656
double- 3 decay Q-value is marked by the dashed purple line. The best-fit model,
is indicated by the solid red line. It consists of the sum of material backgrounds
(solid orange), '3¢Xe (solid blue), 214Bi inside the TPC (solid green), and ?'*Bi
in the uninstrumented LXe shell (dash-dotted green). Bottom: Residuals from
the square-root of the summands of Xi (black points). The 1o and 20 bands are
shown in dark and light green.

and cut acceptance studies by C. Capelli [289] were presented in detail. In the scope of this
work a previously disregarded y-ray background induced by the inactive neutron generator
was discovered and quantified. The increased background rate resulting from the neutron
generator being submerged next to the TPC lead to a removal of 44.5 live-days of data. It was
also shown that this background did not adversely affect the two-neutrino double-electron
capture analyses due to the chosen energy ranges.

As for the 12*Xe analyses, a background model based on MC simulations was developed.
This required the simulation of ?!4Bi decays in the active and inactive LXe volumes of
the detector. Moreover, absolute constraints on radioactive contaminations of detector
construction materials were derived on the basis of screening measurements [68] and under
the consideration of %°Co decay during the construction and operation of the detector. It
was found that the %°Co activity concentration in the cryostat shell of the detector was
likely overestimated by approximately a factor of two. This was attributed to the factor
~ 100 difference between the masses of the screened material sample and the installed
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component. Although the energy reconstruction and resolution were drastically improved
in [201], residual energy-dependent shifts of mono-energetic peaks from their expected
energies were observed. This was quantified and incorporated into the fit of the background
model to the blinded 0v3 3 data (figure 7.3 from section 6.2.4). The best-fit background
model was then used to draw toy MCs for the sensitivity estimation. Using a binned log-
likelihood ratio test-statistic a sensitivity of

)PP >1.7.10% yr (90% C.L) (7.5)

was found and the data was unblinded. While the results cannot be shown in this work,
a publication by the XENON collaboration is in preparation. Although the XENON1T
sensitivity that was found in this work would not yield a competitive limit compared to
dedicated experiments such as EXO-200 [138] and Kamland-Zen [25], it would be the most

stringent limit on TlO /VZBB by a xenon Dark Matter experiment. Moreover, the achievement

of percent level energy resolution at QBEX‘) and a full background description, based on
material screening and MC simulations, showcases the high-energy potential of future
xenon dual-phase TPCs for direct Dark Matter detection.

The next-generation xenon Dark Matter detectors LZ [151] and XENONRT [18] are in
commissioning and will reach @ (102%) yr sensitivities for 0v 3 of 13¢Xe. This puts them at a
similar sensitivity level as the current dedicated experiments EXO-200 [138] and KamLAND
Zen [25]. The following generation represented by DARWIN [152] could directly compete
with dedicated experiments such as nEXO [150]. This also holds true for the potential
detection of 2vEC[* and the search for the neutrinoless 1?4Xe decay modes. In contrast to
the dedicated double-f3 decay experiments their low thresholds will allow the Dark Matter
detectors to also investigate signals in the few keV range such as CEVNS, axions, neutrino
magnetic moments and WIMP Dark Matter. This makes them versatile observatories for
physics within and beyond the Standard Model.
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List of Abbreviations

O0vECEC Neutrinoless double electron capture

0vECP™* Neutrinoless electron capture with positron emission
0vB*R* Neutrinoless double-{ decay (with double-positron emission)
2vECEC Two-neutrino double electron capture

2vECA* Two-neutrino electron capture with positron emission
2vp*R* Two-neutrino double- decay (with double-positron emission)
ECEC Double electron capture

ECP* Electron capture with positron emission

B*A* Double-B* decay

37~ Double-p~ decay

ALP Axion-like particle

AP Afterpulse (PMT)

BSM Beyond the Standard Model of particle physics

CC Charged-current (interaction)

CEvNS Coherent elastic neutrino-nucleus scattering

CMB Cosmic microwave background

DAQ Data acquisition system

DSNB Diffuse supernova neutrino background

ER Electronic recoil

G2 Second generation (experiment)

G3 Third generation (experiment)

GUT Grand unified theory

HSD Higher-state dominance

IBM Interacting boson model

IC Internal conversion
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List of Abbreviations

10 Inverted ordering (of neutrino masses)
LLR Log-likelihood ratio

LNGS Laboratori Nazionali del Gran Sasso
LSS Large scale structure (of the Universe)
MC Monte Carlo (simulation)

NEST Noble Element Simulation Technique
NG Deuterium-deuterium fusion neutron generator
NME Nulcear matrix element

NO Normal ordering (of neutrino masses)
NR Nuclear recoil

NSM Nuclear shell model

PAX Processor for Analysing Xenon

pe Photoelectron

Pl Photoionisation

PMNS Pontecorvo-Maki-Nakagawa—Sakata
PMT Photomultiplier tube

PSF Phase-space factor

PTFE Polytetrafluoroethylene

QCD Quantum chromodynamics

QRPA Quasiparticle random phase approximation
RGA Residual gas analyser

RGMS Rare gas mass spectrometry

ROI Region of interest

SD Spin-dependent (interaction)

S| Spin-independent (interaction)

SM Standard Model of particle physics

SR Science run

SSD Single-state dominance

SUSY Supersymmetry

TPC Time projection chamber

WIMP Weakly interacting massive particle



Nomenclature

¢S1 Area of the S1 signal corrected for the position-dependent light-collection efficiency
and field-distortion effects

¢S2p, Area of the S2 signal as seen by the bottom PMT array and corrected for the x-y-
dependent light-collection efficiency and charge aplification, electron lifetime, and
position-depedent field-distortion effects






Appendix

Al Energy reconstruction bias from «-decay electron
lifetimes

The results presented in this section were obtained in collaboration with Z. Greene who
performed the electron-lifetime model fits and the scaling of the «-based electron-lifetime
model to the 83™MKr electron-lifetime data points. The author of this work created the energy
spectrum plots and determined the energy resolution with fits of the Gaussian y-lines in
the energy spectrum.

Figure A-1 shows the XENON1T ER energy spectrum in a 1 t cylindrical fiducial volume
along the z-coordinate of the TPC. The electron-lifetime correction for ¢S2, has been
derived using S2s from the «-decays of 222Rn progeny inside the TPC [70]. The energies
have been derived using equation (2.9) with g; = 0.1472 pe/ph and g; = 10.99 pe/e. One can
clearly see that the mono-energetic lines from decays of radioactive impurities contained
in the LXe target and detector construction materials are not straight along the depth of
the TPC. The tilt of the lines appears to increase with energy. This points to an energy- and
depth-dependent bias of a correction.
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10°
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Energy [keV]

Figure A-1: Energy spectra of ER events in a cylindrical 1 t fiducial volume in XENON1T.
The electron-lifetime correction for cS2;, was derived using «-decays of ?22Rn
progeny inside the detector. Positions of mono-energetic lines are indicated by
the dashed red lines.
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Combined energy spectrum from Rn and Kr lifetime corrections
— T - =
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Energy - from Rn correction [keV]
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Energy - from Kr correction [keV]

Figure A-2: Comparison of depth-dependent energy spectra with o«c-correct (top) and 83™Kr-
corrected (bottom) electron lifetimes. Positions of mono-energetic lines are
indicated by the dashed red lines.

The corrections for S1 as well as S2 are depth-dependent. However, the relative con-
tribution of the S2 to the energy reconstruction increases with energy while that for S1
diminishes. This points towards an issue with the electron-lifetime correction on S2. The
electron-lifetime were also determined with 83™Kr. The data points suggested a larger
value of the electron lifetime than those from the x-decays. This fits the observation that
with increasing depth mono-energetic lines are shifted towards larger energies. Here, the
underestimation of the electron-lifetime leads to an overestimation of ¢S2, as well as of the
reconstructed energy. Consequently, the «-based electron lifetime model was scaled to the
83mKy data points. This is illustrated in figure 2.10 in the main text. Figure A-2 shows the en-
ergy spectra for both corrections. New energy calibration parameters g; = 0.1445 pe/ph and
g1 = 10.80 re/e were determined for the data with the krypton-corrected electron-lifetime.
The tilt of the mono-energetic lines is almost fully reduced. The increased sharpness of
peaks in the energy spectrum is shown in figure A-3. Even without the high-energy optimi-
sations introduced later (cf. chapter 6) this allowed for energy resolutions at the 1% level in
the MeV energy range. This is shown in figure A-4.

The origin of this bias can be attributed to the inhomogeneity of the electric field inside
the detector [201]. A field-gradient is present between the top and bottom of the TPC. Since
the field affects recombination depending on the interaction type and energy [67,190], the
S2 signals from 83™Kr and «-decays are affected differently over the depth of the TPC. More
recombination occurs in the presence of a weaker field that separates the electrons and the
ions. In turn, a weaker field at a given position leads to a larger S1 signal and a smaller S2.
If due to recombination S2s at the bottom are systematically smaller for one source than
for the other, an apparently larger loss of electrons is observed. This leads to a systematic
underestimation of the electron lifetime for that source. Since the charge yield observed in
«-decays is very sensitive to field effects [9] this explanation is plausible.
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Figure A-3: Comparison of energy spectra with «-correct (red) and 83myy_corrected (blue)
electron lifetimes. Expected positions of mono-energetic lines are indicated by

the dashed black lines.
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Figure A-4: Energy resolution from fits of mono-energetic lines in the energy spectrum
derived from S1 and S2 using the Kr-based electron-lifetime correction. Data
points above the “°K line were excluded from the fit since they do not follow the
trend of the other datapoints due to missing high-energy optimisations of the
data processor.
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A2 Exemplary fits of mono-energetic lines for energy
calibration

This section shows the 2D fits of the mono-energetic lines of 83™Kr, 131mXe, 129mXe, 60Co
and “°K in ¢S1-cS2y, space. The 8™Kr peak has been fitted with the function in equation
(3.6) and is shown in the top panel of figure A-5. The metastable xenon peaks have been
fitted with the sum of two ellipses and are shown in the bottom panel of figure A-5. The
%0Co and “°K peaks have been fitted with the sum of four ellipses; the fourth ellipse was
supposed to model the 1120.3 keV peak of 2*Bi which is just below the lower energy peak
of °Co. The four-ellipse fit is shown in figure A-6. All fits are binned likelihood fits. The
data range used for the fits of the 83™Kr and activated xenon line fits corresponds to the full
cS1-cS2y, range in the plots. For the fits of the %°Co and “°K lines the fit range was restricted
to ¢S1 > 6000 pe and ¢S2;, > 370000.
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Figure A-5: Top: Elliptical fit of the 33™Kr peak at 41.5 keV. Bottom: Simultaneous two-
ellipse fit of the '3!™Xe and 129™Xe peaks at 163.9 keV and 236.2 keV, respectively.
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Figure A-6: Simultaneous four-ellipse fit of the 2!*Bi, %°Co and “°K peaks. The ?!*Bi line has
an energy of 1120.3 keV, the 60Co lines are at 1173.2 keV and 1332.5 keV, and the
40K line is at 1460.8 keV.

A3 Acceptance of the S2 width cut for the outer detector
volume in the original 2vKK analysis

The behaviour of the S2 width cut acceptance in the outer detector volume was parametrised
as unity below a freely fitted threshold energy Ey,r and with the phenomenological function

R t 1 for E < Eyqy, (A-1)
cceptance i = _
p S2Width (E—Eva)-a+ (E—Eya)®-b  for E> Eyr.

In a y? fit using the mean symmetrised uncertainty one obtains

Eyar = (155 + 1) keV,
a=(1.60+0.02)-1073,
b=(1.9+02)-107° (A-2)

with y?/ndf = 1.00.
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Figure A-7: The N —1 acceptance of the S2 width cut as a function of energy in bins of 1 keV
width between 10 and 500 keV in the outer volume of the original 2vKK search.
All other event selections for the 2vECEC search have been applied. Binomial
uncertainties are shown for the data points. The dashed red line indicates the
155 keV energy up to which a flat unity acceptance is assumed. The orange
line shows the fitted model with the flat behaviour up to this point and the
subsequent acceptance decrease.

A4 Studies on neutron activation

Due to large '>*Xe thermal neutron capture cross-section of (165 + 11) b [251], '2°Xe is
produced during neutron calibrations. This was first identified by comparing the event rates
before and after neutron calibrations. Figure A-8 shows the rate difference between 2.55 t-d
of post-NG data and 27.4 t-d of pre-NG data. The positive 12°™Xe 131™Xe indicate activation
by the NG while the negative 83™Kr peak decays over time and is not reactivated. An increase
in rate starting at ~ 80 keV can be attributed to the activation of '33Xe. The peak to the right
of the '?™MXe peak can be identified as the merged energy deposition from the 2°1 K-edge
at33.2keV [156] and the 243.4 keV y-ray from the EC-decay of 1?°Xe [231]. A secondary peak
from this decay is present in the left flank of the '?™Xe peak originating from the 33.2 keV
X-ray being merged with a 188.4 keV y-ray [231]. The relative frequencies of the 243.4 keV
and 188.4 keV nuclear transitions in 2°Xe EC are 66.6 % and 25.4 %, respectively [231].
Figure A-9 shows a combined fit of the three lines. The area ratio 74 measured = 0.31£0.10
of the two ?°Xe lines matches the expected ratio of the nuclear transitions I'A expected =
0.254/0.666 = 0.383.

The activation rate from the NG was determined by including the data taken during
the NG calibration in the difference spectrum and refitting the peaks. The same was
done for the AmBe source. As the half-life of 12°Xe is 16.8h [231], a few days after the
end of the calibration suffice in order to measure the total number of calibration-induced
decays. In these fits the peak from 125mye at 252.2 keV [231] also has to be considered. The
neutron-activated isomer undergoes a transition to the ground state before decaying via
electron-capture with a half-life of 57 s [231]. Considering the nuclear branching fraction
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Figure A-8: Rate-difference between 2.55 t-d of post-NG data and 27.4 t-d of pre-NG data.
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Figure A-9: Fit of the >°Xe lines and the '?™Xe line in the rate-difference spectrum. The

rate difference is between 2.55 t-d of post-NG data and 27.4 t-d of pre-NG data.
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and the K-capture intensity, activation rates of

dz“AmBe ~ (60+7) t_ld_l,
oG = (411+35)t 1d 7! (A-3)

were determined. These results were used in order to plan a neutron-generator run in SR2
aimed at determining the '2°I removal efficiency. This study is described in [207].
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A5 Background subtraction for '2*Xe in the construction of
the 251 model

For the background subtraction, the >°Xe data is rebinned such that more than 20 events
are contained in each bin. This leads to a bin size of 5 d. The data is then scaled up by the
coverage of the 20 interval 0.954, the nuclear branching ratio 0.664 and the K-capture
fraction 0.882 [231, 245]. The resulting data is shown in figure A-10. For the background
subtraction only data before or sufficiently long after neutron calibrations is used. The red
datapoints in the plot are excluded since they were recorded during or shortly after NG or
AmBe calibrations. A linear function is fitted to the black data points and yields
events events

—(0.019+0.005
t-d ( ) t-d?

Rpg(tg) = (25.3+1.2) - 14 (A-4)
with Xfl g = 49.6/44 = 1.12. The background-subtracted data in 1-day bins is shown in
figure A-11. In the '2°Xe data empty bins occur in periods without activation. This is mainly
due to calibrations or unfavourable detector conditions. An empty bin at ¢4; bins can be
filled by taking the rate in the preceding bin at 74;-; and applying an exponential decay
with the 2°Xe decay lifetime Txe:

_1d
Rxe(tq,i) = Rxe(tgi-1)-e ™e.

This way one obtains a continuous ?°Xe decay rate that can be translated into the 12°1
decay rate.
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Figure A-10: Corrected 2°Xe rate over time in a 20 interval around 276.4 keV before back-
ground subtraction. The bin size is 5 d. A linear function (solid orange) is fitted
to the data sufficiently far away from calibrations (black). The data indicated
by the red markers was taken during or shortly after calibrations and is ex-
cluded from the fit. The error bars show v/N Poisson uncertainties. Note that
the y-axis is logarithmic above 50 events/t/d and linear below.
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Figure A-11: Background-subtracted 2°Xe data in 1-day bins. The rate has been corrected
for the nuclear and K-capture ratios as well as the 20 ¢ interval coverage. Error
bars indicated v N Poisson uncertainties.

A6 Uncertainty propagation of the 2°| model

As outlined in section 3.3, the uncertainties of the >°I model that are induced by the count-
ing uncertainties on the 1>°Xe data are propagated using toy datasets that are generated
from the measured '?°Xe data points after background subtraction and the filling of empty
bins. A toy dataset is drawn by sampling the content of each '?>Xe bin from a Poisson
distribution with the bin content of that bin in the measured data as the expectation value.
An 2T model is constructed from this data and fitted to the measured '?°I data points. The
integration of the model over the actual data-taking periods gives the number of expected
iodine events considering the underlying toy dataset. Accordingly, an ensemble of 1000
toy datasets yields an ensemble distribution for the number of fitted 1251 events N1, pEC.
Figure A-12 shows the ensemble distribution for 1000 toy datasets where the '2°T data was
fitted in with a binned Poisson likelihood fit in 10-day bins. Fitting the distribution with a
Gaussian distribution yields

LN = (44 £+ 6) events. (A-5)

N1 pec has an additional uncertainty from the counting uncertainties in the 1251 data. This

is investigated by varying the four fit parameters (A, T and linear background variables)
of the I-125 model fit in a 1o interval around the best fit. Due to the model uncertainty
one has to multiply the 1 sigma uncertainties of the data points such that the reduced y?
becomes unity. Therefore, one actually probes a 1.2¢ interval for each parameter. The
resulting distribution of Ny pgc is shown in figure A-13. The final expectation for the artificial
activation in the 1.5 t fiducial volume and 214.3 live-days is

NipEec = (44 £ 9) events. (A-6)

This prompted the reduction of the dataset to 177.7 live-days. The corresponding ensemble
distributions for the 12Xe with 1000 toy-datasets and for the °I uncertainties are shown
in figure A-14.
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Figure A-12: Ensemble distribution for 1000 toy datasets where the '2°I data from 214.3
live-days in 1.5 t was fitted with a binned Poisson likelihood fit in 10-day bins.
The distribution has been fitted with a Gaussian (solid blue).
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Figure A-13: Distribution of N pgc in 214.3 live-days and 1.5 t obtained from varying the fit
parameter uncertainties.
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Figure A-14: Top: Ensemble distribution for 1000 toy datasets where the '2°I data from
177.7 live-days in 1.5 t was fitted with a binned Poisson likelihood fit in 10-day
bins. The distribution has been fitted with a Gaussian (solid orange). Bottom:
Distribution of Ny pgc in 177.7 live-days and 1.5 t obtained from varying the fit
parameter uncertainties.
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A7 Fiducial volume plots for the extended 2vECEC analysis

The distributions of 8™Kr events inside the active volume of the TPC are shown for the
different data partitions used in chapter 4. All respective analysis cuts have been applied
and the 41.5 keV line was selected in ¢S1-cS2;, space. The R?-Z and X-Y plots have 500
bins in each direction. Accordingly, the bin volume for the R?-Z plots is 1 cm®. The bin
area in the X-Y plots is 0.04 cm?. The R?- Z plot for the clean partition of SR 1 is shown in
chapter 4 as figure 4.6
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Figure A-15: Top: Distribution of 41.5 keV 8™Kr events in the R?- and Z-directions for
the dirty partition of SR1. Bottom: Distribution of the same data in X and
Y. The edges of the active volume are marked by the dashed black line. The
superellipsoid fiducial volume is indicated by the solid orange line. The dotted
orange line marks the segmentation between the inner and outer volumes.
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Figure A-16: Top: Distribution of 41.5 keV 83™Kr events in the R?- and Z-directions for
the dirty partition of SR1. Bottom: Distribution of the same data in X and
Y. The edges of the active volume are marked by the dashed black line. The
superellipsoid fiducial volume is indicated by the solid orange line. The dotted
orange line marks the segmentation between the inner and outer volumes.
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A8 Details on the 2°| model for the extended
double-electron capture search

The expected numbers of 2% events for SR1 were obtained by integrating the model
introduced in section 3.3 over the respective data periods. Figure A-17 shows the model
for the duration of SR1 with the respective 1o and 20 uncertainty bands obtained by
propagation of the correlated parameter uncertainties with the covariance matrix. The
clean and dirty data partitions are represented by the square blue and purple markers,
respectively.

In a second step, the uncertainty induced by the '?°Xe data was assessed by drawing 10*
toy datasets. Here, the measured number of events in each 125%e bin was drawn from a
Poisson distribution with the actual measured number of !2°Xe events as the expectation
value. Then the respective '>I model was constructed from this data and fitted to the '2°I
data. The best-fit model was then integrated over the data-taking periods. The sample
distributions for the numbers of expected '2°I events from 10* samples are shown in figure A-
18. The distribution means are taken as the central values for the 12°I expectations with the
standard deviations as the uncertainties associated with 2°Xe.

Notably, the distribution for the dirty partition is narrower. This is owed to the higher
event rates in the dirty partition, so the Poisson uncertainties on the '2°Xe data points are
smaller. Accordingly there is less variation on the model shape in these areas. On the other
hand less '?°I datapoints are available in the dirty partition, so the model uncertainty is
larger than for the clean data. The central values and uncertainties for the expected 12°1
events from artificial activation are

1251
art, clean

125
N, art, dirty

= (5.2 +2.810del T 3.D125%) €vents/t,

= (102.7 £ 18.7model % 2. L1zsy,) events/t. A-7)

The uncertainties are added in quadrature in order to obtain the total uncertainty.

SR2 model data preparation

For science run 2 additional data had to be prepared beforehand. The energy calibration
from [257] could be used on most of the additional data. There is an exception for the July
2018 NG data where the anode tripped during the neutron generator calibration. Therefore,
the data was taken with two different anode voltages, namely 3 kV after the trip and the
nominal 4 kV. This affects the amount of extracted electrons at the liquid gas interface
as well as the charge amplification in the gas-phase. Thus, the events taken in the lower
voltage period feature smaller S2 areas. This is shown in figure A-19. Since the statistics
in the July 2018 NG data were insufficient to derive an energy calibration from ellipse fits
- especially not in a Z-dependent fashion — the optimal calibration parameters g; and g»
were determined by iterating through different pairs of values. And checking the positions
of the 131™MXe and 1?™Xe peaks in the reconstructed spectrum. The parameter pair with
the best match was kept leading to:

81,3k, July = 0.137,

82,3kv, july = 10,7

81,4k, July = 0.143,

82,4k, Jjuly = 11.6. (A-8)
Figure A-20 shows the energy spectra in the three calibration campaigns in early March,

late March and July. The July data is separated into the data with two different anode volt-
ages. It is evident that the lines for all NG datasets are now at their expected positions. The



A8 Details on the '?°I model for the extended double-electron capture search 229

Date
NG N N S ¢ N
A A A A A N
Q¥ Q¥ Q¥ Q¥ Q¥ N
Vv v Vv % Vv Vv
T T T T T T
Clean data periods
= Dirty data periods
20 125| model
lo/20 model uncertainty
¢ 2l data

10 +H

5 't
! i ++++++++++++++++++++*++

Corrected 12°| Rate [events/t/d]

0 1 1 1 1 1 1 1
0 50 100 150 200 250 300 350

Figure A-17: Model for 2°1 background (orange) with data from the 12°I energy region in
14-day bins (black markers). The clean and dirty partitions of SR1 are indicated
by the square blue and purple markers, respectively. The 10 and 20 model
uncertainties are shown as the dark and light orange bands around the best-fit
model.

125¥e data selection interval of 20 ¢ is shaded in orange. The 3!™Xe and '2™Xe peaks for
fixing the energy calibrations are indicated by the dotted and dashed red lines, respectively.

Figure A-21 shows the rate in a 20 5 region around the 276.6 keV peak of 12°Xe. Each 1-day
bin has been corrected for its actual data live time. A clear increase in rate is observed in
periods with the NG in operation. Before using this data for model construction six bins
with an exposure of less than 0.1 d are removed. The live times for all bins are shown in
figure A-22. Moreover, bins between 23rd July and 8th August 2018 are removed because
they exhibit an unusually large background rate that cannot originate from '?°Xe decay due
to its prolonged presence. The increased rate is attributed to a preceding 2?°Rn calibration
as well as the start-up of the radon distillation. In this process closed-off volumes in the
gas circulation systems were opened to the detector. It is possible that ?22Rn was collected
in these volumes at a higher equilibrium activity concentration than in the TPC. Thus, the
equilibrium in the detector would have been disturbed.

In a next step, the 125%e data is background-subtracted. For this, three different back-
ground periods have to be observed: period one before the MagPump installation, period
two after the MagPump installation and before radon distillation, and period three after the
start of the radon distillation. The background rate in the second two periods is expected
to be lower due to the reduced %22Rn level. For the background subtraction, constant
functions are fitted to data outside of increased '?°Xe rate periods. With the installation of
the MagPump on 15th June and the start of the radon distillation on 30th July 2018, these
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Figure A-18: Distributions for the expected numbers of 1251 events in the clean (blue his-
togram) and dirty (purple histogram) partitions of SR1. The distributions
originate from 10* '2°Xe toy datasets underlying the same number of fitted
and integrated 12°I models. The means of both distributions are indicated by
the vertical solid lines. The colour-shaded areas represent the +10 standard
deviation bands around the mean.
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Figure A-19: Areas of the corrected S1 (¢S1) and bottom S2 (¢S2y,) signals for all NG events
in the July 2018 NG data. Due to an anode trip the data was taken at two
different anode voltages: 3 kV (orange) and 4 kV (blue). Due to the lower anode
voltage, the 3 kV data features smaller S2 signals.
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Figure A-20: Energy histograms of the early March (light blue), late March (dark blue) and
July neutron calibrations in SR2. The July 2018 NG data has been subvided
into the 3 kV (green) and 4 kV (purple) anode voltage periods. The g; and g»
energy reconstruction parameters for the July 2018 datasets were determined
with the 13!™Xe and '?™Xe peaks. These are indicated by the red dotted and
dashed lines, respectively. The '?°Xe peak at 276.6 keV for the '2°I model is
marked with the dashed orange line and the selection interval for the model is
coloured in orange.

periods are defined as

Period 1: 7th February — 12th March,
16th April — 31st May,
Period 2: 16th June — 13th July,
Period 3: 9th August — 30th September. (A-9)

The first period is subdivided into the data before and after the NG calibrations in March,
but should feature the same background level. The background levels are:

Period 1:  (13.5+6.6) events-t 'd !,
Period 2: (13.8+6.9) events-t'd !,
Period3:  (14.2+5.0) events-t 'd~ . (A-10)

With the large uncertainties no significant change in background rate can be discerned. Due
to the increasing background contribution from TPC construction materials this change
is expected to be smaller than at lower energies where the increased 8°Kr activity and the
reduced ?2?Rn activity should lead to a background reduction of ~ 20%. Figure A-23 shows
the background-subtracted '?°Xe rate. Here, the background level from the second period
was subtracted from data up to the 22nd July 2018. For all other periods, data within the
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Figure A-21: Measured event rate over SR2 in a 20 interval (264.0 to 289.2 keV) around the
276.6 keV peak of 125Xe. The black markers show the rate before background-
subtraction. The data from the cylindrical SR2 fiducial volume after cuts has
been corrected by the live time per bin. Uncertainties are based on Feldman
& Cousins 68.3 % confidence intervals [262]. NG, 8™Kr and ??°Rn calibration
data are shaded in red, green and gold, respectively. Data points outside
these regions are from clean and dirty SR2 background data. The data points
inside the May 2018 krypton data are isolated dirty background runs. The
MagPump installation is indicated by the dashed black line. The start of the
radon distillation is indicated by the gold dashed line. Data between 23rd July
and 8th August 2018, shaded in dark grey, is removed due to an abnormally
increased rate.

smallest and largest dates were subtracted with the respective background. The rate has
been scaled up by the 95.4 % coverage of the 20 g interval, the nuclear branching ratio of
66.6 % [231] and the K-capture branching ratio. For the model construction, the empty bins
are filled in the same fashion as in section 3.3.

Taking purification flow into account

The purification flow over SR2 changed multiple times. Since the removal time constant of
1251 should scale with the purification flow this has to be considered in the model. Figure A-
24 shows the rate in a 20 interval around the 67.3 keV 2% peak over SR2 on the left y-axis
and the purification flow from the XENON1T slow control on the right y-axis. Two main
periods where '2°I removal takes place have to be considered. These are marked in orange.
In all other purification flow periods, the decay rate has returned to the background level.
Accordingly, the purification flow in these periods does not affect the model. As outlined
in section 4.2, the purification flow ratio of the marked periods is used in the 2°T model.
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Figure A-22: Livetime in each 1-day bin of the SR2 data for '2°T model construction indicated
by black markers. Bins with a live time of less than 0.1 d are removed. The

boundary is marked by the dashed gold line.
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Figure A-23: Rate from '25Xe after background subtraction corrected for the 95.4 % coverage
of the 20 selection interval as well as for the nuclear and atomic branching
ratios of the 276.6 keV peak. The different periods considered in the back-
ground subtraction are shaded blue, purple and gold for periods 1, 2 and 3,

respectively.
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Figure A-24: Rate in a 20 interval around the 67.3 keV 2% peak over SR2 on the left y-axis
and purification flow from the XENON1T slow control in standard-litres per
minute (slpm) on the right y-axis. NG data is shaded red. Purification flow
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Figure A-25: Distributions for the expected numbers of '2°I events in the clean (blue his-

togram) and dirty (purple histogram) partitions of SR2. The distributions
originate from 10* 12°Xe toy datasets underlying the same number of fitted
and integrated '?°I models. The means of both distributions are indicated by
the vertical solid lines. The colour-shaded areas represent the +1¢ standard
deviation bands around the mean.
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Taking the mean and standard deviation of the flows in both periods one obtains

TI'low = 1.59 £ 0.08. (A-11)

Uncertainties of the SR2 model predictions

The uncertainties on the numbers of '2°I events are derived and propagated in the same
fashion as for the SR1 model. Figure A-25 shows the distributions for the expected numbers
of 12°] events per tonne in the clean and dirty SR2 data. Only the clean data is used in the
analysis, the dirty data is shown in order to illustrate the grounds for its exclusion. The
distributions originate from the fits of 10* 12T models based on the same number of 12°Xe
toy datasets. The means and standard deviations of both distributions are used to infer
the central value and the uncertainty associated with the '2°Xe data underlying the model.
The model uncertainties from the fit are obtained by integrating the model uncertainty
bands. These bands were derived using numerical partial derivatives of the model and the
covariance matrix in order to take parameter correlations into account. The resulting '2°1
expectations from artificial activation are:

1251
art, clean SR2

1257
N, art, dirty SR2

= (1.9 + 1.0del £ 1.0125%,) events/t,

= (75.6 = 38.10del T+ 1.6125%,) events/t, (A-12)

The uncertainties are added in quadrature in order to obtain the total uncertainty.
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A9 Validation of the extended double-electron capture signal
and background model

This section shows the fits of the extended 2vECEC signal and background model from
chapter 4 to the data from [31] that is described in chapter 3. The best-fit parameters are
given in table A-2. The best fit spectra for the inner and outer volume are shown in the
top and bottom panels of figure A-26, respectively. The relevant goodness of fit measures,
significance and half-lives are given in table A-1. Figure A-27 shows the parameter pulls
and the Xﬁ—proﬁle of Asvecec can be found in figure A-28.

The fit quality is improved in comparison to the published analysis (y?/ndf = 527.3/462 =
1.14 [31]). This improvement can be attributed mostly to the reduced fit range. Especially in
the outer volume, the goodness of fit deteriorated towards higher energies in the published
analysis [31]. More importantly, two immediate effects of including the KL-peak become
apparent. First, the significance from the profile of A, rcgc is increased to 5.00. Second, the
best-fit half-life for the KK-capture is decreased to T2%K = (1.72 + 0.425ta¢ £ 0.075ys) - 1022 yr.

Removing the KL- and LL- peaks from the fit yields the same result as [31] with T12/V2KI§K-only =

(1.77 £ 0.45g¢at £ 0.07ys) - 10%? yr. Accordingly, leaving out the KL- and LL-peaks biased
the former half-life estimate to larger values. This is notable since it was assumed that
XENON1T would not be sensitive to these peaks due to the #3™Kr contamination and the
larger half-life predicted by XMASS [145].

Table A-1: Fit results for the fit of the extended 2vECEC signal and background model to
the data from [31].

Ndata 340
Npar 29
Nconstrained 18
ndf 329
1A 319.1
2
\ 0.08
3 10.1
XZ
2 0.97
-z
Ndata—Npar 0.99
2
\VAx; 5.0
NavEcEc [events] 176 +43
T3YFPCEC [10% yr] | 1.31 £ 0.32¢a¢ £ 0.064ys
T (1022 yr] | 1.7240.42500¢ £ 0.07ys
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Table A-2: Best-fit parameters for the fit of the extended 2vECEC signal and background
model to the data from [31].

Parameter Value Unit
Solar v 1.00+£0.02 scaling
136Xe 0.993+0.029  scaling
238y 1.0+0.6  scaling
226Ra 0.66+0.35 scaling
232Th 0.9+0.6 scaling
228Th -0.7+1.3 scaling
%0Co 0.58+0.31 scaling
0K 0.97+0.26 scaling
Us3mKy misID 32.8+0.4 keV
O 83mKr misID 2.2+0.6 keV

fosmge misiD,inner | (0.017 £0.004) - 1074 -
fosmye mistD,outer | (0.014 £0.006) -107% -

Assmg inner (0.420 +0.006) - 10~ -
Assmiy outer (0.398 +£0.008) - 10~ -
H2vKK 64.31+0.13 keV
HovKL 37.2+0.7 keV
HoviL 10.01+0.13 keV
AovECEC (6.6+1.6)-107% events/kg.d
2l4pp 8.9+0.4 HBa/kg
85Krsr1 6.7+1.1 0.1ppt
133Xe (-0.2+1.3)-1072 HBd/kg
Auasy (3.8+3.2)-107° events/kg.d
Asixe (5.93+0.26)- 1073 events/kg.d
Kslope (-14.8+1.0)-107°>  keV'!
Kconst 0.942 + 0.007 -
Cres 0.3202+0.028  keV"”?
Dres (4.01+0.28)-1073 -
Ashift (13.7+2.1)-1073 -

Dshitt 43.3+1.9 keV
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Figure A-26: Fit of the signal and background models to the measured energy spectra

from [31] in the inner (top) and outer (bottom) detector volume. Residu-
als were calculated from the square-roots of the Xi summands. Uncertainties
on the datapoints are 68.3 % Feldman & Cousins confidence intervals [262].
The datasets of the inner and outer sub-volumes of the 1.5 t superellipsoid
were fitted simultaneously.
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Figure A-27: Parameter pulls for the fit of the extended 2vECEC signal and background
model to the data from [31].
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Figure A-28: xi—proﬁle of Asvgcgc for the fit of the extended 2vECEC signal and background
model to the data from [31].
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A10 Constraints on the residual peak from misidentified
8mMKr events

The MisIDS1SingleScatter cut removes 33™Kr events where the S1 of the second 9.4 keV
decay is misidentified as an S2. These are important for the double-electron capture analysis
because they are not removed by the S1SingleScatter cut and form a low-energy shoulder
on the 41.5 keV peak. The cut identifies these events based on the largest S2 before the
main S2. However, since the 41.5 keV and the misidentified peak slightly overlap, a small
fraction of misidentified events remains in the shoulder of the peak. Moreover, the cut
deforms the misID peak. The mean, width and fraction with respect to the 41.5 keV peak
are determined using 33™Kr calibration data from the full SR1. This is done independently
for the inner and outer volume of the 1.5 t superellipsoid. Fitting the Kr-83m peak with
a double-Gaussian and a constant background, one finds the parameters summarised in
table A-3. The fits are shown in the figure A-29. The residuals show that the 41.5 keV peak
is not fully Gaussian. However, this is only visible in the high statistics of the calibration
data. In the data used for the analysis the statistics per bin are reduced by a factor of > 100.
The fraction of surviving misID events is on the 0.01 % level. Considering uncertainties it is
the same in both volumes. Additionally, the peaks are narrower than physical peaks in both
volumes due to the cut. These parameters are used as constraints for the fits in section 4.4.

Table A-3: Fit parameters of the misidentified 3™Kr peak in the inner and outer volume of
the 1.5 t superellipsoid after the MisIDS1SingleScatter cut in SR1 calibration data.

Parameter ‘ Inner Outer
foomicr, oo (2.51+0.26)-107* (2.6+0.4)-107*
Mssmgr o keV] 31.744+0.27 32.03+0.26

Owmgr, o [keV] 1.28+0.10 1.36+0.10
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Figure A-29: Spectra of the misidentified and 41.5 keV %™Kr peaks in the inner

(top) and outer (bottom) volume of the 1.5 t superellipsoid after the
MisIDS1SingleScatter cut in SR1 calibration data. The bin size is 1 keV. Double-
Gaussian binned likelihood fits with a constant background are indicated by
the solid orange lines in the respective top panels. Residuals are shown in
the lower panels of both figures. Uncertainties represent 68.3 % Feldman &
Cousins confidence intervals [262]. The mean of the upper and lower uncer-
tainty is used in the residual calculation.
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A1l Fit plots for the event overlap in PAX 6.8.0 and PAX

See section 4.5 for the discussion of the fits in the figures below.

6.10.1 data
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Figure A-30: Fit parameters for the fit of the overlap data in PAX 6.8.0. Note that all peak
areas (DEC, 1201, 83mKy, 131myea) have to be divided by 10 in order to obtain

events/kg.d. This is a feature of the internal 0.1 keV binning of the fit.
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Name Value Hesse Error

(] Co60 0.20 0.23
1 K40 0.92 D23
2 Th23z 0.7 0.5
3 Th228 -0.8 14
a u23s 09 0.4
5 Ra226 0.25 0.26
[} Pb214 1098 0.32
7 Krég 6.7 0.8
8 Xe136 1.001 0.028
9 ERsolar 1.00 002
10 Xel133 0.013 0.010
n A_DEC 0.0075 0.0015
12 mu_DEC_KK 64.26 015
13 mu_DEC_KL 372 0.7
14 mu_DEC _LL 10.30 013
15 A_N25 0.58e-3 0.33e-3
16 A_Xel131m 0.0661 0.0027
17 mu_Kr83m_mis 328 0.5
18 sigma_Kr83m_mis 1.4 0.4

19 dec_inner_acceptance_slope -0.060e-3 0.016e-3

20 dec_inner_acceptance_constant 0.9221 0.0020
n dec_inner_A_Kr83m 0110 0.003
22 dec_inner_res_a 0.328 0.009
23 dec_inner_res_b 1.7e-3 1.0e-3
24 dec_inner_ratio_Kr83m_mis 0.029 0.009
25 dec_inner_shift_a 0.0057 0.0018
26 dec_inner_shift_b 60 1
27 dec_outer_acceptance_slope  -0.18e-3 0.04e-3
28 dec_outer_acceptance_constant 09139 0.0030
29 dec_outer_A_Krd3m 0.085 0.004
30 dec_outer_res_a 0.335 0.015
n dec_outer_res_b 0.0013 00014
32 dec_outer_ratio_Kr83m_mis -0.010 0.015
33 dec_outer_shift_a 0.002 0.004
34 dec_suter_shift_b 70 70

Figure A-31: Fit parameters for the fit of the overlap data in PAX 6.10.1. Note that all peak
areas (DEC, 12°1, 83mKy, 131MXe) have to be divided by 10 in order to obtain
events/kg.d. This is a feature of the internal 0.1 keV binning of the fit.
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Figure A-32: Fit of the signal and background models to the measured energy spectra in PAX

6.8.0 data from the event overlap present in the analyses from chapter 3 and
chapter 4. The best-fit spectra are shown for the inner (top) and outer (bottom)
detector volume. Residuals were calculated from the square-roots of the xi
summands. Uncertainties on the datapoints are 68.3 % Feldman & Cousins
confidence intervals [262]. The datasets of the inner and outer sub-volumes of
the 1.5 t superellipsoid were fitted simultaneously.
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Figure A-33: Fit of the signal and background models to the measured energy spectra in PAX

6.10.1 data from the event overlap present in the analyses from chapter 3 and
chapter 4. The best-fit spectra are shown for the inner (top) and outer (bottom)
detector volume. Residuals were calculated from the square-roots of the xi
summands. Uncertainties on the datapoints are 68.3 % Feldman & Cousins
confidence intervals [262]. The datasets of the inner and outer sub-volumes of
the 1.5 t superellipsoid were fitted simultaneously.
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Figure A-34: Parameter pulls (top) and Xﬁ-proﬁle of Asvrcec (bottom) for the fit of the
overlap data in PAX 6.8.0.
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overlap data in PAX 6.10.1.



248 Appendix

— Total Total b PAXVEE.0
=—- Signal Signal Data inner
---- Background Background PAX v6.10.1

103

102

Rate [events/keV/t/yr]

r
L l- i‘
10! | A ’ :
- I\ | 1
| J 1 d (| 1 1 | 1
25 50 75 100 125 150 175 200
Energy [keV]
—— Total Total t E:)t(avlg%eg
= Signal Signal Data inner
---- Background Background PAX v6.10.1
103

Rate [events/keV/t/yr]
o

10?1

. | ] 1 1 1
20 40 60 80 100 120 140 160

Energy [keV]

Figure A-36: Energy spectra for the fit of the overlap in events between the published PAX
6.8.0 data (black markers) from [31] and the updated PAX 6.10.1 data (orange
markers) from this work. Spectra are shown separately for the inner (top) and
outer (bottom) sub-volumes of the 1.5 t fiducial superellipsoid. The best-fit
total spectra for the PAX 6.8.0 and the PAX 6.10.1 data are indicated by the
solid black and orange lines, respectively. The background-only spectrum und
the KK-peak are indicated by the dashed and dash-dotted lines of the same
color. Uncertainties on the data points resemble 68.3 % Feldman & Cousins
confidence intervals and are used for illustration only.
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Rate difference in energy spectra for the fit of the overlap in events between the
published PAX 6.8.0 data from [31] and the updated PAX 6.10.1 data from this
work. Difference spectra are shown separately for the inner (top) and outer
(bottom) sub-volumes of the 1.5 t fiducial superellipsoid. The difference of
the data is indicated by the black markers. The model-difference is indicated
by the solid black line. The dashed red line marks the zero-difference. The
uncertainties of the data points in both datasets have been added in quadra-
ture. This overestimates the actual uncertainty due to the partial, but unknown
correlation between the datasets.
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