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Abstract

This thesis reports on a search for spontaneous radiation from wave function collapse
in the first science data from XENONnT. It further investigates the impact of the
inhomogeneous electric drift field in the detector. Based on the results of a performed
data-driven reconstruction of the drift field, it was found that the corresponding field
corrections are of the order of 0-2% and subdominant compared to other signal cor-
rections. The search for x-ray signatures of spontaneous wave function collapse was
performed in the parameter space of reconstructed event energy using the analysis
framework developed for the XENONNT low-energy electronic recoil searches. No ev-
idence of such a signal was found in 1.16 tonne-years of exposure. Given the low
electronic recoil background of the order of 20 events/(tonnexyearxkeV) in the energy
region of interest (19, 140) keV, this allowed to set limits on the phenomenological
parameters of the continuous spontaneous localization (CSL) and Diési-Penrose (DP)
models. We obtain \/r? < 3.04 x 1072 s7'm™2 at 95% C.L. for the CSL model and
Ry > 1.4 x 1072 m at 95% C.L. for the DP model. These represent the first results
from a liquid xenon TPC and set the strongest upper bounds on the CSL model for
r. < 107° m and the strongest bounds on the DP model to date.
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Introduction

There is a difference between a blurred or
poorly focused photograph and a photograph
of clouds and wafts of mist.

Erwin Schrodinger, 1935

The theory of quantum mechanics has revolutionized our understanding of Nature at
small scales and predicts the outcomes of experiments with great success. However,
since its development over 100 years ago, the theory has sparked a debate about the
measurement process itself that has yet to be resolved. It is not the complexity of such
a process that is not understood but the fundamental difference between the dynamics
of a quantum system before and during a measurement. Whereas quantum systems
can be in superposed states, we always observe only one state at the time of mea-
surement. And although the Schrédinger equation, which describes the dynamics, is
deterministic, it can only assign a probability to a quantum mechanical system being
found in a specific state. This constitutes the measurement problem [1].

Models of wave function collapse offer a possible solution to this problem [2]. By
modifying the Schrédinger equation, these models add an internal mechanism to the
theory that causes the breakdown of superposition without the need for an external
observer. Moreover, the mechanism is intrinsically probabilistic. To preserve the suc-
cessful description of quantum mechanics of the microscopic world, the introduced
collapse mechanism only becomes dominant for large systems. Thus, models of wave
function collapse are phenomenological theories, suggesting that there is a more fun-

damental underlying theory.

Due to the modified dynamics, the predictions of the models of wave function collapse
deviate from standard quantum mechanics and thus can be tested experimentally [3].
One consequence of the collapse mechanism is the diffusion of particles in space, re-

sulting in the emission of radiation for charged particles. The radiation is predicted
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to be emitted predominantly in the x-ray regime at a low rate, requiring detectors
with a low background and an energy threshold at the keV scale. Several experiments
have tried to detect the radiation, but so far, without success. Nevertheless, they were
able to constrain or rule out certain subsets of proposed wave function collapse models.

This work presents the first search by the XENONnT dark matter experiment for the
radiation from wave function collapse. The main goal of the experiment is the direct
detection of dark matter in the form of weakly-interacting massive particles via their
interaction with xenon nuclei [4]. However, the low background and the large target
mass make the detector a leading observatory for various other rare event searches [5].
For this thesis, I use the data collected during the first science run between July and
November 2021 to test two of the most studied wave function collapse models: the
continuous spontaneous localization model [6] and the Didsi-Penrose model [7]. Both
models predict a collapse-induced radiation emission by charged particles.

The expected signal of both models is continuous in energy. This motivates a good
understanding of the detector’s signal reconstruction over a broad range of energies.
XENONNT detects scintillation and ionization signals generated by particle interac-
tions with xenon electrons or nuclei. To measure the ionization, an external electric
field is required to drift electrons away from the interaction site to a gaseous phase
above liquid xenon, where they induce a secondary scintillation light. However, this
electric drift field is not completely uniform. Therefore, before performing the signal
search, I reconstruct the electric drift field with a data-driven approach. I use the
results to investigate how the non-uniformity of the drift field affects the signal recon-
struction and consequently the search for radiation from wave function collapse.

The thesis is structured as follows: Chapter [l introduces the theoretical motivation
for wave function collapse models, outlines how they can be tested experimentally, and
gives an overview of the current state of research. Chapter [2] describes the design, the
detection principle, and the signal reconstruction of the XENONNT experiment. The
reconstruction and characterization of the electric drift field are presented in chapter
Bl The method and results of the search for radiation from wave function collapse are
shown in chapter [4] followed by a conclusion and an outlook.




Chapter 1

Wave function collapse

The models of wave function collapse, or just collapse models, were introduced to
explain the absence of superposition of macroscopic objects and the probabilistic nature
of measurements in quantum mechanics. Before presenting different proposed collapse
models, the measurement problem of quantum mechanics is explained in more detail
in the following section.

1.1 The measurement problem of quantum

mechanics

The measurement problem already became apparent in the beginnings of quantum
mechanics, most famously illustrated by Erwin Schrodinger’s cat paradox [§]. The
absurd thought experiment of a cat being alive and dead at the same time before
observing it highlights the special role of the measurement and the fact that the theory
does not specify a divide between the microscopic and the macroscopic world. Why
does the cat behave classically and not quantum-like when it is made of atoms? The
apparent lack of macroscopic superposition contradicts the superposition principle that
follows directly from the linearity of the Schrédinger equation.

The standard formulation of quantum mechanics postulates that the wave function
collapses to one eigenstate of an observable as a consequence of the measurement
process [9]. An idealized measurement scheme by von Neumann illustrates why this
axiom is problematic [10]. A derivation without assuming an idealized measurement is
given in [11] but leads to the same conclusion. The spin of a single electron is measured

in a certain direction. The wave function |pg) describes the initial configuration of the
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electron that forms a superposition of the spin pointing up- and downwards:

o) = ¢1§ (lup) + down)) (1.1)

The macroscopic measuring apparatus A has two disjoint pointer states A; and A,
that correspond to the two spin eigenstates. Even though the macroscopic apparatus
has many degrees of freedom, it is in principle described by a wave function if quantum
mechanics is a complete theory. Interacting with the electron, the system evolves
according to the linear Schrodinger equation into the following entangled final state:

1
V2

If the wave function contains all the information about the electron as well as the

p0) @ |Ag)  — (lup) © [A1) + |down) @ [As)). (1.2)

macroscopic apparatus, and the time evolution is strictly linear, then the measurement
itself cannot destroy superposition. Due to the linear interaction, the apparatus is in
a state of macroscopic superposition in the final state. This is of course not what is
observed: Individual measurements show the spin directed up- or downward.

This leads to the second aspect of the measurement problem, the emergence of prob-
abilities in quantum mechanics. By the Born rule, the square modulus of the wave
function can be interpreted as probability for the occurrence of each outcome, e.g. in
eq. both spin directions are equally probable. The rule gives accurate predictions
for experiments but stands in strong contrast to the Schréodinger equation’s determin-
istic nature. For a given initial state of the wave function, the equation determines how
it evolves over time. In essence, the measurement problem raises the crucial question
if quantum mechanics provides a fundamental description of nature or if it is just a
method to predict the outcomes of measurements [12].

Several resolutions to the measurement problem have been proposed, though none has
gained consensus or been proven correct. The three main proposals can be presented
along three incompatible assumptions of standard quantum mechanics, following |13]:

1. The wave function gives a complete description of a physical system.

2. The time evolution of the wave function is always determined by the linear
Schrodinger equation.

3. Measurements yield definite outcomes.

Each proposal has to reject one of these assumptions to resolve the measurement prob-
lem. Thereby, the first two proposals do not change the predictions for experiments

and therefore are not falsifiable.
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e The de Broglie-Bohm theory rejects the first assumption and hence is a so-
called hidden-variables theory [14]. At the center of the theory are point particles
that move along trajectories determined by the wave function. However, the

initial conditions are in principle unknown or hidden.

e In the Many-worlds interpretation introduced by Everett, measurements
do not result in one or another outcome, but instead all possible outcomes are
realized by splitting up the Universe into independent branches [15].

o Collapse models reject the second assumption by proposing new physics, but
retain the assumption of definite outcomes in measurements and a complete de-

scription of a physical system by the wave function.

1.2 Wave function collapse models

Over the last decades, a variety of collapse models have been developed [2]. They all
incorporate a modified Schrodinger evolution that breaks the quantum superposition
at the transition from the microscopic to the macroscopic realm. The mathematical
description of the new dynamics replaces the collapse postulate of the Copenhagen
interpretation and makes the role of the external observer obsolete. Besides substan-
tial differences, the collapse models share many common features that are necessary
for a coherent solution to the measurement problem: The additional terms in the
Schrodinger equation are nonlinear to suppress superposition. They are stochastic, so
the collapse to an eigenstate is random but distributed according to the Born rule, and
they must prohibit faster-than-light signaling to preserve causality. Furthermore, an
amplification mechanism is required that makes the new terms only dominant when
the size or mass of systems increases. Finally, the localization of the wave function
occurs in the position basis to ensure that no macroscopic object is found delocalized
in space.

The first consistent collapse model that was able to fulfill all these properties was the
GRW model, introduced by Ghirardi, Rimini, and Weber (GRW) in 1986 [16]. Its
simple collapse mechanism is illustrated in figure [I.1] and conveys the general idea of
collapse models well. Each particle in an N-particles system experiences collapses, also
called jumps, that occur randomly in time and space. The spontaneous jumps localize
not only the wave function of the single particle but of the whole N-particle system
and are represented by a Gaussian operator L. The position distribution of the jumps
I?

is given by ||L% ¥(z1, ..., Z,, t)||* such that the localization coincides with standard

quantum mechanics. Between jumps, the evolution of the wave function follows the
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Initial wave function Collapse operator L;
L\ > Position
X
‘ Collapse
probability
Collapsed wave function M
L5l
Position

Figure 1.1: Schematic of the waveform collapse process in the GRW model in 1D.
The initial wave function ¢ is localized in space by the multiplication with a Gaussian
function. The larger the wave function at a given position, the larger is the collapse
probability. The final state has a resolution r.. Figure adapted from [12].

standard Schrodinger equation. The model has two phenomenological parameters that
need to be determined experimentally: the mean collapse rate A determining the fre-
quency of jumps, and the resolution r. setting the spatial width of the collapse.

The GRW model was subsequently developed further to replace the discrete jumps
with a continuous evolution and to include the description of identical particles. In
the focus of this work are two of the most studied collapse models, the continuous

spontaneous localization model and the Didsi-Penrose model.

1.2.1 Continuous spontaneous localization model

The continuous spontaneous localization (CSL) model is a continuous generalization of
the GRW model, including the description of identical particles [6]. The jumps are re-
placed by a continuous collapse process that is induced through the interaction between
particles and a randomly fluctuating classical field. The random field, or noise field, is
primarily introduced to describe the stochasticity of the collapse process. However, it

has been suggested that the field could be interpreted as a real physical field, possibly
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of cosmological origin [2]. The continuous interaction of particles with the noise field
does not only localize the wave function but induces a Brownian-like diffusion of the
particles, corresponding to an accelerated movement in space. In the case of charged
particles, the random acceleration leads to the spontaneous emission of radiation. The
diffusion and the resulting radiation are not predicted by quantum mechanics and offer
the opportunity to test the CSL model, as it will be discussed in section in more
detail.

The modified Schrédinger dynamics can be expressed in terms of a stochastic differen-
tial equation [17]:

!

Hdt+ Va / dx (M (x) — (N (x))1) AW (x)

-3 / dx &y D(x—y) I] (M(a) - (M(a))) dt] ), (1.3)

q:x7y

where |¢;) is the wave function in standard bracket notation, and x and y are 3D
spatial vectors. The first term on the right side of eq. represents the standard
Hamiltonian evolution, dominating the microscopic regime. The second and third
terms cause the localization in space. The stochastic dynamics is expressed in the form
of Wiener processes W;(x) for each point in space |18]. The noise field is then defined
as wy(x) = dW;(x)/dt and has the correlation function D(x — y) given by

D(x —y) =exp (—\x — y]2/47’%) . (1.4)

The collapse operator is the mass density operator M (x) = myT(x)h(x), with the
particle creation and annihilation operators 1f(x) and 1(x) and the particle’s mass m.
The non-linearity is introduced by the expectation value of M (x):

(M(x))e = (2| M (x)|1)y). (1.5)
The characteristic constant of the model is

(1.6)

a=—,

mg
where the mass my is a reference mass that is by convention set equal to the nucleon
mass. The phenomenological parameters are the same as in the GRW model, the col-
lapse rate A [s7'] and the resolution or correlation length . [m]. The two parameters
define at which scale the collapse terms become dominant and suppress macroscopic su-

perposition. In this reasoning, Ghirardi, Rimini and Weber proposed Agrw = 10710 571
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and r, = 107" m [16]. Later, Adler argued that collapse should already be effective in
the mesoscopic regime, based on the process of latent image formation, where relatively

0 8%2 g1 at

few particles form a photography. Adler proposed to set Aager = 4 X 1
7e = 107" m or Mger = 1072 57 at r, = 1075 m [19).

The CSL model gives a consistent framework of the collapse, but two problems arise
from it. First, the Brownian diffusion induced by the noise field clearly violates energy
conservation. It increases the energy of the system slowly but steadily. A possible
resolution are dissipative extensions of the model, where the energy reaches a finite
equilibrium [20]. Second, the noise field of the CSL model is white in time, meaning
it has a flat frequency spectrum. This is a mathematical idealisation and can not rep-
resent a real physical field. Colored extensions have been formulated, where the noise
field has a frequency cutoff as a new parameter [21].

The mentioned modifications of the CSL model preserve the collapse process but can
alter the predictions for empirical tests. Besides the extensions, there is also an ongo-
ing effort to develop an underlying fundamental theory from which the collapse models
emerge and that could resolve these problems [22]. Such a theory would also provide

a stronger theoretical motivation for the phenomenological collapse models.

1.2.2 Dioési-Penrose model

The Diési-Penrose (DP) model emerged from the idea that the collapse of the wave
function could be caused by gravity |7, [23]. The larger the mass of a system, the faster
is the collapse of the superposition of different spacetimes. Like the CSL model, the
general structure can be expressed in terms of eq. with [3]

1
x -yl

Dpp(x—y) = (1.7)

G
app — E, (18)

where Dpp(x — y) is the correlation function of the DP model and G in app is the
gravitational constant. In addition, a parameter Ry [m] needs to be introduced to give
particles a finite size. For point-particles, the collapse rate diverges and the instan-
taneous collapse would suppress superposition also for microscopic systems. Penrose,
who developed the gravity-related collapse model independently from Didsi, suggested
to set the regularization parameter Ry equal to the spatial width of the wave function
[24]. The similar structure of the CSL model and the DP model imply that the gravity-
related model also induces a Brownian diffusion that can be probed experimentally.
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1.3 Experimental tests

There are two approaches to test the CSL model and the DP model: interferometric
and non-interferometric experiments. No type of experiment has observed a conclusive
signal so far, but technological improvements have made it possible to constrain the

corresponding parameter spaces more and more.

1.3.1 Interferometric experiments

The most direct way to check the validity of the superposition principle at all scales
is to demonstrate that even large, massive particles show interference effects |25]. The
challenge in interferometric experiments lies in preparing a well-isolated system where
a coherent spatial superposition persists over a long enough period of time. Other-
wise, the interaction with the environment destroys the interference. Note here, that
decoherence by environmental interactions can, however, not resolve the measurement
problem. Decoherence disentangles superposed states but cannot destroy the superpo-
sition [2]. The most stringent interferometric limit for the CSL model was set by an
experiment that measured interference fringes for molecules consisting of up to 2000
atoms and with masses above 25 kDa (kilodaltons) [26]. The experiment excluded

Lat r. = 1077 m and thus parts of the theoretical values

collapse rates A > 1077 s~
suggested by Adler [19]. Interferometric experiments are not the most sensitive test
of the CSL model, but they are robust to dissipative and colored modifications of the
model (see sec. [27]. For the DP model, interferometric experiments have not

been able to set competitive limits [28].

1.3.2 Non-interferometric experiments

Non-interferometric experiments try to measure the Brownian diffusion induced by the
noise field. The approach has the advantage that the system under investigation does
not need to be in a carefully prepared superposed state. A variety of experimental
techniques can exploit the continuous interaction of particles with the noise field, de-
scribed briefly below. Figure displays the most stringent exclusion limits for the
CSL model from non-interferometric experiments and theoretical predictions.

Cold atoms

Cold atom experiments cool a few atoms down to temperatures near absolute zero.
They can then measure the position variance of the cloud of atoms. The collapse-

induced Brownian diffusion would give rise to additional growth of the position variance
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compared to the quantum mechanical prediction . If no excess growth is observed,
this type of experiment can set upper limits on the CSL collapse parameters. These
limits are almost unaltered for colored CSL models. For dissipative models, however,
they are much weaker because the dissipative effect reduces the Brownian diffusion.

—— Theoretical —— Bulk heating —— GW detector
—— X-ray (Donadi et al.) —— Cold atoms o GRW
X-ray (Majorana) Cantilever = —¢— Adler
10-°
108
10—10
'z 1012
<~
10—14
1 0—16
10—18
1 =20
0 10-° 107 10— 1073 0.1
re [m]

Figure 1.2: Exclusion limits for the CSL collapse parameters A\ and r. from non-
interferometric experiments and theoretical propositions. The upper bound from the
gravitational wave (GW) detector LISA Pathfinder (30, excludes the red shaded
parameter space. The yellow exclusion area is obtained from a cantilever experiment
, the dark blue area from a cold atoms experiment , and the dark green area is
derived from the measured heating rate in the CUORE experiment [33]. The two most
stringent limits from searches for x-ray emission are set by Donadi et al. [34] (light
green) and the MAJORANA experiment (light blue) [35]. The black dots and the circle
represent the theoretical values suggested by Adler and GRW [16], respectively.
The theoretical lower bound excluding the gray area is based on the following require-
ment: a graphene disk of the minimum size a human eye can resolve (~ 0.01 mm)
should be localized faster than the human eye’s perception time (=~ 10 ms) . The
white area is the parameter space not yet excluded.

10
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Bulk heating

Similarly, the increase in kinetic energy can be measured in terms of the heating rate of
a bulk material at a low temperature. To test the collapse model, the measured heating
rate is compared to the predicted energy depositions of radioactive decays and muons.
The neutrinoless double-beta (0vf ) decay experiment CUORE [33] has set the most
stringent upper limit of this kind and can exclude A g, completely [36]. Tellurium
dioxide crystals serve as the bulk material and are held at temperatures around 10 mK.

Optomechanical systems

In Optomechanical systems, a mechanical resonator interacting with a radiation field
is used to measure the motion of an object with extremely high precision. The en-
vironment as well as the noise field affect the motion of a test mass. Cantilevers are
one type of mechanical resonator that has been used to constrain the CSL model [32].
Another type of optomechanical systems are gravitational wave detectors. The space-
based LISA Pathfinder provides the most stringent limit on the collapse rate A for
r. > 107° m [30]. The detector measures the motion of two approximately free-falling
masses with an optical system. In contrast to cantilevers, gravitational wave detec-
tors can also set significant constraints on the DP model. LISA Pathfinder excludes
regularization scales Ry < 4.01 x 107 m [31} 137].

X-ray emission

Apart from measuring the Brownian diffusion directly, experiments can search for its
secondary effect, the spontaneous radiation emission by electrically charged particles.
The main component of these detectors is a target material that can detect the col-
lapse induced radiation via electromagnetic interactions but serves at the same time as
emitter of the radiation. The emission rate is the largest in the x-ray regime, as will
be explained in chapter [l To be sensitive to this signal, the detectors need to have
an energy threshold at the keV scale and a low background. This is achieved by direct
detection dark matter experiments and 0v[33 decay experiments. The background in
these experiments originates from radioactive decays in detector components, the tar-
get material and the environment, as well as from cosmic particles depositing energy
within the detector. To reduce it, the detectors are designed to minimize the radioac-
tive contamination of their components and are located deep underground, where they
are partially shielded from cosmic rays.

For the CSL model, the search for x-ray emission currently sets the most stringent con-
straints for correlation lengths of 7, < 107® m. Both upper limits shown in fig. are

11
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obtained with 0vB{ decay experiments employing high-purity germanium crystals [34,
35]. On the downside, the introduction of a frequency cutoff by colored CSL models has
a substantial impact on the predicted radiation emission rate. A physical noise-field of
cosmological origin with a cutoff around 10'? s=! would make the radiation completely
inaccessible for the two shown experiments [38].

For the DP model, the theoretical emission rate is similar. The MAJORANA DEMON-
STRATOR (MAJORANA) experiment has set the strongest lower limit on Ry, exclud-
ing values below 4.94 x 1071 m. The result rejects Penrose’s hypothesis that relates R,
to the spatial width of the wave function [39]. It follows that Ry cannot be identified
with the size of a particles mass density and the parameter has to be left free and can
only be determined experimentally.

Direct detection dark matter experiments have not presented results for this search
yet. The most sensitive detectors of this kind are xenon dual-phase time projection
chambers as employed, for example, in the XENONnT experiment.

12



Chapter 2

The XENONNT experiment

XENONNT is a direct detection dark matter experiment using a dual-phase time pro-
jection chamber (TPC) as a detector. It measures the scintillation and ionization
signals of particle interactions within the xenon target [4]. The experiment is located
underground at the INFN Laboratori Nazionali del Gran Sasso (LNGS) in Italy, at an
average depth of 3.6 km water equivalent. It is an enlarged and improved version of its
predecessor, the XENONI1T experiment, from which it reuses several subsystems [40].
Like XENONI1T, it is designed to directly measure interactions of dark matter with
atomic nuclei.

The existence of dark matter is motivated by astrophysical and cosmological observa-
tions at all scales [41]. From measurements of rotation curves of galaxies, observations
of gravitational lensing to the cosmic structure formation, they all show that baryonic
matter interacts via gravity with an unknown type of matter called dark matter. The
study of the cosmic microwave background indicates that 84% of the total matter den-
sity in the Universe is in the form of dark matter. However, its fundamental nature is
unknown and one of the great puzzles in physics today.

A compelling assumption is that dark matter could be formed by a new particle beyond
the Standard Model [42]. Such a dark matter particle should only interact gravitation-
ally and eventually weakly, and its abundance should be consistent with the abundance
of dark matter. A well-motivated candidate fulfilling these requirements is the weakly
interacting massive particle (WIMP) that emerges from theoretical extensions of the
Standard Model, such as Supersymmetry. WIMPs are predicted to scatter on an atomic
nucleus, transferring a small amount of energy, but only very rarely. Thus, to detect
WIMPs directly, an experiment has to have a large target mass and measurement time
(exposure), a low energy threshold and a low background. The realization of these
requirements in XENONnT makes the detector ideal for other rare event searches,

such as the search for radiation from wave function collapse. In the following, the

13
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Figure 2.1: XENONNT experiment with the water tank (left), cooling and purification
systems and data read-out infrastructure (right) located underground. Image credit:
XENON collaboration.

design of the XENONNT detector and its subsystems with regard to the experimental

requirements is introduced.

2.1 Experimental design

Before the XENONNT experiment was built, all used construction materials were care-
fully selected to minimize their contribution to the background. In a radioassay cam-
paign material samples were screened to measure their radioactive contamination [43].
These measurements are also important later on to model the material background for
a signal search.

The experiment consists of multiple subsystems depicted in figure 2.1 Next to the
large water tank containing the detector, there is a support building where the xenon
is cooled, purified and stored, and the data acquisition (DAQ) system is located. The
cooling system keeps the xenon liquefied at a constant temperature of 177 K. Different
purification systems remove radioactive contaminants from the xenon. A dominant
contribution to the background originates from 2'4Pb that is in the decay chain of
222Rn, which is continuously emanated from detector materials. A dedicated radon

removal system reduces the concentration of **?Rn to 1.7 uBq/kg via continuous cryo-

14
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Outer vessel
Inner vessel

Diving bell

% N ] Muon veto PMTs
Outer vessel flange - 3

Top PMT array Support structure

Top electrode frames Cryostat and TPC

HV feedthrough

Guard rings Neutron veto PMTs

Field shaping wires

Blocking and sliding
reflectors

Bottom PMT array

Neutron veto reflector
Bottom electrode frames ’

(a) (b)

Figure 2.2: a) Sketch of the XENONnT dual-phase TPC enclosed by a double-walled
stainless-steel cryostat and b) of the three nested detectors. Both figures from .

genic distillation . A Krypton distillation column is installed to remove "'Kr that
contains the background source #Kr . In addition, the xenon is circulated through
rare-gas purifier filters to remove electronegative impurities such as water and oxygen.
These contaminants attenuate the ionization and scintillation signals [40].

The sketch in fig. [2.2b]illustrates the inside of the water tank. The water does not only
shield the detector from radioactivity of the environment but serves at the same time
as an active water Cherenkov muon veto. 84 photomultiplier tubes (PMTs) of 8-inch
are mounted to the tank’s walls to measure the Cherenkov light generated by cosmic
muons passing through the water . Optically separated from the muon veto, there
is a neutron veto made of reflective panels and 120 8-inch PMTs to measure the signals
originating from neutron captures in the water.

At the core of the experiment is the dual-phase TPC illustrated in fig. [2.2a] where
particles interact with the liquid xenon and deposit energy. It is installed in the mid-
dle of the neutron veto and is enclosed by a double-walled stainless-steel cryostat to
thermally insulate it. The cylindrical TPC has a diameter of 1.3 m and a height of 1.5
m. It is filled with 5.9 t of liquid xenon (LXe) and has a gaseous phase of xenon (GXe)
on top. Two arrays of 3-inch PMTs detect the light signals from interactions, 253
at the top and 241 at the bottom. The TPC walls are made of Polytetrafluoroethylene
(PTFE) reflective panels to maximize the amount of collected light. Electrodes and
field-shaping wires are used to apply an electric drift field in the liquid and an extrac-
tion field in the gaseous phase. The two electric fields are required for the detection

15



University of Zurich

method of a dual-phase TPC, introduced in the following section.

2.2 Signal detection with a dual-phase TPC

An incident particle deposits energy either on a xenon nucleus, denoted as nuclear re-
coil (NR), or on a bound electron, an electronic recoil (ER). Both interactions generate
excitation, ionization, and heat. The share of each process varies with the type of in-
teraction . Figure illustrates how the dual-phase TPC can detect the excitation
and the ionization signal. The excited xenon atoms Xe* rapidly form excited dimers
Xe; with neighboring xenon atoms. The dimers decay to the dissociative ground state
by emitting scintillation light at 175 nm in the vacuum UV regime . In addition,
the ions Xe' and free electrons e~ produced by ionization can recombine to a dimer,
releasing more light. These two mechanisms give rise to the prompt scintillation signal
that is detected by the PMTs and called S1. A secondary delayed signal is created
with the help of the electric drift field, that is applied between the cathode, above the
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Figure 2.3: Signal detection in a dual-phase xenon TPC. The energy deposition of a
particle creates a prompt scintillation light (S1) and free electrons that create a delayed
secondary light signal (S2) when they are extracted into the gaseous phase. The two
light signals are detected by two arrays of photosensors. Image credit: Lutz Althueser.
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bottom PMTs, and the gate, slightly below the gaseous phase. The drift field sup-
presses the recombination process and drifts ionization electrons upwards within the
liquid. The strong electric field of a few kV/cm between gate and anode extracts them
into the gaseous phase producing scintillation light via electroluminescence, also at
175 nm. This amplified signal is called S2 and is proportional to the number of elec-
trons. Both S1 and S2 are given in the unit of photoelectrons (PE), the number of
electrons ejected at the PMT photocathodes.

With the two signals, the position and energy of an interaction can be reconstructed
[50]. The horizontal position (r,p) of an event is determined from the S2 light pattern
on the top PMT array. The drift time between the prompt S1 and the delayed S2 signal
gives the vertical position (z). To determine the total deposited energy per event, both
S1 and S2 are combined. The ratio of S1 to S2 depends on the type of interaction and
the energy, but they are anti-correlated such that the energy can be calculated from
their weighted sum [40]:

ol SQ) , (2.1)

B-w ( ¥
g1 92

where W=13.7 eV is the average energy to ionize or excite a xenon atom, and S1 and S2
are the signals in PE. The photon detection efficiency ¢g; describes the average amount
of measured PE per scintillation photon, the charge amplification factor g, per escape
electron, respectively. The two parameters are detector-specific and measured with
radioactive calibration sources that generate a mono-energetic signal. Figure [2.4] shows
the fit of such an energy calibration in XENONnT.
A crucial advantage of the presented detection principle is that it enables a significant
reduction of the background in three different ways. First, electronic recoils can be
distinguished from nuclear recoils by their ratio S1/S2, because they generate relatively
more ionization [4§]. The discrimination allows to reject ER interactions, for example
B and vy decays, as a background in an NR signal search, and vice versa. Second, the
3D position information can be used to select only interactions occurring in the central
volume of the TPC, the fiducial volume. The liquid xenon in the outer parts shields
the fiducial volume very effectively from external radioactivity of detector materials
and the environment. Finally, events with multiple interactions inside the TPC, such
as they would occur for neutrons or Compton-scattered y-rays, can be removed for
searches of signals that interact only once [50].
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Figure 2.4: Top panel: Energy calibration of XENONNT extracted from the charge
yield per unit energy as a function of the light yield per unit energy. Black markers
denote mono-energetic calibration lines used for a fit of g; and go. Grey points from
high energy lines above 1 MeV were excluded from the fit due to missing high-energy
optimizations. The best-fit calibration is indicated by a solid orange line. The 1o
and 20 uncertainty bands from uncertainty propagation with the covariance matrix
are indicated by the darker and lighter orange bands, respectively. Bottom panel: Non
normalized residuals of the fit with model uncertainties. Figure from [51].

2.3 Event reconstruction

When the PMTs of a dual-phase TPC detect scintillation light, they convert it into
electrical signals, which are then digitized and saved as raw data. For analysis, the
raw data has to be processed to reconstruct the individual interactions and their cor-
responding S1 and S2 signals. In XENONnT, this event reconstruction process is
performed with the software straxen [52].

Straxen is is used for the processing, storage and corrections of the collected data. It
is built on top of strax [53], a generic analysis framework for xenon TPC experiments.
The framework consists of four basic structures: the context, plugins, data types and
data kinds. The context holds the general configuration of the processing. The plugins
are the algorithms that produce different data types. The data types are defined by
the specific information they contain. The data kinds represent different levels of the
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data processing.

In straxen, there are five data kinds corresponding to five main levels of the reconstruc-
tion process [54]: pulses, hits, peaklets, peaks and events. The digitized and amplified
signals of the PMTs are called pulses and form the lowest level. When XENONnT
collects data, the data acquisition system records all pulses that crossed the internal
trigger level of a PMT channel. The pulses are stored for each PMT individually at
this stage. In the next step, an algorithm identifies hits. These are defined as pulses
that are above a certain threshold and occur within a certain time window.

The goal is then to identify peaks from the hits that correspond to individual S1 or S2
signals. To do so, the hits from different PMTs occurring within 700 ns are grouped
into clusters [5]: the peaklets. The peaklets are divided into smaller clusters until
they contain no more than one S1 or S2 candidate. The peaklets are represented by
so-called waveforms, the sum of all contributing pulses as a function of the time. By
integrating a waveform over time, the number of measured photoelectrons is obtained,
denoted as peak area. Based on the rise time, width and area of the waveform, and the
number of contributing PMTs, the peaklets can be classified as S1 or S2 peaks. While
S1 peaks have a fast-rising waveform, the S2 peaks are broader due to the diffusion
of the electron cloud during the drift and the extraction process that generates the
secondary scintillation. S1 peaks need at least three PMTs contributing within a time
window of 100 ns, S2 peaks require at least four contributing PMTs.

To obtain events corresponding to an interaction inside the TPC, the S1 and S2 peaks
are paired. The pairing algorithm starts with an S2 peak above 100 PE and defines a
time window around it. In multiple steps, a matching S1 is searched. As some inter-
actions, such as a decay, deposit energy in two stages at the same position, a second
S1 or S2 peak can be added to a paired S1 and S2 peak. The larger peaks are denoted
as main S1 and S2 and the smaller ones as alternate S1 or S2. Figure [2.5| shows the
waveform of a successful pairing of an S1 and an S2 peak that forms an event. As a
last step of the reconstruction process, various parameters characterizing an identified
event are calculated and stored, such as the event position or energy. XENONnT uses
machine learning algorithms to reconstruct the horizontal interaction position from the
S2 pattern on the top PMT array. The energy is determined with eq. introduced
in the last section.
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Figure 2.5: Waveform of a successfully reconstructed event containing an S1 and
an S2 signal. In the upper left, the waveforms of the main S1 and S2 are shown
individually. The lower panel shows the two peaks combined on a time scale of ps.
The S2 PMT hit-pattern in the upper right shows the reconstructed position as red
marker, whereby the color scale indicates the amount of light detected per PMT. Credit:
XENON collaboration.

2.4 Calibration with a ™Kr source

In XENONNT, several radioactive sources are employed to calibrate the detector. The
calibration source ®™Kr, in the focus of chapter , is used for several purposes: the
energy calibration, position and signal corrections, and detector stability monitoring.
The metastable isomer decays in two transitions to the ground state by releasing in-
ternal conversion electrons followed by auger electrons, y- or x-rays [55]. Figure
illustrates the branching fractions of the different decay modes. The metastable state
with a half-life of 1.83 h decays to an intermediate state with a half-life of only 154 ns.
The first transition releases 32.1 keV of energy and the subsequent transition 9.4 keV.
The wide application of the source in XENONNT is based on several advantageous
properties of the source. The half-life of 1.83 h is short enough that the source does
not contaminate the detector for a longer period of time, but vanishes quickly after
the calibration is complete. This allowed to conduct calibrations with 8™Kr approx-
imately every two week during the first science run of XENONnT. Figure shows
the different data acquisition phases the first science run. On the other hand, the
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Figure 2.6: Decay scheme of 83™Kr with the branching fractions of the different
decay modes. The two transitions of 32.1 keV (S1,) and 9.4 keV (S1;,) release internal
conversion (IC) and Auger (Aug.) electrons, and gamma- (y) and x-rays. Figure
adapted from [56].

half-life is long enough for the source to be homogeneously distributed in the detector,
which is required to make signal corrections throughout the detector. The source is
injected into the XENONnT TPC through an emanation chamber connected to the
gaseous purification system. The chamber contains the parent isotope 83Rb, which has
a half-life of 86.2 d and produces 3™Kr via electron capture. While 83™Kr emanates
as gas and mixes with xenon, ®*Rb remains contained in the chamber [57].

In liquid xenon, the two subsequent decays of 3™Kr produce two mono-energetic energy
depositions. However, due to the short-lived intermediate state (154 ns), it is difficult
to measure distinct S1 and S2 peaks for each transition. For most reconstructed 8™ Kr
events in XENONNT, the peaks cannot be separated but are observed as one merged
S1 and one merged S2 peak, corresponding to an energy of 41.5 keV [58]. For decays
more than about 350 ns apart, the two S1 peaks can be separated and are stored as
an event with a main and an alternate S1. The S2 signals have a larger width due to
the diffusion of the drift electrons and extraction process. Therefore, they cannot be
separated and are always stored as one merged main S2. The positions of the two inter-
actions occur within O(10 pum) (|56]), whereas the position reconstruction uncertainty
is O(2 cm) in XENONnT. Hence, they are not separable.
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Figure 2.7: Different data acquisition phases of the first science run of XENONnT.
The black line represents the cumulative livetime of the collected search data.

2.5 Corrections

As the detectors response to an interaction is not uniform, several corrections need to
be applied to the reconstructed events. In the following, it is detailed what kind of
corrections are applied in XENONnT to achieve a position and energy reconstruction
that is independent of the interaction type and position.

Position

The position reconstruction is affected by the electric drift field that is not completely
uniform. Mainly at the bottom of the detector and high radii, boundary effects intro-
duce a horizontal component on top of the vertical component of the drift field . The
electrons are drifted inwards such that the reconstructed positions are biased to smaller
radii. To correct the bias, the homogeneous distribution of #mKr is used. A correction
map in 2D in 7 = /22 + y? and z is derived by requiring that the reconstructed event
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coordinates of ®3™Kr are distributed homogeneously within the active volume of the
detector.

Energy

The energy is reconstructed from the weighted sum of the peak areas of S1 and S2.
In the following, the measured peak areas in PE are denoted in italics by S1 and S2,
while S1 and S2 refer to the signals themselves. Because of the linear anti-correlation
of S1 and S2, the reconstructed energy is independent of the electric drift field [59].
A locally higher drift field enhances the ionization and S2 but diminishes at the same
time the recombination and S1, and vice versa. Hence, the total energy is conserved.
For this reason, S1 and S2 are by default not corrected for their drift field dependence.
However, there are multiple position-dependent measurement efficiencies that affect
S1 and S2. These need to be corrected for. The energy is then determined with the
corrected signal areas ¢S1 and ¢52:

(2.2)

pow (1,552
5N g2

Primary scintillation S1

Besides the non-uniform drift field, S1 is influenced by PMT-related efficiencies, and
the light collection efficiency inside the detector, which is governed by the detector’s
geometry and used materials. The dependence can be expressed in terms of the light
yield, that is defined as the amount of measured photoelectrons S1 divided by the
energy E of an interaction and is given as follows [50]:
S1

LY = = = PY(E,F(r,¢,2)) - €or - €ci - €Lcp(T, ¢, 2) (2.3)
PY is the photon yield, i.e. the number of scintillation photons per deposited energy
E. Tt depends not only on the local strength of drift field F'(r, ¢, z) but also on the
interaction type and energy. The quantum efficiency egp indicates the probability
of one PE being emitted at the photocathode of a PMT, and ecg accounts for the
collection efficiency of the first dynode within a PMT. Both egr and ecg are here the
average efficiencies of all PMTs together. The light collection efficiency ey o is defined
as the number of photons reaching a PMT per emitted scintillation photon. This is the
second position-dependent factor: reflection on the walls and the liquid-gas interface
leads to less S1 light being detected by the top PMT array compared to the bottom
array. Attenuation in the liquid and absorption on TPC materials decrease the total
collection of S1 light.
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This effect is corrected with a light collection efficiency map that is derived with the
merged mono-energetic signal of 83™Kr . Thereby, the electric field dependence
has to be separated from geometrical effects in order to achieve a purely geometrical
correction factor. Figure shows a 2D geometric correction map for S1. With the
map, the local S1 is normalized to the mean S1=(S1) of all events inside the TPC
with the correction factors L.(r, z, ¢):

LC(T, 2, (P) _ LY(EL?E;E?;, ¢a Z)) _ Sl(eLC{g(l:v ¢, Z))’ (24)

where (LY') is the mean light yield. The corrected signal ¢S1 is is then given by:
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Figure 2.8: a) Geometric correction map for the light collection efficiency of S1 in r
and z. b) Geometric correction map for the horizontal dependencies of S2 in x and y.
The two visible lines result from a locally higher electric field due to two wires installed
to prevent the gate electrode from sagging. The color scale in both maps indicates the
correction factors. Figure b) from .
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Proportional scintillation S2

For the S2 signal, two corrections are applied, one for the horizontal (z,y) dependence
and one for the vertical dependence (z) [5]. The horizontal dependence originates from
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light collection efficiency e cp(z,y), the extraction efficiency €., and the gas gain
G(z,y). The efficiency e cp(z,y) is defined as in sec. but is only horizontally
dependent because for S2, all scintillation light is produced in the gas layer at the top
of the TPC. The extraction efficiency €.,; indicates the probability for a drift electron to
be extracted at the liquid-gas interface. The gas gain G(z,y) is defined as the number
of produced photoelectrons per electron that is extracted into the gas phase. G(x,y)
and €.,; vary due to inhomogeneities of the extraction field and a tilted liquid level.
Similarly to the S1 correction, a correction map of the horizontal (z,y) dependency
of S2 is derived with #™Kr, shown in fig. . The correction factors normalize the
horizontal variation to the mean response of the detector [61]:

G(:L‘, y) ) 6LC’E(:L‘a y) : Eext($7 y)

(G *€LCE * Eext> (2.6)

gc<$’ y) =

The vertical (z) dependence is due to the absorption of the drift electrons by elec-
tronegative impurities. The greater the depth z, or the longer the drift time ¢ of an
electron, the likelier it is absorbed, resulting in a smaller S2. This attenuation can be
described by an exponential decay law with a characteristic electron lifetime 7:

S2 = S82¢(F(x,y,2)) - exp (—t> : (2.7)

T

where 524 is the initial charge signal and the horizontal dependence is neglected for
a moment. The electron lifetime is measured with the two sources ®™Kr and ?*?Rn.
The correction is then given by the inverse of eq. . Due to the constant removal
of impurities in XENONNT, electron drift lifetimes above 10 ms are achieved, which is
significantly larger than the maximum drift time of 2.2 ms [62].

For the horizontal and vertical correction, the drift field dependence of 52y needs to
be factored out. Furthermore, the two corrections cannot be decoupled. To obtain
one correction, it has to be assumed that the other correction is already done. This
problem can be solved by iterating the corrections several times until they converge.
Finally, all parameters of S2 together yield:

t
52 = 520(F(2,9.2)) - erop(@.y) - canl,9) - Glony) -exp (<) (28)
Both corrections combined give then the corrected signal ¢52:
S2
52 = . (2.9)

ge(,y) - exp (~ £)
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In conclusion, the corrections applied to the S1 and S2 signal remove their position-
dependencies, with the exception of the drift field dependence. As explained, the
reconstructed energy, that is used for signal searches, is independent of the drift field.
However, this is only true, if the field dependence of S1 and 52 is factored out of the
S1 and S2 corrections. Otherwise, the corrections are biased by the field dependence
of a certain calibration source and the anti-correlation is no longer given. Therefore,
the electric drift field inside the TPC has to be known to correct the possible impact
of a non-uniform field.
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Characterization of the electric
drift field

The application of the electric drift field enables the measurement of ionization electrons
by suppressing the recombination of electron-ion pairs and drifting the free electrons
to the liquid-gas interface. However, its non-uniformity affects the position measure-
ment as well as the amount of scintillation and ionization produced in an interaction.
Section 2.5 showed that these effects need to be taken into account in the corrections
of reconstructed signals. To remove field effects in the corrections, the actual electric
field in the detector must be simulated or reconstructed from data. A simulated map
can offer a high resolution and is not limited by statistics of calibration data. However,
it must be validated with such data. Therefore, this work reconstructs the electric drift
field with 8™Kr calibration data.

The chapter is organized as follows: The configuration of the electric field in XENONnT
is detailed in section [3.I] Section [3.2] presents the field simulations of XENONnT. Sec-
tion |3.3| covers the data-driven reconstruction of the drift field. Section |3.4|investigates
the impact of the non-uniformity of the drift field on the signals. The last section
discusses the obtained results and the potential of the data-driven approach for the
field reconstruction.

3.1 Electric field configuration in XENONNT

In XENONNT, the electric fields are generated by five electrodes and two sets of con-
centric field-shaping rings [5]. Figure shows the different contributing parts and
their positions in the TPC. Table[3.1|summarizes the voltages that were applied during

27



University of Zurich

Outer Vesel

Top Screening Grid
Anode Grid

— Gate Grid

— Field Shaping Wires

Top PMT Array
Diving Bell

Inner vessel
— Resistor Chain

PTFE pillar

PTFE side reflector Guard Rings

HV Feedthrough

Cathode Grid

Bottom Screening Grid
Photomultiplier Tube (PMT)

Field shaping elements

Bottom PMT Array

¢ e

Liquid recirculation port — S

Figure 3.1: Sketch of the TPC with zoom into the top and bottom region, where the
five electrodes are situated. Image credit: XENON collaboration.

Electrode Potential [kV]
Top screen -0.9
Anode + 4.9
Gate + 0.3
Top field-shaping wire + 0.65
Cathode and bottom screen - 2.75

Table 3.1: Configuration of the electric field during the first science run of XENONnT.

the first science run of XENONNT.

All five electrodes are made of parallel stainless-steel wires. Two of them are installed
slightly above the anode and below the cathode to screen the two PMT arrays from from
high electric fields. The extraction field of 2.9 kV /cm across the liquid-gas interface is
generated by the anode and the gate grid. The wires of these two grids have a pitch of 5
mm. In addition, the anode and the gate are supported by four and two perpendicular
wires, respectively, to minimize the sagging of the grid.

The drift field is generated by the negatively biased cathode, the positively biased gate
grid and the field cage. With 23 V/cm on average, it is about four times lower than in
XENONIT due to a short-circuit between the cathode and the bottom screen, limiting
the voltage that can be applied. The wires of the cathode have a pitch of 7.5 mm.
The field cage consists of two sets of alternating field-shaping wires and guard rings,
surrounding the drift region of the TPC to make the drift field as uniform as possible.
The rings are connected by two redundant chains of resistors.
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It was observed in XENONI1T that free electrons accumulated on the PTFE side walls
of the TPC [63]. This induced a contribution to the drift field that increased over
time. As this charge-up effect was also expected for XENONNT, avoidance measures
were put in place: the field shaping wires are installed in direct contact with the PTFE
walls, and 360 holes are placed in the wall panels such that the accumulated charge
can more easily be collected by the wires. For the drift field simulations, the charge-up
effect must be taken into account and yields an effective drift field. The data-driven

approach directly reconstructs the effective drift field present in the detector.

3.2 Simulation of the electric drift field

In XENONnT the COMSOL Multiphysics software is used to simulate the electric
drift field [64]. COMSOL allows to simulate the electric field for a given geometry
and configuration of electrodes in two and three dimensions. Using the approximately
axisymmetric geometry of the TPC, the simulation for XENONnNT is done in 2D, in
the radius r and the depth z [63]. To make the simulation faster, the field of each
contributing electrode is simulated individually. By the superposition principle, the
sum of the individual parts then yields the total drift field.

To include the charge-up effect, an individual map of the electric field induced by the
accumulated charge can be produced with COMSOL. However, the charge distribution
at the PTFE walls is unknown. To find the correct charge distribution, different con-
figurations are simulated and matched against the radial distribution of #3™Kr events
that is only dependent on the drift field. The charge distribution is modeled as a linear
gradient on top of a constant charge. The total drift field is then simulated with around
1000 different configurations of the charge distribution. For each simulated total field,
the radial event distribution is simulated by propagating electrons along the field lines.
The resulting distribution is compared to the measured distribution of ®3™Kr events.
The best matching values for the charge distribution are -0.5 uC/m? at the top and
-0.1 uC/m? at the bottom of the TPC, with a linear gradient in between.

Figure|3.2|shows the resulting simulated maps with and without charge-up effect. There
is a clearly visible difference between the two maps. The charge-up effect diminishes
the field at the walls and the bottom, whereas it enhances the field towards the top.
The electric field map that was derived from simulations and #3™Kr drift electron paths

can be validated further by a field reconstruction based on ®3mKr S1 yields.
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Figure 3.2: Simulated map of the drift field a) without the charge-up effect b) in-
cluding the charge-up effect. The black contour lines connect positions of equal field
strength.

3.3 Data-driven reconstruction with ™Kr

In the following, the electric drift field is reconstructed with 83™Kr calibration data.
The electric field strength is thereby mapped in two and three dimensions for the
entire drift region of the TPC. Whereas the three dimensional map can evaluate the
non-uniformity of the drift field across the entire TPC, the two dimensional map will
be used for the comparison with the simulations. First, the data-driven reconstruction
method is introduced, followed by the selection and analysis of the ®™Kr data, the
presentation of the resulting drift field maps and the comparison with simulated maps.

3.3.1 Electric field dependence of the light yield

To reconstruct the electric drift field across the TPC, the data-driven approach makes
use of the field dependence of the light yield . The light yield LY was introduced
in sec. and is defined by eq. . LY depends on the local field strength at the
interaction position but also the measurement efficiencies of the detector. However, by
taking the ratio of the areas of two S1 signals, S1,' and S1, of different energies E,
and Ej, that occur at the same position, the PMT-related efficiencies egr and ecg as

well as the light collection efficiency e;cg cancel out:

30 'The non-italic font refers to the signals themselves, while the italic font refers to the
measured peak areas of the signals.
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For two signals S1;, and S1, that originate from interactions with a different field de-

pendence, the peak area ratio S1,/51, is a measure that varies only with the local drift
field strength F'(r, ¢, z). With a model describing the field dependence of the photon
yields PY, and PY,, the ratio can then be converted into an electric field strength.
Hence, with measurements of the scintillation light from two distinct interactions, the
electric field can be reconstructed.

The calibration source 83™Kr is well suited for this data-driven reconstruction method.
As described in sec. the two-staged decay of 8™ Kr delivers events with two mono-
energetic S1 signals at 32.1 and 9.4 keV that yield S1, and S1,, respectively, at the
same interaction position. The homogeneous distribution of the events further allows
to reconstruct a field map of the entire detector. And due to the practical employment
and wide use in XENONNT, calibrations with 83™K are conducted regularly such that
a significant amount of data is available.

Yield-to-field models

Different models are available for converting the photon yield to the electric field
strength. One option is the semi-empirical model provided by the simulation software
Noble Element Simulation Technique (NEST) [65]. NEST can be used to simulate the
energy deposition process in liquid noble element detectors, from the energy deposition
up to the pulse shape in PMTs [66]. It provides models for different interaction types,
also one specifically for #3mKr. Nevertheless, the tool is not used for the reconstruc-
tion of the drift field because a more recent model is available that is based on direct
measurements of the dependence between the light yield ratio of ®3™Kr and the field
strength.

The empirical model was obtained with a dual-phase xenon TPC called HeXe at the
Max Planck Institute for Nuclear Physics [67]. HeXe is a cylindrical TPC with a drift
volume of 5.6 cm in diameter and 5 cm in height and was developed for research and
development purposes. It is equipped with two 2-inch PMTs. The electric extraction
and drift fields are applied with a field cage and electrode meshes, whose design is
optimized for a uniform drift field. To obtain a model for the relation between S1,/51,
and the drift field strength F, the signals from 33™Kr decays were measured for different
applied voltages. Note that this model uses, by convention, the inverted ratio of eq.
(3-1), such that the larger S1, (32.1 keV) is divided by the smaller S1; (9.4 keV). The
results and the fit of the data are shown in fig. The ratio decreases as a function
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Figure 3.3: HeXe model for the light yield ratio of ™Kr as a function of the electric
drift field. The measurements are fitted with a phenomenological function. The model
from NEST is shown in blue with a shaded area indicating the range for different delay
times. Figure from [67].

of the field strength because the light yield of the first decay decreases faster than the
light yield of the second. The measurements cover drift fields down to 7.5 V/cm and
thus the relevant range for XENONnT, that has a mean drift field of 23V /cm. For the
fit, a function purely motivated by the observed phenomenology was used:

R(F) = LY,(32 keV)  51,(32keV) 9keV
O LY3(9keV)  S1,(9keV) 32 keV

where by, by and b3 are the fit parameters. The fit describes the data well and agrees
at lower electric field with the model from NEST [68].

by -e 2T 4 b, (3.2)

Delay time dependence of the ratio S1,/51,

As both S1 signals from %3™Kr originate from subsequent decays of the same nucleus,
they have to be separated far enough in time to be registered as two signals as men-
tioned in sec. [2.4] This capability depends on the physical delay of the two decays
as well as on the signal reconstruction in the detector. Moreover, the timescale of the
recombination physics determining the signal yields induces a delay-time dependence
of the second S1 that affects the measured ratio S1,/51,. As observed in Xurich [69]
and PiXeY [70], the photon yield of the second decay of 9.4 keV depends on the time
between the first and the second decay, denoted as delay time in the following. If
the delay time is short, the cloud of electrons left over from the first decay enhances
the recombination of electron-ion pairs in the second decay, resulting in an increased

photon yield.
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The delay time dependence can introduce a systematic bias for the drift field recon-
struction in two ways. First, if the delay times of the events are not distributed equally
across the detector, the ratio S1,/S1, does not only vary with the drift field strength
but also with the delay time distribution. Therefore, the delay time needs to be consid-
ered when selecting events for this analysis, as discussed in sec. [3.3.2] Second, the use
of the HeXe model for this analysis can introduce a bias if the delay time distribution
of the events used for the HeXe model is not the same as in XENONnT. To minimize
the delay time dependence as much as possible, the HeXe model only selected events
with a delay time above 300 ns, even though the detector could resolve two distinct S1
peaks for delay times above 50 ns [67]. However, XENONnNT can only resolve distinct
S1s with time differences above around 350 ns. This problem will be addressed in sec.
3.3.3

3.3.2 Data selection

The goal of the data selection is to select as many ®™Kr events as possible with two
reconstructed S1 peaks, one from the first decay of 32.1 keV and one from the second
decay of 9.4 keV. During the first science run of XENONnT, calibrations with 83™Kr
were conducted approximately every two weeks. The data used for this analysis was
collected between May and November 2021 and includes in total 17.5 (live) days of
calibration data. Livetime as opposed to real time is corrected for busy periods of the
data acquisition system.

Figure[3.4]shows all events of the dataset that contain a main S1 (S1,) and an alternate
S1 (S1,). The peak areas of the S1 signals are thereby not corrected for the varying
light collection efficiency in the TPC. The cluster in the middle with S1, ~ 100 PE
corresponds to the #3mKr events with two resolved S1 peaks. These are the events
that are selected to perform the reconstruction of the electric drift field. The events
in the bottom cluster are merged S1 peaks from %*™Kr with a small S1,, originating
from noise. The smeared-out cluster at the top consists of pile-up events from multiple
83mKr decays.

The specific parameters to select the 83™Kr events with two S1 peaks and one S2 peak
are adopted from the XENON collaboration and are summarized in tab. in the
appendix [58]. As the different event populations in fig. overlap to some extent, the
events are not selected directly in the space of S1, and S1,, but a variety of other event
parameters are used. Three selection cuts are applied to remove events that contain
an Sl;, signal that is merged with an afterpulse signal. An afterpulse is generated
inside the PMTs by the ionization of residual gas atoms or molecules from an initial

photoelectron. The ions then hit the photocathode and eject a delayed photoelectron,
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Figure 3.4: Histogram of all events recorded during #™Kr calibrations, plotted in the
space of the uncorrected S1, and S1;, with a binning of (2x2) PE?. The main S1 is
denoted as S1, and the smaller alternate S1 as S1,.

with the delay time being characteristic for the ion and the PMT type. Figure|3.5|shows
one of the selection cuts that removes events containing an S1;, peak merged with a
He™ afterpulse. It is important to remove those events because the afterpulse increases
S1, and thus would affect the electric field reconstruction that relies on S1,/51,.

Another quantity that could affect the field reconstruction is the delay time of the
events as discussed in sec. |3.3.1} Figure |3.6] shows that the delay time distribution of
the events is not the same for all slices of the detector along the vertical axis z. For
short delay times below 500 ns it becomes more difficult for the peak splitting algorithm
to reconstruct the two S1 peaks individually, especially at the top of the TPC, where
the light collection efficiency is lower. To avoid differing delay time distributions from
slice to slice, which would introduce a position dependent bias, only events are selected
with a delay time larger than 500 ns. For the range above 500 ns, fig. [3.6] demonstrates
that the delay times are distributed equally. Note that this cut is specified for this
analysis and deviates from the default selection of XENONNT for 83™Kr events with

two S1 peaks. The default cut for the upper limit of the delay time is adopted. The
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Figure 3.5: Selection cut to remove events where the S1;, peak is merged with an
afterpulse. The events above the red line are removed. The delay time is defined as
the observed time between the S1,, and S1, signal. The histogram has a binning of
(4.3%6.7) ns?.

cut removes events with a delay time larger than 2000 ns, where more afterpulses are
observed.

The remaining 3.4 x 10° events after all selection cuts are depicted in fig. . As
shown in fig. [3.7D] the selected events are not distributed completely homogeneously
across the TPC. The inhomogeneity is present because part of the data was collected
while the calibration source 83™Kr was injected into the detector and had not yet
distributed throughout the detector. This increases the amount of available statistics,
while the small inhomogeneity is not an issue for this analysis. The selected events
show a good agreement with the expected half-life of #3™Kr. To extract the half-life,
a x2-fit is performed on the histogram of the delay times with an exponential decay
law, shown in fig. 3.8l The fit-region is restricted to delay times between 800 and 1500
ns, because the reconstruction efficiency is not only decreasing for shorter but also for
longer delay times. It becomes increasingly likely for longer delay times, that the S1y,
overlaps with an S2 from another event and cannot be reconstructed. The best-fit
half-life is relatively close to the literature value of 154 ns for the intermediate state of
83mKr. Some deviation is expected since the time of an event is defined in the middle

of the peak and not at the beginning, which limits the time resolution.
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Figure 3.7: a) Histogram of the selected event for the reconstruction of the electric
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Figure 3.8: Histogram showing the delay time distribution of all selected events. The

black line represents the best fit from a y2-fit with an exponential function for delay
times between 800 and 1500 ns.
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3.3.3 Data analysis

The drift field is reconstructed with the selected data in two main steps, following the
approach outlined in sec. [3.3.1] The first step is to make a map of the peak area ratio
S1,/S1, of all 8mKr events in 2D and 3D. The second step consists of converting the
mapped ratios into an electric field strength using the HeXe model presented in sec.

3.3.11

Map of the peak area ratio S1,/51,

To obtain a map of the ratio S1,/51, across the TPC in two and three dimensions, the
TPC is divided into smaller segments, or bins, for which the mean ratio is extracted.
The chosen number of bins is a trade-off between statistics and spatial resolution: the
more events per bin, the more 83™Kr events are contained for determining the mean
S1, and S1,, but the worse the resolution. To reconstruct the drift field as locally as
possible, a number as high as possible is chosen without statistical fluctuations making
trends unrecognizable. The bins are chosen to have an equal spatial volume, such that
they contain approximately the same number of events. For the 2D map, the TPC is
divided into 500 bins in the r- and z-direction. In the r-direction, the subdivision is
made in r? that is proportional to the volume of each bin. For the 3D map, the TPC
is divided into 540 bins in the 7-, ¢-, and z-direction. The bins are spaced equally in
r and z, but the covered angle ¢ decreases with higher radii such that the bins are of
equal volume. The drift region of XENONNT considered for this analysis spans in the
vertical direction from z = -148 cm at the bottom to z = 0 cm at the top, and in the
radial direction from 7 = 0 ¢cm to » = 66 cm. The origin of the TPC coordinate system
is defined by the height of the gate grid (z = 0) and the middle of the center PMT (r
=0).

In each bin, the mean S1, and S1, of all events is extracted from an unbinned maximum
likelihood fit with a Gaussian function. An example of the S1, distribution in one 3D
bin is presented in fig. together with the corresponding best fit. In all bins, the
distribution of the S1, and S1, is in good agreement with a Gaussian function. This
implies that the chosen bin volume is small enough such that the impact of the light
collection efficiency is negligible inside the bin. Otherwise, the position-dependent
efficiency would skew the distribution so that it is no longer Gaussian.

Taking the ratio of the extracted mean S1, and mean S1, in each bin yields the
targeted maps. Figure shows the map in 2D, the map in 3D is not shown for this
intermediate step. The map in fig. indicates the statistical uncertainties for each
bin, that are based on the propagated uncertainties from the fit of S1, and S1,. The
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trend in the uncertainties originates from the non-uniform distribution of the number

of events in the TPC, as higher per-bin statistics lead to lower statistical uncertainties.
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Figure 3.9: Top panel: histogram of S1, for one bin of the 3D map. The blue
line represents the best-fit from an unbinned maximum likelihood fit with a Gaussian
function with the mean p and the standard deviation o. Bottom panel: residuals of
the fit normalized by the uncertainty on the number of events N; in each bin, given by

VN

Conversion with the HeXe model

To convert the maps of S1,/S51, into maps of the electric drift field, the HeXe model
introduced in sec. [3.3.1]is used. However, the prediction of the model for the obtained
ratio maps gives negative values for the electric field in XENONNT (see fig. and
. This is clearly unphysical. Therefore, the model cannot be applied in its original
form but needs to be scaled for this analysis. The scaling of the model is supported
by several arguments presented in the following : one probable cause for the wrong
prediction of the model is the delay time dependence of S1,/51, discussed in sec. m
The HeXe model is based on events with a delay time > 300 ns, whereas for this analysis
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Figure 3.10: a) Map of the peak area ratio S1,/51, in r and z. b) Map of the relative
statistical uncertainties of the peak area ratio. Both maps are divided in 20 bins in 72
and 25 bins in z, leading to 500 bins of equal volume in total.

events are selected with a delay time > 500 ns and < 2000 ns. The discrepancy induces
a bias to the ratio of unknown size, but if the delay time distribution of the events is
the same across TPC, the bias is a constant shift. This motivates the scaling of the
HeXe model with a constant factor. In addition, it is ensured that position-dependent
efficiencies or differences in the signal reconstruction process of the two detectors are
not the cause for the unphysical prediction, as the model is based on the ratio of two
signals with the same interaction position. For these reasons, the scaling of the model
with a constant factor is well-motivated.

The scaling factor is determined with the help of the simulation, which provides the
only estimate of the true drift field strength in XENONnT. The model is scaled such
that the mean electric field inside a control region in the 2D data-driven map matches
the mean of the same region in the simulated map, as illustrated in fig. [3.11l The
control region is defined by an approximately homogeneous region in the simulated
map. With the scaled model shown in [3.12] the data-driven maps of the drift field can
be generated in 2D and 3D.
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Figure 3.11: Simulated 2D drift field map including the charge-up effect. The red
box indicates control region that is used to scale the HeXe model.
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Figure 3.12: Scaled (black) and unmodified (blue) HeXe model for the relation be-
tween S1,/51, and the electric drift field strength for 83™Kr. The red point indicates
the mean electric field in the control region.
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3.3.4 Electric drift field maps

The 2D map in fig. and the 3D map in fig. show similar trends to the
one observed in the simulated maps. In the middle of the TPC, the electric field
is relatively uniform. Towards the bottom and especially towards the top, the field
increases. Despite the large amount of events per bin, between 5000 and 8000, and
the Gaussian distributed S1, and S1,, there are rather large fluctuations between
neighboring bins. A statistical origin of the fluctuations is supported by the calculated
statistical uncertainties of 0.8 - 1.5 V/cm, corresponding to 3.5 - 6% in relative terms.
The uncertainty is derived from the statistical uncertainty on the peak area ratio. As
the drift field is highly sensitive to small variations of the peak area ratio and their
relation is non-linear (see eq. (3.2)) or fig. , the small relative uncertainties on
S1,/51, translate into larger relative uncertainties on the drift field. The non-linearity
further leads to an asymmetric uncertainty. However, the difference is small such that
only the slightly larger positive uncertainty is used. The uncertainties for the 2D map
are shown in fig. [3.13D], for the 3D map they can be found in fig. in the appendix.
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Figure 3.13: a) Data-driven map of the drift field in 2D. The color scale covers the
whole range of observed field strengths. b) Map of the absolute statistical uncertainties
of the reconstructed drift field strengths.

The data-driven map in 3D does not show a noticeable trend that would point to a
broken axisymmetry of the electric drift field. On the other hand, the precision of the
data-driven map is clearly limited by the available amount of data, such that small
changes of the field strength cannot be resolved.
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3.3.5 Comparison with field simulations

For the validation of the simulated field map with the data-driven maps, both must be
compared. Moreover, it needs to be evaluated if the simulation including the charge-up
effect describes the data better than the simulation without the charge-up effect (see
sec. . For the comparison, the simulated maps are subdivided into the same bins
as the data-driven map and the mean electric field is calculated for each bin. Figures
[3.15a] and [3.150] show the data-driven map divided by the simulated maps. The data
clearly favors the simulation with the charge-up effect over the one without. In the
upper part of the TPC, the data-driven field is up to 20% higher than predicted by the
simulated map without charge-up effect. On the other hand, the data-driven map and

the simulated map including the charge-up effect show less than 10% deviation in most
parts. Only at the top of the TPC (-15, 0) c¢m, the simulation predicts much stronger
fields.

This finding is further supported by the z-projection of the maps, shown in fig. [3.16]
The z-projection of the map is determined by calculating the mean electric field for
each row in the r-direction. The reduced dimension of the projected map diminishes
the spatial resolution but yields more precision in the direction of the largest non-
uniformity of the drift field, thanks to more statistics.

In conclusion, the data-driven map and the simulated map including the charge-up
effect are in good agreement, with the exception of the top of the TPC, where the
simulation predicts much stronger fields. The good agreement in the control region is to
some extent expected due to the scaling of the model with the simulation. Nevertheless,
the data-driven map shows the same trend as the simulation also outside the control
region and in regions where the drift field is clearly non-uniform, indicating a robust
validation of the simulated map.
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Figure 3.15: Data-driven map divided by the simulated map of the drift field in 2D
a) without the charge-up effect and b) including the charge-up effect. The color scales
are constrained such that their range is symmetric around one.
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3.4 Impact of the non-uniform electric drift field

The results for the reconstructed electric drift field allow to investigate the impact of
the non-uniformity of the drift field on the reconstructed signals. As discussed in sec.
2.5 the peak area of the S1 and S2 signals is not corrected for the field dependence. On
the one hand, it is not required because the reconstructed energy, the space in which
the signal search is performed, is not affected by the non-uniform field. On the other
hand, such a correction would be challenging to do, as the field dependence of a signal
varies with the interaction type. Electronic recoil and nuclear recoil interactions can
be distinguished in the detector, but not (3-electrons and y-rays for example, such that
an event-by-event correction would not be possible.

The primary use of the reconstructed field maps is to factor out the field dependence
from the applied signal corrections, to avoid that the correction maps are biased by the
field dependence of a certain calibration source. Hence, before the correction factors for
S1 and S2 are calculated, a field correction map for the calibration source is required.
With the reconstructed field map and a model for the field dependence of the calibration
source, such as NEST (see sec. , relative correction factors F, are determined,
relating the photon or charge yield for a given field to the yield at the mean field of

the detector:

Y(F(r, ¢ 2))
Y(Fmean)
where Y is the charge or photon yield. By dividing S1 and S2 by F, the effect of

the non-uniform drift field is removed and the corrections for the electron lifetime,

F, = : (3.3)

horizontal dependence of S2 and light collection efficiency of S1 can be determined.
Even though the data-driven map and the simulated map show a reasonable agreement,
there are some discrepancies, and the required scaling for the reconstruction is subject
to uncertainty. The calculation of a potential bias from a wrong field map is beyond the
scope of this work, but the impact can be estimated by comparing the field dependence
of the signal with the other applied corrections. Therefore, a field correction map for
the merged decay of 83™Kr is derived. The events, where the S1 and S2 peaks are
merged to yield a combined mono-energetic 41.5 keV signal, are more abundant than
the events used for the drift field reconstruction and are the most used for the signal
corrections. The HeXe detector does not only provide a model for the field dependence
of the peak area ratio, but also for the photon and charge yields of the merged 8™ Kr
decay with an energy of 41.5 keV [67]. Because of the anti-correlation of charge and
photon yield, the corresponding field correction maps are the inverse of each other, and
therefore, only the one for the photon yield, and S1 respectively, is derived here.

The resulting correction maps, from both simulation and data are shown in fig. [3.17]
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They illustrate that the deviations with respect to the signal at the mean electric field
in XENONNT range from -2% to +0.5% in the data-driven map. In the most part of
the drift region, the deviations are below +0.5%. Compared to the non-uniformity of
the drift field, ranging from 18 to 40 V/cm in the data-driven map, the deviations of
the signal are small. This is even more the case for the comparison with the corrections
applied to the S1 and S2 signal. The correction factors for the light collection efficiency
of the S1 signal range from around -20% to +50%, as illustrated in fig. The
horizontal correction of S2 covers a similar range, though large corrections are only
required close to walls and below the perpendicular wires of the gate grid (see fig.
2.8bf). Contrary to the other two corrections, in the electron lifetime correction the
signal is not normalized to the mean response of the detector but to the initial 52
in PE (see sec. 2.5). With an electron drift lifetime above 10 ms in XENONnT and
a maximum drift time of 2.2 ms, the charge loss ranges from 0% to a maximum of
20%. All in all, the variation of the signals due to the non-uniform drift field is small
compared to the other position-dependent effects that impact the reconstructed signal.
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Figure 3.17: Data-driven (a) and simulated (b) field correction map for the merged
decay of the calibration source ®3™Kr. The yield for the local drift field strength is
divided by the yield at the mean field in XENONnT. The color scale covers the whole
range of the data-driven map, but is constrained for the simulated map that has very
high correction factors close to z = 0 cm.
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3.5 Conclusion

In this analysis, the electric drift field in XENONnT was reconstructed with 83™Kr
calibration data. The resulting maps of the drift field in 2D and 3D show that the
electric field strength can be reconstructed from the peak area ratio S1,/51, of #¥™Kr
with the empirical HeXe model. However, the model cannot be applied directly to
XENONNT but needs to be scaled for the conversion of the ratio to the field strength.
The discrepancy between the two detectors arises most likely from differences in the
reconstruction process or the delay time distribution of the ®™Kr events, causing a
constant global shift. In the future, the delay time dependence of HeXe and XENONnT
can eventually be simulated to clarify the origin of the discrepancy. The precision of
the data-driven maps is limited by the amount of available 83™Kr data. At the same
time, the limited precision is due to the fact that the drift field is highly sensitive to
small variations of the peak area ratio. In the center of the TPC, where the drift field
is relatively uniform, the fluctuations as well as the bin size are too large to resolve
possible smaller trends. Because of the fluctuations, it is not feasible to use the data-
driven map to factor out the field dependence from the signal correction. Until more
data is available for the reconstruction, it is better to use the simulated field map for
this purpose. Nevertheless, the data-driven map is successfully used to validate the
simulated drift field. The data-driven map clearly favors the simulation including the
charge-up effect over the one without and shows that this effect must be taken into
account when simulating the drift field.

With the data-driven map and the validated simulation, the impact of the non-uniformity
of the drift field on the signal reconstruction was investigated. The analysis indicates
that the drift field is only a minor contributor to the observed inhomogeneity of the
signal response in XENONNT before corrections. On the one hand, a field depen-
dence of the reconstructed energy can be avoided by removing the dependence from
the applied signal corrections with help of the drift field map. On the other hand, the
non-uniformity has only a small impact on the amount of measured light and charge.
A field correction map for the merged decay of 83™Kr was obtained to serve as an
estimate of the impact. It shows that the non-uniform drift field has small influence
on the reconstructed signal, compared to other inhomogeneities of detector, such as
the light collection efficiency or the signal attenuation by electronegative impurities in
liquid xenon. This is especially true inside the fiducial volume, where the drift field is

relatively uniform.
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Chapter 4

Search for radiation from wave

function collapse

The low background, low energy threshold and large target mass of XENONnT offer
the opportunity to search for the x-ray emission from wave function collapse and test
the CSL model and the gravity-related DP model presented in chapter [} Thereby, the
xenon of the detector serves as emitter and as target for the detection of the x-rays at
the same time. The predicted radiation would produce electronic recoils in the dual-
phase TPC. To search for this signal, this work makes use of the analysis framework
that XENONnNT developed for the search of physics beyond the Standard Model in
electronic recoil interactions. In July 2022, XENONNT presented results of the analy-
sis of electronic recoil data from the first science run, setting stringent exclusion limits
on solar axions, an enhanced neutrino magnetic moment and bosonic dark matter [5].
The search for x-ray emission from wave function collapse is performed with the same
dataset.

The chapter is organized as follows: In sec. [.1]the theoretical emission rate for the CSL
and the DP model, and the energy region of interest is introduced. The data selection
and the calculation of the efficiency is described in sec. [£.2] Section presents the
background model and sec. [£.4]the statistical inference of the signal search. The results
for the test of the CSL and the DP model are reported in [4.5] and discussed in [4.6]

4.1 Emission rate and signal model

The collapse dynamics of the CSL and DP model imply that charged particles would
constantly emit radiation, predominately in the x-ray regime. Due to the similar
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structure of the modified Schrédinger equations of the two models shown in sec. [1.2]
the predicted emission rates of both models have a 1/E energy dependence.

For the CSL model, earlier studies derived the emission rate for a free electron and
applied it to the outer electrons of an atom, considered as quasi-free [72]. More recently,
an equation for a generic system of non-relativistic charged particles was derived that
can be used to describe the radiation emission of all charged constituents of an atom.
The differential rate for a system of N particles with charge ¢; is given by [34]

dr(E) ) 1
== A - (4.1)

CAm2eqmicr? B’

where h is the reduced Planck constant, €y is the vacuum permittivity, c is the speed of
light and my is the nucleon mass. The collapse rate A and the correlation length r. are
the phenomenological parameters of the CSL model. The charge amplification factor
A differs depending on whether the N particles emit coherently or incoherently. If each
particle radiates independently, then the emission is incoherent and A = ¥, ¢2. This
is given when the typical distance between each particle is larger than the wavelength
i of the emitted radiation. If the particles are separated less than A\, then the emission
is coherent, such that the N particles radiate like a single particle and A = (XN, ¢;)%.
From these two types of emission it follows that the emission rate of an atomic sys-
tem is maximized for a certain range of wavelengths. First, the electrons and pro-
tons of an atom should emit incoherently, otherwise, their respective radiations would
cancel due to their opposite charge. Hence, only A\, smaller than the atomic radius
~ 107! nm are considered. Second, the protons inside a nucleus should emit co-
herently, such that their contribution scales quadratically with the number of pro-
tons. Hence, only )\, larger than the nuclear radius ~ 107° nm are considered. This
range of wavelengths A\, ~ 107 — 107! nm corresponds to the energy range E ~ 10—
10° keV. However, the subdominant linear contribution from the electrons, proportional
to Z, can only be considered for non-relativistic energies due to the non-relativistic
derivation of eq. . The total emission rate for a detector with a target mass M,
the number of atoms per unit mass n, and the atomic number of the target material
Z is then given by [34]

dlcsy(E)
dE

hA 1

" Ar2em2de2  F
Amlegmye’r: B

=n-M-(Z+ 2% € (4.2)

For the DP model, the considerations about the energy range for the emission rate of

an atomic system are also valid, yielding a similar emission rate with different charac-
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teristic constants [39):

dl'pp (E)
dE

2G 1

—n-M (Z+72).¢2. — " . _
" (Z+27) e 3m3/2¢gc3 R B’

(4.3)
where G is the gravitational constant and Ry the regularization scale of the DP model,
that needs to be determined experimentally.

The emission rates of the two models define the energy spectra that are used as sig-
nal models for the analysis. Considering the energy range, XENONnNT has an energy
threshold as low 1 keV. This would allow performing the search for energies above
10 keV, where the protons and electrons start to emit radiation independently. How-
ever, discussions with the authors of [34] revealed that the rate in eq. and [4.3 is
overestimated close to the lower bound of 10 keV because the transition from coherent
to incoherent emission is continuous and not discrete. Currently, no theoretical model
is available that describes the expected rate at these low energies. Therefore, this anal-
ysis uses the same lower energy bound as the MAJORANA experiment, corresponding
to 19 keV [35]. This allows for a comparison of XENONnT with MAJORANA that has
set the most stringent exclusion limits on the CSL and the DP model so far, as shown
in sec. The upper bound for this analysis is 140 keV, defined by the provided
background model for electronic recoils in XENONNT. Due to the 1/E energy depen-
dence of both models, the high-energy cutoff is not expected to significantly reduce the
sensitivity of this analysis. In conclusion, the energy region of interest for this analysis
is between 19 and 140 keV.

This analysis constitutes the first search for radiation from wave function collapse with
a xenon-based detector. Compared to germanium, as employed in the previous experi-
ments, xenon has a higher expected x-ray emission rate: Although xenon has a smaller
number of atoms per unit mass n than germanium [73|, the larger atomic number of
Z=>54 compared to Z=32 results in a 1.6 times higher emission rate, following eq. 4.2
However, the main advantage of XENONnNT in terms of the expected rate is its large

target mass M = 4.37 t inside the fiducial volume, around 100 times the target mass
employed in MAJORANA.

4.2 Data selection and efficiency

The dataset used for the search was collected during the first science run of XENONnT
between July and November 2021 [5]. After removing the data taken during calibra-
tions and unstable detector conditions, the total livetime of data collection amounts

to 97.1 days. A variety of selection criteria are applied to ensure data quality and to
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improve the signal to background ratio in the data. Data quality cuts aim to ensure a
selection of valid pairs of S1 and S2 signals. The cuts target mis-classified and falsely
paired signals, based on event parameters, such as the S1 and S2 widths, PMT hit
patterns and reconstructed position [50|. The background is reduced by selecting only
electronic recoil events in the ¢S1-¢S2 parameter space. Thereby, nuclear recoil events
are removed as well as background events from the PTFE walls of the TPC that is
contaminated by ?*Rn progeny [61]. When these decay on a PTFE wall charge losses
occur and move events outside of the ER band. Multiple scatter events are removed
because the radiation from wave function collapse in the x-ray regime is expected to
deposit the whole energy in one interaction. The total efficiency for the detection of
signal-like events is the combination of the detection efficiency, driven by the smallest
size of S1 and S2 peaks that XENONNT can measure, and the efficiencies of the event

1400
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* Selection 11200
0.8
41000
Total —
%
o i A
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9 S
© 2
= 41600 =
O
0.4 =
Wave function collapse 4400
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Figure 4.1: Efficiency in the region of interest between 19 and 140 keV. The detection
efficiency (purple line) in combination with the event-selection efficiencies yields the
total efficiency (black line) [5]. The uncertainty for the total efficiency is shown as a
shaded band. The solid and dashed red line indicate the x-ray signal spectrum from
wave function collapse before and after applying the efficiency and energy resolution,
respectively. The signal rate is given by the currently most stringent limit for the
parameters A and 7. of the CSL model [35].
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selection cuts. Figure [.1] shows the detection efficiency as well as the combined total
efficiency. Whereas the total efficiency approaches zero close to the detector’s energy
threshold of 1 keV, it is around 80% and almost flat in the region of interest of this
analysis. The detection efficiency is close to 100% in the energy region of interest and
was determined by simulations and validated with 3"Ar and *°Rn calibration data [5].
To determine the selection efficiency, the acceptance of all selection cuts was evaluated
with calibration and background data, as described in [50].

Finally, the dataset is restricted to events inside the fiducial volume. The shape of the
volume was optimized to achieve a low background, by removing the events close to
the TPC walls and the liquid-gas interface, and at the same time a large target mass.
The selected fiducial volume of 4.37 t combined with the livetime of 97.1 days, yield
a total exposure of 1.16 tonne-years. After applying all selection cuts, 3335 observed
events remain in the dataset with energies between 19 and 140 keV.

4.3 Background model

To test the signal hypothesis of x-ray emission from wave function collapse, a precise
background model By is required that serves as the null-hypothesis in the statistical
inference. In the energy region of interest, the background model of XENONNT consists
of eight components, listed in tab. [5]. For five of them, there are constraints on the
expected number of events from independent measurements. The constraints are taken
into account for the fit of the data. While the background model B, was developed,
the data in the electronic recoil signal region was blinded below 20 keV.

At low energies, the flat spectrum from the B-decay of 2*Pb is expected to dominate
the background. As mentioned in sec. 24P} is in the decay chain of #22Rn, which
is continuously emanated from detector materials. By measuring the activity of the
parent and daughter isotope 2'®Po and ?'*Po, a lower and upper bound is obtained
for the number of expected events of 2!4Pb in XENONnT. The second B-emitter 8°Kr
is an intrinsic contaminant of xenon. The measured concentration of (56 £+ 36) ppq
natKr in xenon together with the abundance of ®Kr in "*Kr as well as the half-life
allow to predict the expected background rate [5]. The background contribution from
the detector materials is induced by y-rays reaching the fiducial volume. The vy decays
are simulated with the software Geant4 [74], using the results from the radioassay
measurements of the detector components [43]. The simulation shows that the material
background can be modeled with a flat energy spectrum in the region of interest and
yields an estimation for the rate. The two-neutrino double-beta (2vB ) decay of ¥Xe
is expected to dominate the background spectrum at higher energies. The abundance
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Table 4.1: Electric recoil background components in the energy the region of interest
(19, 140 keV). The constraints and the best-fit values of By are given in terms of the
total number of observed events after the efficiency loss in 1.16 tonne-years of data.

Component Constraint Fit for By
214ph (513,1118) 818.2 +120.6
BKr 78.2 £50.8 79.4 £ 50.5
Materials 232.1+44.2 233.0+43.9
136X e 1507.0 £ 55.2 1491.8 £ 53.6
Solar neutrino 24594+ 24.6 247.7+23.9
124Xe - 248.1 + 28.1
133X e - 146.4 £+ 66.9
8mKy - 74.6 £ 16.1

of the isotope in xenon was measured to be 9%, allowing to determine a constraint
with the half-life of ¥Xe of 2.165 x 10?! years [75]. The theoretical spectrum of the
decay is subject to uncertainty due to the intermediate nuclear states. The mean of
the higher state dominance and the single state dominance spectrum is implemented
and the uncertainty is taken into account with a shape parameter (see sec. . The
background originating from the elastic scattering of solar neutrinos on electrons is
the last component with a fit constraint. The spectrum is modeled from the solar
pp-neutrino flux and the interaction cross section [76]. The rate uncertainty is set to
10%, informed by the currently most precise pp-flux measurement from Borexino [77].
The intrinsic isotope ?*Xe decays via a double-electron capture process. The spectrum
consists of several peaks originating from captures from different atomic shells of 12*Xe.
The last two components 33Xe and 83™Kr are residuals from calibrations. Although
datasets within 24 h of a 83™Kr calibration are not used for analysis, with its 1.83 h
half-life, 83™Kr is present in small amounts in subsequent data. The spectrum of 83™Kr
is defined by a peak at 41.5 keV, as shown in sec. . 133Xe decays via B-decay with
a coincident vy and was produced by neutron capture in the 2! AmBe calibration that
was conducted before the first science run.

The background model Bj is used to fit the selected electronic recoil data in the space
of reconstructed energy with an unbinned profile likelihood fit that is described in detail
in the next sec. [£.4] The best fit shows a good agreement with the data in fig. [4.2
The extracted number of events for each component are indicated in tab. [.I The
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largest contribution over the entire energy range originates from !36Xe. However, at
low energies, where the x-ray signal rate is predicted to be the largest, 2'*Pb dominates.
The #3mKr contamination yields a non-negligible contribution. In the future, this could
be omitted by extending the exclusion period of post-calibration data, at the cost of a
loss of exposure.

- BO 214Pb 136Xe 124Xe 83mKF
| Data 85Kr Solar v Materials —— 33Xe
S 10¢
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Figure 4.2: Top panel: best fit of the electronic recoil data for the background model
By. The colored lines represent the results from the unbinned fit, whereas the data
is shown as a histogram with a binning of 2 keV. Bottom panel: residuals of the fit
normalized by the uncertainty on the number of events NN, in each bin, given by v/N;.

4.4 Statistical inference

The inference for the search of radiation from wave function collapse is based on an
unbinned profile likelihood method implemented in the low-energy electronic recoil
analysis software package that is used for this analysis [76, 78]. It allows to fit the
signal and background model, test the signal hypothesis and set limits on signal rates.
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The unbinned likelihood is defined as follows:

L (15, py, @) =Poiss (N | fis0r)

x H (Z " P, (E:,6) + =P, (Ei,O))

Htot Htot

X H (te,,)) % Co,

Mot = Z,ubj + Ms-
J

The likelihood is a function of the total number of expected signal events u, and the
nuisance parameters p, and @, whereby p, is a vector of the expected events for all
background components and 0 is the vector of the shape parameters for the uncertainty
on the efficiency. The probability distribution functions (PDFs) of the backgrounds and
the signal are denoted as Py, and P, respectively. The background PDFs are defined
by the shape of the energy spectra discussed in sec. [£.3] The CSL and DP signal
models share the same PDF, as their spectra display the same energy dependence of
1/E (see fig. [4.1]). For each of the N observed events, the sum of all PDFs is calculated
with the corresponding energy of the event E;. Index j runs over all background
components. The constraints on the expected number of background events, listed in
tab. are denoted as €}, and are multiplied with the summed PDFs. Except for the
background from 2Pb, all constraints are represented by a Gaussian whose mean and
standard deviation are given by the expected number of events and the uncertainty.
The constraint for 2'Pb is represented by a uniform distribution with a lower and
upper bound. Cj is a shape parameter for *Xe, allowing the fit to vary between the
two theoretical spectra.

By maximizing the likelihood, the best-fit number of signal and background events is
obtained. For the fit of By shown in fig. the signal parameter p; is set to zero. To
evaluate the significance of the signal hypothesis H; compared to the background-only
hypothesis Hy = By, the following test statistic [79]

A

c (us, N @)

— X 4.5
L (ﬂm ﬂbv 0) ( )

q(ps) = —2In

is used, where ([Ls, Ky, @) is the set of parameters corresponding to the best fit, yielding

A
A

the unconditional maximum likelihood. The parameter set (us, ibb, 0> maximizes the

likelihood for a fixed number of signal events us. The statistical discovery significance
is then given by ¢(0). The distribution of the test statistic ¢(u;) can be approximated,
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under a set of conditions, with a x? distribution with one degree of freedom [80]. This
allows to compute an upper limit on ps with a critical value for ¢(u,) that corresponds
to a certain confidence level (C.L.). In this analysis, the 95% C.L. upper limit is derived
to compare the results of this analysis to previous tests of the CSL and the DP model.
Thereby, the upper limit on the number of signal events can be converted into limits
on the phenomenological parameters of the two signal models, using eq. and eq.
. The upper limit requires a one-sided test statistic that is given by

N q(ps) if pg > s,
q(ps) = (4.6)
0 else.

In the asymptotic case, the upper limit ji595%) is obtained by scanning G(u,) for the
critical value G(psws%)) = 2.71 [78]. However, to ensure that the upper limit has
the correct coverage, the asymptotic approximation needs to be validated with toy
Monte Carlo (toy MC) simulations. The coverage is defined as the fraction of repeated
experiments where the true number of signal events is smaller than the obtained upper
limit [61]. If the coverage is larger than the targeted 95%, it is referred to as over-
coverage, in the opposite case as under-coverage.

Check of coverage and critical value

To estimate the coverage for a certain true number of signal events, repeated ex-
periments are simulated with toy MC datasets. The datasets consist of simulated
background and signal events. For each dataset, the upper limit pi495%) is determined
using the asymptotic critical value and compared to the true injected signal rate. The
datasets are simulated by drawing for the signal and each background component a
Poisson sample of the expected number of events. The energies of the signal and
background events are distributed according to the respective PDFs. The number of
expected events for each background component is based on the best fit of By that was
evaluated in the energy region between 30 and 140 keV before the collected data was
unblinded. The coverage is determined for several true signal rates with 300 toy MC
datasets per data point for the injected rate. The results in fig. show a slight
over-coverage for the best-fit number of signal events of H;, discussed in the next sec.
4.5 However, the results are limited at this point by the fact that the uncertainties
are unknown. The calculation of the uncertainties was beyond the scope of this work
but should be done in a future study.

A second check is performed, estimating the true critical value for the 95% C.L. from

the distribution of G(fts(truey)- In the same way as for the coverage check, toy MC
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Figure 4.3: a) Coverage for the 95% C.L. upper limits on the x-ray signal rate from
wave function collapse. The true injected signal rate is indicated per exposure. Each
point is based on 300 simulated toy MC datasets. (b) Simulation of the true critical
value at 95% C.L. for the same signal with 2000 toy MC datasets per true signal
rate. The blue dashed line in both figures represents the best fit for the signal in the
measured data.

datasets are sampled that contain a number of signal events. For each dataset the
test statistic (j(,us(tme)) is determined, whereby fisrye) is the true injected number of
signal events. The 95% percentile of the distribution G(ftsrue)) then yields an estimate
of the true critical value, shown in fig. [£.3b As this simulation requires around six
times less computation time than the simulation of the coverage, 2000 toy MC datasets
are sampled per signal rate. The critical values increase from below the asymptotic
limit, cross it close to the best-fit, and approach it for a large number of signal events.
The critical values should display the opposite trend than the obtained values for the
coverage. Figures and indicate that this is not always the case. However, the
deviation can probably be explained by the different amount of statistics for the two
checks and the unknown uncertainties. Based on the estimation for the true critical
value, which relies on more statistics, the asymptotic limit is used for this analysis.

4.5 Results

The result of the search for x-ray emission with electronic recoil data of XENONnNT is
presented in fig. [£.4l The best fit is shown for the combined signal and background
model H; as well as for the signal and each background component.

The best-fit value for the total number of signal events per exposure between 19 and

140 keV is 93139% events/(t-y) before the efficiency loss. However, no significant signal
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Figure 4.4: Top panel: best fit of the electronic recoil data for the combined back-
ground and signal model H; (red solid line). The colored dashed lines represent the
backgrounds, the solid black line the radiation from wave function collapse, and the
data is shown in the form of a histogram with a binning of 2 keV. Bottom panel: resid-
uals of the fit normalized by the uncertainty on the number of events N; in each bin,

given by /N;.

was observed with a significance of 0.73 ¢ for H; compared to By. The comparison
with the best fit of By in fig. shows that primarily the background rate from 2'“Pb
is reduced at low energies for H;, allowing for a small signal with a maximum of 2
events/(t - y - keV). At high energies, the rate of 33Xe is slightly increased. The large
uncertainty on the signal rate can be explained by the relatively unspecific signature
of the wave function collapse signal, allowing for larger variations of the fit within the
uncertainty bounds. Figure shows the test statistic g(us) with the best fit and the
corresponding 1o uncertainty band?.

As explained in sec. [£.4] the 95% C.L. upper limit is determined by scanning the
one-sided test statistic g(u,) for the asymptotic critical value ¢(js9s5%)) = 2.71. The
critical value corresponds to the upper limit of fi495%) = 268 events/(t-y). This result
can be converted into limits on the phenomenological parameters of the CSL and the
DP model. For the the collapse rate A and the correlation length r. of the CSL model,
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Figure 4.5: Log likelihood ratio curve as a function of the signal rate.

eq. (4.2)) yields the limit
MNrE<3.04x107% s 'm™2

For the DP model, the upper limit on the signal rate converts into a lower limit for the
regularization parameter Ry. Following eq. (4.3]) yields the limit

Ry >1.4x 107" m.

4.6 Discussion

The reported results for the search of radiation from wave function collapse represent
stringent tests of the CSL and the DP model. For the CSL model, this work sets
the most stringent upper limit for correlation lengths of r, < 107° m by excluding
the parameter space A\/r? > 3.04 x 1073 s7'm™2 at 95% C.L. Figure shows the
new constraint in comparison with other theoretical and experimental exclusion lim-
its. Compared to the MAJORANA [35], that set the previous best limit for the x-ray
emission, the upper limit obtained is an improvement by a factor of 162. For the DP

model, this work sets the most stringent lower limit on the regularization scale Ry by

IThe uncertainty on the best-fit signal is derived by scanning the test statistic above

the best-fit for the rate where ¢(us) = 1 and dividing it by 2. This is owed to the
60 o : L .

fact the the likelihood is undefined for negative signals such that a symmetric interval

where ¢(us) = 1 cannot be constructed. This does not affect the upper limit.
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excluding values below 1.4 x 1079 m at 95% C.L. This is an improvement by a factor 2.8
compared to the previous best limit by MAJORANA. In contrast to the CSL model,
the improvement is more modest for the DP model due to the weaker dependence of
Ry on the radiation emission rate.

In general, the improvement of XENONnT compared to MAJORANA does not only
rely on the 1.6 times higher emission rate of xenon compared to germanium and the
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Figure 4.6: Exclusion limits for the CSL collapse parameters A\ and r. from non-
interferometric experiments and theoretical propositions. The upper bound obtained
by this work is shown as a solid purple line. The upper bound from the gravitational
wave (GW) detector LISA Pathfinder excludes the red shaded parameter space.
The yellow exclusion area is obtained from a cantilever experiment , the dark blue
area is from a cold atoms experiment , and the dark green area is derived from the
measured heating rate in the CUORE experiment . The two previous limits from
searches for x-ray emission are set by Donadi et al. (light green) and MAJORANA
(light blue) . The black dots and the circle represent the theoretical values suggested
by Adler and GRW [16], respectively. The theoretical lower bound excluding the
gray area is based on the following requirement: a graphene disk of the minimum
size a human eye can resolve (~ 0.01 mm) should be localized faster than the human
eye’s perception time (~ 10 ms) [27]. The white area is the parameter space not yet
excluded.
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31 times higher exposure, but also on a lower background rate that was achieved by
several reduction measures. At low energies, where the x-ray signal rate is predicted
to be the largest, the dominating electronic recoil background originates from 2'*Pb in
XENONNT. In the future, this contribution will be further reduced due to an upgrade
of the XENONNT radon removal system discussed in sec. [5, 144].

The exclusion limits from both this work and from MAJORANA are subject to the the-
oretical uncertainty on the emission rate at low energies, as discussed in sec. [£.1] Due
to the transition from incoherent to coherent radiation emission at around 10 keV, the
CSL and DP emission rate for atomic systems and consequently the calculated upper
limits are likely overestimated in this energy region. This might also hold around the
lower bound of the region of interest, but cannot be precisely quantified at this time.
According to the authors of [34], a new theoretical model that describes the expected
rate at low energies is expected to deliver a more specific spectral shape than the 1/E
spectrum. This would allow for a better discrimination between backgrounds and the
potential signal. Furthermore, it could allow to probe the signal below the applied
lower bound of 19 keV and make use of the low energy threshold of XENONnT. Hence,
an adapted model for the x-ray emission in the few keV region could weaken the set
exclusion limits if it predicted a lower emission rate around the lower bound of the
chosen energy region of interest in this work. This could, however, be compensated by
extending the region of interest to the low-energy threshold of XENONnNT. Therefore, a
reanalysis of the XENONnNT data presented in this work makes sense once an extended
model is available.

With the 1/F model, the upper limit on A/r. obtained in this work excludes not only
the parameters suggested by Adler [19], but is the first to exclude the parameters sug-
gested by Ghirardi, Rimini and Weber [16]. The two phenomenological parameters
define at which scale the collapse terms become dominant and suppress macroscopic
superposition. Combined with the constraints from gravitational wave detectors, the
obtained limit also rules out the largest part of the parameter space defined by the
theoretical (gray) bound that is based on the collapse time for a small graphene disk.
This makes the CSL model in its standard formulation increasingly unlikely and mo-
tivates the experimental test of theoretical extensions of the model, described in sec.
1.2.1, The colored CSL model as well as the dissipative CSL model introduce new
parameters and thus widen the parameter space. With the demonstrated sensitivity,
XENONT will be able to contribute to the test of these models. The interpretation
of results for the DP model is open at this point. Like previously established limits,
the obtained limit rejects the hypothesis that Ry can be identified with the size of a
particle’s mass density and thus the parameter-free version of the DP model [39].
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Conclusion and outlook

Wave function collapse models address the long-standing measurement problem of
quantum mechanics. They introduce a collapse mechanism that causes a breakdown
of quantum superposition at the transition from the microscopic to the macroscopic
realm. This work reports on a search for the radiation from wave function collapse with
the XENONNT dark matter experiment focusing on the continuous spontaneous local-
isation (CSL) model and the gravity-related Didsi-Penrose (DP) model. Both models
predict the emission of x-rays by matter as a consequence of the proposed collapse
mechanisms. The emission rate is proportional to the number of emitting atoms and is
the largest in the low keV energy region, requiring a detector with a large target mass,

a low energy threshold and a low background rate.

XENONNT accomplishes these requirements with a design optimized for the direct
detection of dark matter, providing a xenon target of 5.9 t and a 1 keV energy thresh-
old. The experiment employs a dual-phase time projection chamber (TPC) to measure
the light and charge signal generated by energy depositions in the detector. Due to
different position-dependent effects, the detector’s response to an energy deposition is
not uniform. This is addressed by different corrections to the reconstructed signals.
One contributor to the observed non-uniformity of the detector’s signal response is the
electric drift field that is applied to measure the charge signal.

This work reconstructed the electric drift field across the entire TPC with 33™Kr cali-
bration data to quantify the variation of the drift field and investigated how it affects
the reconstructed signal. Two and three dimensional maps of the drift field were pro-
duced by using the two light signals from the two-staged decay of #3™Kr. The maps
show that the drift field is relatively uniform in the center of the TPC but increases
towards the bottom and top regions. The maximum variation compared to the mean
drift field ranges form -20% to +70%. However, it was found that the observed non-
uniformity has only a small impact on the amount of measured light and charge and
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that the corresponding field corrections are of the order of 0 to 2% and subdominant
compared to other signal corrections. For the reconstructed energy of an interaction,
the impact can be avoided entirely by removing the field dependence from the signal
corrections. The employed data-driven method is limited in precision by the amount
of calibration data available, but proved useful to validate simulated maps of the drift
field.

To search for radiation from wave function collapse, this work implemented the signal
model of the CSL and the gravity-related DP model into the analysis framework from
XENONDT for low-energy electronic recoil searches. The signal hypothesis was tested
against the background-only hypothesis with an unbinned profile likelihood method.
In the energy region of interest (19, 140) keV, the background model is defined by
the energy spectra of eight background components, of which five are constrained by
independent measurements. The signal spectrum is defined by the 1/FE energy depen-
dence of the radiation emission rate that is shared by the CSL and the DP model. The
electronic recoil dataset used for the search was recorded during the first science run

of XENONNT and yields 1.16 tonne-years of exposure.

The search in the electronic recoil data showed no significant signal consistent with
radiation from wave function collapse. Given the low electronic recoil background in
the energy region of interest, this allowed to set the most stringent upper limit for
the CSL model for correlation lengths of r. < 107° m, excluding the parameter space
A2 >3.04x 1072 s7'm™2 at 95% C.L., and the best lower limit on the DP model, ex-
cluding regularization scales Ry < 1.4x107% m at 95% C.L. By excluding large parts of
the CSL parameter space, the results indicate that theoretical extensions of the model,
that widen the parameter space, should be in the focus of future experimental tests.
The lower limit on the DP model confirms the exclusion of the parameter-free version
of the model that was established by previous experiments. The presented study repre-
sents the first search for radiation from wave function collapse with a dual-phase TPC
and demonstrates the potential of the detection technology beyond the search for dark

matter.

XENONNT continues to take data and potentially will achieve an even lower back-
ground with an upgraded purification system, enabling more sensitive tests of collapse
models. Together with other experiments and technological advances, this will allow
further investigation of whether quantum mechanics provides a fundamental descrip-
tion of nature or is merely a method for predicting the outcomes of measurements.
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Table A.1: Parameters for the selection of 8™Kr event with two distinct S1 signals
and one merged S2 signal. The signal from first decay of 33™Kr of 32.1 keV is denoted
as S1, and the signal from the second decay of 9.4 keV as S1,,.

Selection

100 < Number of contributing PMTs to S1, < 200

30 < Number of contributing PMTs to S1;, < 110

10 < Number of distinct PMTs between S1;, and S1, < 60

500 < Delay time between S1y, and S1, < 2000

S1, width at 90% of the area < 280

if Delay time between S1s < 1500 ns

— -0.09 x Delay time between Sls + 400 < S1;, width at 90% of the area

if Delay time between Sls > 1500 ns — S1;, width at 90% of the area <265 ns
S1;, width at 90% of the area < 265 ns
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Figure A.1: Map of the statistical uncertainties on the reconstructed drift field
strengths in 3D. The map consists of 540 bins in total of equal volume in 15 z-slices.
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